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a b s t r a c t

The new methodologies to derive discharge limits considering operational flexibility according to in-
ternational safety standards were developed to help reduce the environmental releases of radioactive
effluents from nuclear power plants (NPPs). To overcome the limitations of the two existing methods to
set up discharge limits assuming a specific statistical distribution of the effluent discharge, two modified
equations were newly proposed to directly derive a particular discharge limits corresponding to the
target ‘compliance probability’ based on the actual annual discharge data for a specific NPP and radio-
nuclide groups. By applying these to the actual yearly discharge data of 14 Korean NPPs for 7 radionuclide
groups for the past 20 years, the applicability of two new methodologies to actual cases was demon-
strated. The ‘characteristic value’ with approximately a 90% compliance probability for each Korean NPP
and radionuclide group was proposed based on the results. The new approaches for setting up the
discharge limits and the characteristic values developed in this study are expected to be effectively
utilized to foster operator's efforts to progressively reduce the environmental releases of radioactive
effluents of NPPs relative to the previous discharge data considering operational flexibilities.
© 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

Liquid and gaseous radioactive materials are released into the
environment during nuclear power plant (NPP) operation. To
reasonably reduce the effect of radioactive materials released into
the environment, each country endeavors to follow the As Low As
Reasonably Achievable (ALARA) and Best Available Technique (BAT)
principles as a concept of optimization [1e4]. The regulatory au-
thority of each country sets up the discharge limits of radioactive
effluents for facilities and activities to optimize public protection
[2e6]. It is a general rule to set up the discharge limits of NPPs as
the radiation dose constraints (e.g. mSv/y), which is lower than the
dose limit of the public. In reality, various quantities are being
applied, including the concentration limits of radionuclides (e.g.
Bq/m3) in the exclusion area boundary (EAB), equivalent to the dose
constraints and radioactivity limits being released to the environ-
ment (e.g. Bq/y) [2,7,8].

The International Atomic Energy Agency (IAEA) proposes the
.

by Elsevier Korea LLC. This is an
concept of dose constraints and optimized discharge limits setup,
an example of which is presented in Fig.1 [2]. As shown in Fig. 1, the
specific dose constraints (B), considering the characteristics of sites
and specific facilities or activities, is a starting point for the opti-
mization process to find the optimumdischarge levels. To set up the
optimized discharge limits, the BAT principle, a concept of opti-
mization for the (C) region based on the specific dose constraints, is
applied, and the operational flexibility (E) should be considered
during this process [2]. (E) Includes the operational flexibility and
anticipated operational occurrence (AOO), and historical data of
similar facilities can provide helpful information about the mini-
mum allowance for flexibility [2]. The OECD/NEA claims that the
discharge of actual effluents from a NPP is below the dose con-
straints, defines (E) in Fig. 1 as a headroom, and claims that the
reduction of discharge can be achieved by the application of BAT or
the reduction of headroom [4]. The Environment Agency (EA) in
England espouses the progressive reduction in the release of
radioactive effluents. It proposes a rule to set up the discharge
limits for minimizing the expected headroom during normal
operation [3]. In other words, these agencies recommend deriving
the discharge limits by reflecting operational flexibility considering
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Fig. 1. Concept of setting up the discharge limit based on the specific dose constraint
and operational flexibility. Specific dose constraint (B) can be larger than the generic
dose constraint (A) [2].
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the characteristics of radioactive effluents releases from actual
NPPs.

The EA ratified all the standards proposed by the IAEA, shown in
Fig. 1, into the setup for the discharge limit [3,9,10]. It considered
the existing discharge limit based on dose constraints (B) alongside
the BAT principle (C). It set up the discharge limits (F) reflecting (E)
based on the actual discharge of the NPPs. However, some nations
do not separately demand the (C) process and regulate using (B);
hence, they do not comply with the IAEA standards. For instance,
dose constraints are established on Appendix I to 10 Code of Federal
Regulations (CFR) 50 and concentration limits of radionuclides are
established on Appendix B to 10 CFR 20, part of the United States
Nuclear Regulatory Commission (NRC) for setting up the discharge
limits [5,6]. The Canadian Nuclear Safety Commission (CNSC) set up
the derived discharge limits (Bq/y) deduced by the dose limit or
dose constraints for the CANDU. Using a similar method, the
radioactivity limits (Bq/y) are deduced by dose constraints for some
NPPs in Hungary [11,12].

The discharge limits for all NPPs are the dose constraints (B)
shown in Fig. 1 and the concentration limits of radionuclides of EAB
in Korea [7]. As the Nuclear Safety Act was revised according to the
recent trend of the international organization, the maximum
permitted discharge radioactivity per radionuclide groups were
proposed by preparing the discharge plan (in this study, the
amount of radioactivity and radioactive effluents discharge were
regarded as the same) [13]. In Korea, optimization (C) was carried
out by presenting the values approved by the Safety Analysis Report
[14]. However, the discharge limits considering the operational
flexibility have not yet been set up, and there is no publicly avail-
able study on this subject.

Meanwhile, the Environmental Protection Agency (EPA) pro-
poses a methodology for setting up the discharge limit to reduce or
remove environmentally released contaminants outside the nu-
clear field [15e18]. The discharge limit is calculated based on the
statistics of the pollutant concentration or effluent toxicity released
from existing facilities. This is similar to setting up the discharge
limit considering the operational flexibility mentioned by the IAEA.
However, it has limitations in that this method is non-nuclear field-
based and deduces the discharge limit assuming a statistical
distribution.

The EA, applying standard of setting up the discharge limit
proposed by the IAEA, has reported effluent discharge by including
expected events (anticipated but unplanned events likely to
happen during the lifetime of the reactor), which is the value of the
design basis source term and is similar to the concept of anticipated
1004
operational occurrences (AOO) in normal operation [19]. However,
because the EA proposes an equation that separates the normal
operation and expected events for setting up the discharge limit, it
has limitations in its application to NPPs in the USA or Korea in
which the discharge including AOO is reported [12,20e25].

Therefore, this study aimed to utilize the discharge data of
actual operating NPPs under the international standards of the
IAEA and developed new methodologies for setting up the
discharge limits for the progressive reduction of radioactive efflu-
ents releases. To overcome the limitations of the existing methods
to set up discharge limits (i.e., the assumption of a specific proba-
bility distribution such as normal distribution or log-normal dis-
tribution), two modified equations (namely EA-based and EPA-
based equations) were proposed. Furthermore, the characteristic
value set for each NPP and radionuclide group, which presents a
specific compliance probability to the discharge limits, was
deduced based on the distribution of actual annual discharge data
of Korean NPPs. Furthermore, the effect of the discharge limits
setup period (10 years or 1 year) on the specific compliance prob-
ability to the discharge limits was analyzed.

2. Materials and methods

2.1. Collection of radioactive effluents discharge data and selection
of radionuclide groups

In this study, 21 NPPs located at Kori, Hanbit, Hanul, and Wol-
song sites, operating in January 2021, were selected as subjects for
evaluation (Shin Kori Unit 3, Shin Kori Unit 4, and Shin Wolsong
Unit 2 started to operate in 2016, 2019, and 2015 and did not have
enough discharge data; thus, they were excluded). Table 1 sum-
marizes the basic information about NPPs subject to evaluation,
along with the analysis types conducted in this study. First, the
radioactive effluents discharge data of the NPPs were analyzed for
the year following the commercial operation. In addition, the
discharge data from 2000 to 2009 were collected from ‘Radiation
management yearbook’ and the more recent data from 2010 to
2019 were obtained from ‘Survey of radiation environment and
assessment of radiological impact on environment in vicinity of
nuclear power facilities’ [24,25]. It is noted that discharge data
collected from both sources are credible and comparable each other
for the purpose of this study, since they were officially reported by
the monopoly operator, Korea Hydro & Nuclear Power Co. Ltd. (a
single operating organization of all Korean NPPs) and the level of
detail of the data from the two sources are equivalent (i.e.
radionuclide-specific annual discharge data for liquid and gaseous
effluents from NPPs). For convenience, each NPP was assigned a
random mark, from K01 to K21.

Table 1 shows the correlation with the electrical output or
design capacity, which affects the discharge characteristics of the
radioactive effluents of 21 NPPs (for Type 1 analysis, refer to Section
3.1). The discharge trend for each radionuclide group of 18 NPPs
operating for more than 10 years was quantitatively analyzed using
the ManneKendall Trend Test (for Type II, refer to Section 3.2). The
discharge characteristics for each year, each NPP, and each radio-
nuclide group of 14 NPPs were identified using 20-year data, and
the applicability of the discharge limits proposed in this study was
examined (for Type III, refer to Section 3.3).

There are various classifications for each radionuclide group
depending on the characteristics of the radioactive effluents in each
country [26]. In this study, the Korean classification standard for the
radionuclide groups of radioactive effluents was applied. The
radionuclide groups of radioactive gaseous effluents are classified
into five radionuclide groups: (1) fission products (G), (2) radioac-
tive iodines (I), (3) particulates (P), (4) gaseous tritium (T), and (5)
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14C (C), and those of liquid radioactive effluents are classified into
two radionuclide groups, namely (1) fission and activation products
(F), and (2) liquid tritium (H). The dissolved and entrained gases
were not discharged from all 21 NPPs subjected to the analysis over
15 years; hence, they were excluded from the study. Furthermore,
the radioactive effluent release records of liquid 14C were only
found in four plants; thus, it was excluded.

2.2. ManneKendall Trend Test

To set up the optimized discharge limits considering the oper-
ational flexibility recommended by the IAEA, an analysis of the
discharge characteristics of the radioactive effluents from actual
NPPs is required [2]. Therefore, for the quantitative analysis of the
discharge characteristics of the radioactive effluents, the
ManneKendall Trend Test (M � K Test), which is widely used for
tendency analysis of time series functions, was utilized in this study
[26,27].

A null hypothesis (H0) of the M � K Test is that ‘there is no
tendency’ in the time series function. In this study, the time series
function X ¼ fx1; x2; /; xng is a function over time, xi is the data
value at time i, and n is the number of data samples, signifying the
number of data values used for this study's NPPs. The statistic Swas
calculated as shown in Eq. (1).

S¼
Xn�1

i¼1

Xn

j¼iþ1

sgn
�
xj � xi

�
; j> i (1)

where xi and xj are data values at times i and j, respectively, and the
sine function sgnðxj �xiÞ is defined as shown in Eq. (2).

sgn
�
xj � xi

�¼
8<
:

1
��
xj � xi

�
>0

�
0
��
xj � xi

� ¼ 0
�

�1
��
xj � xi

�
<0

� (2)

If the sample size n is larger than 10, the statistic S is regarded as
a normal distribution, and the Z value of the standard normal
distribution is calculated as shown in Eq. (3).
Table 1
Basic information about the Korean operating NPPs subjected to evaluation and the ana

No. Reactor Type* Design capacity (MWe) Com

1 Kori-2 PWR 650 Jul 1
2 Kori-3 PWR 950 Sep
3 Kori-4 PWR 950 Apr
4 Shin Kori-1 PWR 1000 Feb
5 Shin Kori-2 PWR 1000 Jul 2
6 Hanbit-1 PWR 950 Aug
7 Hanbit-2 PWR 950 Jun
8 Hanbit-3 PWR 1000 Mar
9 Hanbit-4 PWR 1000 Jan
10 Hanbit-5 PWR 1000 May
11 Hanbit-6 PWR 1000 Dec
12 Hanul-1 PWR 950 Sep
13 Hanul-2 PWR 950 Sep
14 Hanul-3 PWR 1000 Aug
15 Hanul-4 PWR 1000 Dec
16 Hanul-5 PWR 1000 Jul 2
17 Hanul-6 PWR 1000 Apr
18 Wolsong-2 PHWR 700 Jul 1
19 Wolsong-3 PHWR 700 Jul 1
20 Wolsong-4 PHWR 700 Oct
21 Shin Wolsong-1 PWR 1000 Jul 2

* PWR and PHWR represent pressurized water reactor and pressurized heavy water rea
** Types of analysis are described in Section 3, and Type I, Type II, and Type III are the c
quantitative analysis utilizing the ManneKendall trend test, and identification of applica
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Z¼

8>>>>>><
>>>>>>:

S� 1ffiffiffiffiffiffiffiffiffiffi
VðSÞp ðS>0Þ

0 ðS ¼ 0Þ
Sþ 1ffiffiffiffiffiffiffiffiffiffi
VðSÞp ðS<0Þ

(3)

Eq. (3) is considered ‘decreasing tendency’ if the Z value is
negative, ‘increasing tendency’ if the Z value is positive, and ‘no
tendency’ if the Z value is 0. If the calculated Z value satisfies the
condition of jZj> Z1�a=2, the null hypothesis (H0) is rejected, and it
is judged that an increasing or decreasing tendency exists. If it does
not satisfy the condition, the null hypothesis (H0) is adopted, sug-
gesting no tendency in the time series function. The value of
jZj> Z1�a=2 can be identified in the standard normal distribution
table with a significance level of a. In this study, a confidence in-
terval of a ¼ 0:05 was used. If jZj>1:96 is valid in the 5% confidence
interval, the null hypothesis (H0) is rejected.
2.3. Methodology for setting up the discharge limits of radioactive
effluents

In Korea, the discharge limits for regulation are radiation dose
constraints and concentration limits of radionuclides in EAB [7].
The radiation dose constraints of Korea follow the USA dose
constraint standards for the radioactive effluentsd10 CFR 50, Ap-
pendix I [5]. The concentration of radionuclides in EAB was derived
based on the public dose limit, and the discharge management
standards for exhaust/drainage for each radionuclide group were
applied [7]. As a new policy for submitting the discharge plan was
introduced in Korea in 2015, it is necessary to rationally set up the
maximum permitted discharge radioactivity per each radionuclide
group (discharge limit) alongside the existing discharge limits [13].
However, the method for setting the discharge limits that will be
introduced is under review. Accordingly, in this study, new meth-
odologies for deriving discharge limits that improved the limita-
tions of the existing methods was developed. It was confirmed that
lysis types.

mercial operation date Period of used data Types of analysis**

I II III

983 2000e2019 ✓ ✓ ✓

1985 ✓ ✓ ✓

1986 ✓ ✓ ✓

2011 2012e2019 ✓ e e

012 2013e2019 ✓ e e

1986 2000e2019 ✓ ✓ ✓

1987 ✓ ✓ ✓

1995 ✓ ✓ ✓

1996 ✓ ✓ ✓

2002 2003e2019 ✓ ✓ e

2002 ✓ ✓ e

1988 2000e2019 ✓ ✓ ✓

1989 ✓ ✓ ✓

1998 ✓ ✓ ✓

1999 ✓ ✓ ✓

004 2005e2019 ✓ ✓ e

2005 2006e2019 ✓ ✓ e

997 2000e2019 ✓ ✓ ✓

998 ✓ ✓ ✓

1999 ✓ ✓ ✓

012 2013e2019 ✓ e e

ctor, respectively.
orrelation analysis between the discharge and electrical output or design capacity,
tion of the discharge limits proposed in this study, respectively.
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the derived discharge limits apply to Korean NPPs.
Although IAEA explains the reasonable concept of setting up the

discharge limits considering operational flexibility, as presented in
Fig. 1, a detailed method for deriving the flexibility has not been
proposed [2]. However, in EA, the discharge limit setting up a
method that satisfies the conditions in Fig. 1 was proposed and
applied to setting up the discharge limits for new NPPs [9,10].
Therefore, Eq. (4) presents a method for setting up the discharge
limits for the latest UK HPR1000 and UK ABWR NPPs proposed by
EA in England:

Aproposed
i ¼Ai$

mi þ k$si
mi

þ COEEi (4)

where Aproposed
i is the proposed discharge limit of radionuclide i

(TBq), Ai is the expected discharge of radionuclide i for a new NPP
(TBq), mi is the average discharge of radionuclide i of a similar NPP
(TBq/y), and k; is a coverage factor that is the real number in the
normal distribution curve [9,10]. For the normal distribution curve,
in the one-sided normal distribution, k was 1.282 at a confidence
interval of 90%. si is the standard deviation for the discharge of
radionuclide, i, of a similar NPP (TBq/y). COEEi represents the
discharge of radionuclide i due to the expected event (TBq).

Eq. (4) proposed by EA has the limitation that it sets up the
discharge limits assuming that the discharge characteristics of the
radioactive effluents follow a normal distribution. Furthermore, in
countries where the annual discharge data for normal operation
and AOO are reported, it is difficult to derive the discharge limits by
separating the anticipated/expected event proposed by EA [21e25].
Therefore, a new methodology for setting up the discharge limits
was proposed utilizing the statistics of the radioactive effluents
discharge of the actual operating NPPs and actual radioactive ef-
fluents discharge data for both normal operations and AOO by
modifying these limitations. Eq. (5) presents the proposed method
for setting up discharge limit:

DLi;t ¼mi;t þ l$si;t (5)

whereDLi;t is the discharge limit of the radionuclide groups i for the
past t years (TBq/y), mi;t is the average discharge of the radionuclide
groups i for the past t years (TBq/y), and l is the real number,
characteristic value which can be set up by the operator or regu-
lator depending on the characteristics of each NPP and radionuclide
group. si;t is the standard deviation for the discharge of radionu-
clide groups i for the past t years (TBq/y).

Meanwhile, the EPA proposes a methodology for setting up the
discharge limits for the contaminants released to the environment
of the fields outside of nuclear energy [15e18]. The method for
setting the discharge limit for a contaminant is shown in Eq. (6):

L¼ LTA$VF (6)

where L is the discharge limit of the contaminant (mg/L), LTA is the
long-term average of the contaminant concentration (mg/L), and
VF is the variability factor. In the EPA, the 99% and 95% percentiles
were used to express the daily maximum VF and average monthly
VF, respectively [18]. Eq. (6) has the limitation that it is used in
fields outside of nuclear energy and assumes that the discharge of
the contaminant follows a log-normal distribution. Therefore, the
discharge limit for each radionuclide group was derived based on
the actual annual radioactive effluents discharge for each NPP,
rather than assuming a specific distribution. Eq. (7) presents the
proposed method for setting up the discharge limit:
1006
DLi;t ¼m$mi;t (7)

whereDLi;t is the discharge limit of the radionuclide groups i for the
past t years (TBq/y), m is the real number that indicates charac-
teristic value, and mi;t is the average discharge of radionuclide
groups i for the past t years (TBq/y).

3. Results and discussion

3.1. Discharge characteristics of the liquid and gaseous radioactive
effluents

The amount of discharged radioactive effluents for each nuclear
facility has been reported [19,21,24,25]. The discharge of the
radioactive effluents for each radionuclide group was analyzed and
reported using various methods, including the raw (non-normal-
ized) annual discharge (TBq/y) [28,29], normalization of design
capacity (TBq/y per MWe) [30,31], and normalization of annual
electrical output (TBq/y per GWh or TBq/y per MWh) [4,32e34].
There is a case that the analysis was carried out with the unit of
annual electrical output (electrical energy generated) at the EA to
identify the correlation between the electrical output of the nuclear
reactor and discharge of the radioactive effluents to the environ-
ment [32]. The EA report claimed that most NPPs subjected to the
survey show two mixed characteristics of ‘no correlation’ or ‘pro-
portional relationship.’ However, a normalization method has not
been proposed considering publicly available evidence on the cor-
relation between the design capacity of a facility and radioactive
effluents discharge. Therefore, the correlation between the radio-
active effluents discharge and the design capacity of the facility or
electrical output was analyzed to identify the availability of the
discharge limits (Eq. (5) based in EA and Eq. (7) based in EPA)
derived for the Korean NPPs and to select the unit suitable for the
discharge characteristics of the radioactive effluents of the Korean
NPPs. The normalized discharge of the radioactive effluents can be
presented using Eq. (8) and (9):

N1 ¼
N0

P
(8)

N2 ¼
N0

P$t
(9)

where N0 is the raw (non-normalized) value of the actual radio-
active effluents discharge (TBq/y), N1 is the discharge normalized
by the design capacity (TBq/y per MWe), and P is the design ca-
pacity of the NPP (MWe). N2 represents the discharge normalized
by the electrical output (TBq/y per MWh), and t is the operating
hours of the NPP for 1 year (h).

3.1.1. Correlation between the electrical output of the NPPs and the
radioactive effluents discharge

Of the three units expressed for the annual radioactive effluents
discharge, the correlation of electrical output with the radioactive
effluents discharge of the Korean NPP was investigated using two
normalized methods (normalized by the design capacity of the
facility and electrical output). First, to identify the correlation be-
tween the annual electrical output and the annual discharge, which
is one of the methods, the correlation coefficient (R) between the
radioactive effluents discharge of 21 Korean NPPs and the annual
electrical output for the past 20 years was compared. The R-value is
a numerical value representing the degree of correlation between
the two variables. It is interpreted as a weak correlation if the R-
value is 0.35 or below, a moderate correlation between 0.36 and
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0.67, and a strong correlation between 0.68 and 1 [35]. Fig. 2 shows
the R-value between the annual electrical output and annual
radioactive effluents discharge of the PWRs and PHWRs.

In Fig. 2(a), the correlation coefficient for each radionuclide
group shows that the upper limit of (m ± s) is 0.35, and the
maximum value is below 0.67, suggesting a weak correlation be-
tween the discharge and electrical output [35]. Furthermore,
among seven radionuclide groups, the average value of R for four of
the radionuclide groups was negative, indicating no correlation
between these four groups. In Fig. 2(b), the correlation shows that
the upper limit of (m ± s) is 0.36, or higher in T, F, and H nuclides
group, but the maximum value is below 0.67; hence, it can be ex-
pected that there is a moderate correlation between the discharge
and electrical output compared with the PWRs [35]. However, it
was found that the R-value of the C nuclides group was negative in
all NPPs, and it showed a negative value at a rate of 33% in the F
nuclides group. Furthermore, there was no correlation between the
discharge and electrical output. In other words, the correlation
between the radioactive effluents discharge for each radionuclide
group and the electrical output was low in all Korean NPPs.

The lowcorrelation is in linewith the fact that radioactiveeffluents
is discharged from PWRs after permanent shutdown [26]. For
instance, after the permanent shutdown, the liquid and gaseous
tritium are released at a level similar to that of the operating period.
Moreover, although the K09 NPP has been permanently closed since
2017, I, T, C, and H nuclides group were discharged in 2018, and T, C,
and H were released in 2019 [24,36]. Compared with the operating
period, theaveragedischargeof I,C, andHwasreduced,butTdoubled,
showing an inversely proportional relationship with the electrical
output. The low correlation between the electrical output and the
radioactive effluents discharge can be explained by the effect of the
moderator and coolant already present in the system and the storage
water of the spent fuel pool on the radioactive effluents discharge. To
explain this correlation,modelingwasperformedusingEq. (10). It can
be divided into two terms that is newly generated during the power
operation and that is present in the existing systems:

Ai ¼
�
fN;1 þ fE;1

�
$T$P$di þ

�
fN;2 þ fE;2

�
$Vi (10)
Fig. 2. Correlation coefficient (R) between the annual radioactive effluents discharge of the
PHWRs. ▫ is m ± s, I is minimum-maximum, and � signifies the average.
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where Ai is the annual radioactive effluents discharge of radionu-
clide i (TBq/y), fN;1 is the discharge rate of the radioactive effluents
newly generated during the power operation in the case of normal
operation (1/y), fE;1 is the discharge rate of the radioactive effluents
newly produced due to the event (1/y), where the event is an un-
expected circumstance. T is the power generation time (h), P is the
design capacity of the NPP (MWe), di is the discharge of the
radioactive effluents generated per electrical output of the radio-
nuclide i(TBq/MWh), fN;2 is the discharge rate of the radioactive
effluents already present in the normal operation (1/y), fE;2 is the
discharge rate of the radioactive effluents due to the radioactive
material already present (1/y), and Vi includes the discharged
amount of radioactive materials already present during the design
[26,37]. All factors are interconnected and can have a complicated
effect on radioactive effluents discharge.

Fig. 2(b) shows that the correlation between the liquid and
gaseous tritium discharge and the electrical output is higher than
that of the PWRs. This is because the electrical output was affected
by T and P in Eq. (10) and the operating conditions of the NPPs. In
addition, because PHWRs use deuterium oxide as the moderator
and coolant, more tritium is generated owing to the neutron acti-
vation when the nuclear fuel is burned out compared with the
PWRs. Hence, there is relatively higher correlation with the elec-
trical output [38].

The above findings can be summarized that the correlation
between the radioactive effluents discharge and the electrical
output of Korean NPPs could be not so high and varied with various
factors including reactor types, designs, and radionuclide groups. It
should be noted that Harris et al. derived quite similar conclusion
that radioactive releases are dictated not only by electrical gener-
ation but also by other factors such as design of radioactive waste
treatment systems, etc. [39].
3.1.2. Correlation between the design capacity of the NPPs and the
radioactive effluents discharge

As the discharge and electrical output are variable for each
year, linear correlation analysis can be conducted using the cor-
relation coefficient (R). However; the design capacity is un-
changeable annually for each NPP; hence, its correlation with the
Korean NPPs and the annual electrical output: (a) is for the PWRs, and (b) is for the
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radioactive effluents discharge cannot be carried out. For this
reason, the correlation between the discharge and design ca-
pacity was analyzed using the normalized value obtained by
dividing the discharge by the design capacity (TBq/y per MWe), a
similar approach as the one in which EA used the normalized
value (TBq/y per MWth) for the correlation analysis of the
discharge and thermal output [32]. Fig. 3 presents the discharged
amount of radioactive effluents from the PWRs and PHWRs
normalized to the design capacity.

Except for the NPPs with minimum radioactive effluents re-
leases of 0, the range by the radionuclide groups shows a 36e296
times difference in Fig. 3(a) and 18e276 times difference in
Fig. 3(b). Therefore, it is expected that there is a low correlation
between design capacity and discharge in all NPPs. To analyze the
characteristics of each radionuclide group, the coefficient of
variation (CV) of the normalized values of each NPP were
compared. CV is the value obtained by dividing the standard
deviation by the average and determining the dispersion of
datasets with different measurement units. A larger CV value
indicates a relatively large difference [40]. In I of Fig. 3(a), the
maximum CV value is 6.86 (F: 5.69, P: 5.68, G: 2.84, T: 1.1, C: 0.7,
H: 0.64, T þ H: 0.54), and in the same radionuclide groups of
Fig. 3(b), the maximum CV value is 4.7 (P: 3.69, G: 1.43, C: 0.87,
H: 0.82, F: 0.81, T þ H: 0.553, T: 0.551). This indicates a relatively
strong correlation between the design capacity and the radio-
nuclide groups, except for C and H in the PHWRs, compared with
the PWRs.

Although there was no significant correlation between the
radioactive effluents discharge and the design capacity, as shown in
Fig. 3, it was found that the CV value for each NPP was low in T and
H, suggesting a higher correlation compared with other radionu-
clide groups. NRC proposes a fixed value of 0.4 Ci/y per MWth
(1.5 � 10�2 TBq/y per MWth), obtained by dividing the sum of
liquid and gaseous tritium discharges by the thermal output, to
calculate the release of radioactive materials in radioactive efflu-
ents from PWRs [37]. The PWRs in Korea show an average of
1.4 � 10�3e5.8 � 10�3 TBq/y per MWth, which is 10% lower than
the value proposed by NRC. Meanwhile, because the thermal
output is calculated by multiplying the design capacity and other
factors, its correlation between the radioactive effluents discharge
and the design capacity can be analyzed [32]. For example, in the
PWR shown in Fig. 3, the CV of the values normalized to the design
capacity is 1.1, 0.64, and 0.54 for T, H, and T þ H (the sum of the
liquid and gaseous tritium), and because the CV is low in the T þ H,
the correlation with the design capacity is expected to be high
compared with T and H. Such results can validate the suggestion of
obtaining values by normalizing the tritium to the sum of the liquid
and gaseous in the NRC. However, the correlation between the
discharge of the liquid and gaseous tritium and the design capacity
is relatively higher than that of other radionuclide groups; thus,
there is no significant relationship. Therefore, it would be more
suitable to reflect the raw discharge than the values normalized to
the design capacity or thermal output when setting up the
discharge limits.

In Fig. 3 (a), the CV value of 14C is 0.7, the secondminimumvalue
after the liquid tritium. It was identified that there is a higher
correlation comparedwith other radionuclide groups except for the
liquid and gaseous tritium. In NRC, the discharge of gaseous 14C was
set to 7.3 Ci/y (0.27 TBq/y) to calculate the radioactive effluents
discharge [37]. It can be expected that this does not reflect the
correlation with the thermal output or design capacity, unlike
tritium. In the Korean PWRs, the average discharge of gaseous 14C is
0.045e0.13 TBq/y, which is 16% lower than the value presented by
NRC. Therefore, in Korean PWRs, the CV value for raw discharge is
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lower than the CV value of the discharge normalized to the design
capacity, and the same unit as the one proposed by NRC can be
used.

The discharge normalized to the sum of liquid and gaseous
tritium, and the average discharge of gaseous 14C was higher in the
PHWR than in the PWR. In the PHWRs, the discharge normalized to
the thermal output is in the range of 2.8 � 10�2 to 4.3 � 10�2 TBq/y
per MWth. In contrast, the gaseous 14C has an average discharge in
the range of 0.15e0.25 TBq/y. The reason that the gaseous 14C
discharge is higher in the PHWR than in the PWR is that the effect
of operating conditions on the first term in Eq. (10) is dominant, and
deuterium oxide (including 17O) is used as a moderator in PHWRs
[41].

Based on the results presented in Section 3.1.1 and Section 3.1.2,
it was found that there is no correlation between the discharge
characteristics of the radioactive effluents of the Korean NPPs and
the annual electrical output or design capacity. Therefore, in this
study, raw (non-normalized) annual discharge (TBq/y) was applied
to set up the discharge limit.

3.2. Analysis of the radioactive effluents discharge trend of Korean
NPPs through the ManneKendall trend test

The radioactive effluents discharge trends of Korean PWR and
PHWRs were analyzed for the past 20 years. The analysis was car-
ried out on 18 NPPs, for which the discharge data (n > 10) could be
used in the ManneKendall trend test (refer to Table 1). To analyze
the annual discharge trend of the radioactive effluents for each NPP,
the Z value of Eq. (3) is presented in Fig. 4, (a) presents the Z values
from 2000 to 2019 (period A), (b) shows the Z values from 2000 to
2009 (period B), and (c) presents the Z values from 2010 to 2019
(period C). In the 95% confidence interval, the Z value higher
than þ1.96 means the increasing tendency (region I), a value lower
than �1.96 means the decreasing tendency (region III), and that
between �1.96 and þ 1.96 means it is impossible to decide the
tendency (region II).

During the period A (2000e2019) as shown in Fig. 4 (a), the
NPPs with undecided tendency accounted for 64%. Those with
decreasing tendency accounted for 24%, and those with increasing
tendency accounted for 12% of the PWRs. In the PHWRs, NPPs with
an undecided tendency account for 67%, and those with a
decreasing tendency account for 33%. The Z values of G and I were
negative in all NPPs, and that of P was negative in all NPPs, except
for two plants, suggesting a decreasing tendency. For G, I, and P, the
effect of the first term in Eq. (10) is dominant. The correlation with
nuclear fission in the nuclear fuel in the operating NPPs and the
decreasing tendency is likely attributed to improvement of fuel
integrity and waste management system [42,43].

During the period A as shown in Fig. 4(a), the tendency of the
14C discharge can be determined only in the PHWRs. In the
period A, there was an increasing tendency of 66.7% (none:
33.3%). Although it was difficult to determine the tendency dur-
ing the period B (2000e2009) as shown in Fig. 4(b), it showed an
increasing tendency of 66.7% during the period C (2010e2019) as
shown in Fig. 4(c). In PHWRs, 14C is produced in the moderator,
heat transfer cooling system, and nuclear fuel, and only very few
remain in the fuel. The remainder was removed by the ion ex-
change resin of the moderator and the primary heat transfer
purification system [41]. Significant amounts of this resin accu-
mulate until the lifetime of nuclear reactor, and hence, the
discharge is estimated to increase. It was identified that the 14C
newly generated from the fuel in the first term of Eq. (10) and 14C
already present and accumulated in the second term of Eq. (10)
have a complex effect on the discharge.



Fig. 3. Radioactive effluents release normalized to the design capacity of each NPP: (a) is for the PWRs, and (b) is for the PHWRs. ▫ is m ± s, I is minimum-maximum, and � is the
average. T þ H indicates the sum of the liquid and gaseous tritium.
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During the period A as shown in Fig. 4 (a), the PWRs show a
higher increasing tendency ratio for liquid and gaseous tritium
compared with other radionuclide groups. The gaseous tritium has
an increasing tendency of 60% (none: 40%), and the liquid tritium
has a rising tendency of 26.7% (none: 73.3%). The tritium is gener-
ated in the nuclear fuel during the normal operation of the first
term of Eq. (10). It is produced and discharged by activating boron
and lithium in the stock of tritiated water corresponding to Vi of the
second term in Eq. (10), the coolant present in the system [37].
Boron is used as a neutron absorber in the primary coolant; hence,
it is expected to increase as tritium is generated through the re-
action with neutrons, and the NPPs in operation [37]. With the
operation of the NPP, boron is removed to control the generation of
tritium, but the remaining boron is reused through the boron
recycle system (BRS) [37]. Therefore, with the increase in the con-
centration of reused boron, the concentration of the gaseous
tritium is expected to increase.

During the period B as shown in Fig. 4(b), in the 95% confidence
interval, T showed an increasing tendency of 66.7% in the PHWRs
K20 and K21. Still, during the period C as shown in Fig. 4(c), T and H
showed a decreasing tendency (33.3% for both, none: 66.7%). In the
90% confidence interval, the increasing tendencies of T and H were
both 50% (none: 50%) during the period B, and the decreasing
tendencies of T and H were both 66.7% (none: 33.3%) in period C.
The reason that the decreasing tendency of the liquid and gaseous
tritium discharge is dominant in the PHWRs in period C is probably
because the discharge of tritium was reduced by installing the
tritium removal facility (TRF) in 2007 [44,45].
3.3. Reasonable setup of the discharge limits considering the
operational flexibility

3.3.1. Analysis method for the discharge limits applicability
By utilizing the actual annual discharge data for each radionu-

clide group of 14 Korean NPPs over the past 20 years, Eq. (5) and (7),
the equations for the discharge limits proposed in Section 2.3, is
applicable. Furthermore, the setup period of proposed discharge
limits was set to 10 years (M1) and 1 year (M2). The applicability of
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the two derived methodologies for setting up the discharge limits
was investigated. Eq. (11) is the equation to determine if the annual
radioactive effluents discharge for each NPP and radionuclide group
exceeds the discharge limits:

DLi; t <Di;t (11)

where DLi;t is the discharge limits of the radionuclide groups i for
the past t years (TBq/y), and Di:t represents the actual discharge of
radionuclide groups i in year t (TBq/y). Once Eq. (11) holds, the
failure rate (unit: %) was estimated, and the failure rate for each NPP
and each radionuclide group was analyzed. If the failure rate is 10%,
this suggests that the compliance probability is 90%. The compli-
ance probability is based on the actual annual discharge data for a
specific NPP and radionuclide groups and can be expressed as (1-
failure rate). The change in the failure rate according to the l
value in Eq. (5) proposed in this study, along with them value in Eq.
(7), was analyzed. Furthermore, the l andm values for each NPP and
each radionuclide group were proposed for application to a specific
NPP.

In Fig. 4, based on the decreasing tendency and increasing
tendency of the (b) period B (2000e2009) and (c) period C
(2010e2019), the satisfaction of the discharge limits can be iden-
tified. If there is an increasing tendency in period B and a decreasing
tendency in period C, the failure rate according to Eq. (11), de-
creases. Moreover, if there is a decreasing tendency in period B and
an increasing tendency in period C, the probability of the failure
rate increases. If there is an increasing or decreasing tendency in
both B and C periods, it will be impossible to compare the failure
rates. Furthermore, if the average radioactive effluents discharge
during period B is lower than the average discharge during period
C, regardless of the tendency, theM1 failure ratewill be higher than
the M2 failure rate. In contrast, the M1 failure rate was lower than
the M2 failure rate.
3.3.2. Analysis of the discharge limits failure rate
When the discharge limits are set as that of the EA in England,

Eq. (4) assumes a normal or log-normal distribution. In addition, Eq.
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(6), proposed by the EPA, takes a log-normal distribution and sets
up the discharge limits [9,10,15]. The Korean radioactive effluents
discharge for each NPP and radionuclide group showed a 54% log-
normal distribution and 16% beta distribution (the remaining 30%
shows various probability distributions such as extreme value and
logistic) when predicted using the distribution fit function of the
Crystal Ball software, indicating that it differs from the normal
distribution [46]. Fig. 5 presents the failure rates of the discharge
limits derived based on the discharge in 2000e2009 for 14 NPPs
and six radionuclide groups (14C is excluded because it is used only
in the deduction of the discharge limits of PHWRs) during
2010e2019. The discharge limits were analyzed using two
methods: one with a 10-year period (M1) and the other with a 1-
Fig. 4. Z value of the ManneKendall trend test for each radionuclide group of Korean
NPPs. K01 to K21 signifies the NPPs in legend.
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year period (M2).
As shown in Fig. 5(a), the failure rate of M1 is 1e1.6 times higher

than that of M2. In the one-sided normal distribution, with 1s, the
failure ratewas 15.9%, and when the characteristic value lwas 1, the
failure rate was 16.3% in M1 and 14.2% in M2. In Fig. 5(b), when the
characteristic value m is 1, the failure rate is 24.4% in M1 and 24.6%
in M2, indicating that it does not follow the normal distribution in
both Fig. 5(a) and (b). The failure rates of the discharge limit for
each radionuclide group (G, I, P, and F) in 14 NPPs (11 PWRs and 3
PHWRs) are presented in Fig. 6.

In Fig. 6 (a), (b), (c), and (d), the M1 method resulted in lower
failure rates for the G and I nuclides groups compared with the M2
method. Furthermore, the average radioactive effluents discharge
of the period C (2010e2019) was lower than that of the period B
(2000e2009) in all 14 NPPs for the G nuclides group and nine NPPs
for the I nuclides group, indicating that the M1 failure rate is lower.
Based on these results, it can be estimated that if the setup period is
1 year, the compliance probability is relatively more vulnerable to
the discharge change trend compared with the 10-year period.
Moreover, because the I nuclides group was not discharged for
9e20 years, or its data includes that of the NPPs below lower limit
of detection, its failure rate is lower than that of other radionuclide
groups.

In the P nuclides group, the failure rate was lower in M2 than in
M1. Among the 11 PWRs, in five NPPs, the average radioactive ef-
fluents discharge of the period C was 6.6e280 times higher than
that of the period B, which allows for the expectation of a lower M2
failure rate than M1. However, among the remaining 11 PWRs, in 6
plants, the average radioactive effluents discharge in the period B
was 5e126 times higher than that of the period C. For the PHWRs,
in all two NPPs of which the values can be compared, the average
discharge of the period B was 1.9e102 times higher than period C,
suggesting the M1 failure rate is lower than the M2 failure rate.
Although these results do not provide valid evidence on why the
M2 failure rate is lower than the M1 failure rate in the P nuclides
group, the different discharge characteristics for each NPP can be
identified.

For F nuclides group, the failure rate did not show any regularity
in the M1 and M2 methods. During the period B as shown in Fig. 4
(b), the NPPs with a decreasing tendency accounted for 44.4%
(none: 33.3%, increasing tendency: 22.2%), and during the period C,
none accounted for 88.9% (decreasing tendency: 11.1%). Because
various discharge limits for each NPP are applied owing to such
increasing and decreasing tendencies, it is expected that the failure
rate does not show any regularity in the M1 andM2methods. Fig. 7
shows the failure rate for each radionuclide group (T, C, and H) for
the past 10 years in 14 NPPs (11 PWRs and 3 PHWRs).

Fig. 7 (a) and (c) present the failure rates of the liquid and
gaseous tritium in the PWRs. As shown in Fig. 7 (a), T and H show a
maximum of 56 and 40 times higher failure rates, respectively,
compared with other radionuclide groups, as shown in Fig. 6. In
addition, in (c), tritium offers a maximum of 7 times higher than
that of the other radionuclide groups. The average discharge of T for
the period C was 1.01e2.4 times higher compared with the period B
in 10 NPPs among 11 PWR plants, and that of H for the period C is
1.1e2.7 times higher compared with the period B in 7 NPPs among
11 PWR plants, indicating higher failure rate compared with other
radionuclide groups. In all three PHWRs, the average discharge of
the T nuclides group for the period C was lower than that for the
period B, which indicates that the failure rate is lower than that of
the PWRs. In PWRs, the regularity of M1 andM2 could not be found
for the H nuclides group. During the period B shown in Fig. 4 (b),
the H nuclides group showed an increasing tendency of 11.1%
(none: 77.8%, decreasing tendency: 11.1%), and during the period C,
it showed a decreasing tendency of 27.8% (none: 72.2%). Therefore,



Fig. 5. Failure rates for all NPPs when the discharge limits derived using M1 and M2 are applied: (a) presents the failure rates with different characteristic value l of Eq. (5) and (b)
shows the failure rates with different characteristic value m of Eq. (7).
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H has more variable increasing and decreasing tendencies than T,
and hence, it is difficult to find the regularity of H.

Fig. 7 (b) and (d) present the failure rate of 14C, alongside the
liquid and gaseous tritium in three PHWRs. In (b), the failure rate of
14C was approximately 40% higher than that of liquid and gaseous
tritium. For C nuclides group, the failure rate did not show any
regularity in the M1 and M2 methods.
Fig. 6. Failure rates for each radionuclide group (G, I, P, and F) when the discharge limits deri
the failure rates with different characteristic value l, (c) and (d) present the discharge lim
correspond to the PWRs, and (b) and (d) correspond to the PHWRs. The number 1 signifie
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3.3.3. The characteristic value for each NPP and each radionuclide
group presenting a specific compliance probability to the discharge
limits

Based on the failure rates for each NPP and each radionuclide
group shown in Section 3.3.2, the failure rate decreases with an
increase in the characteristic values l and m. For example, if the
compliance probability was set at 90% (failure rate of 10%), the
corresponding characteristic values l and m were set up, and
ved using M1 and M2 are applied: (a) and (b) present the discharge limits of Eq. (5) and
its of Eq. (7) and the failure rates with different characteristic value m, (a) and (c)

s the method of M1, and the number 2 signifies the method of M2 in legends.
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suitable discharge limits were established. Table 2 shows the
characteristic value for each NPP and each radionuclide group,
corresponding to a specific compliance probability of 90% when the
discharge limit is set up using Eq. (5) based on the distribution of
the actual annual discharge data of Korean NPPs. By dividing
methods into M1 and M2, the minimum characteristic value of l
with a compliance probability of over 90% was tabulated for each
NPP and radionuclide group.

In Table 2, the compliance probability for most NPPs is 90%
when the characteristic value l is below 4. However, some NPPs
exceeded 4. Comparing the M1 and M2 methods, the case in which
the characteristic value l exceeds 4, resulting in a compliance
probability of 90%, accounting for 4.8% in M1 and 1.2% in M2,
showing a lower compliance probability in the M1 method. For M1
and M2, the ratio of NPPs, for which the compliance probability
falls short of 90% until the l value exceeds 4, is high in the P nuclides
group. The K01 NPP showed a negative value during the period B
(2000e2009) and a positive value during the period C (2010e2019)
for H, allowing us to expect a low compliance probability. In K02,
K14, and K15 NPPs, it was not possible to determine the increasing
and decreasing tendencies during both periods B and C for the P
nuclides group, indicating a higher l value compared with the other
radionuclide groups. In the K15 NPP, the increasing and decreasing
tendency of the T nuclides group could not be determined during
the period B. In contrast, this radionuclide groups showed an
increasing tendency during period C, suggesting a low compliance
Fig. 7. Failure rates of the liquid and gaseous tritium and 14C when the discharge limits deriv
the failure rates with different characteristic value l, (c) and (d) present the discharge lim
correspond to the PWRs, and (b) and (d) correspond to the PHWRs. The number 1 signifie
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probability.
Using 14C, the compliance probability of discharge limit for

PHWRs can be calculated. Using the M1 method, in the K19, K20,
and K21 NPPs, a 90% compliance probability was achieved at 0.6,
0.7, and 4þ, respectively. The M2 method resulted in a compliance
probability of 90% at 1, 0.6, and 2.4, respectively. Table 3 lists the
characteristic values for each NPP and radionuclide group corre-
sponding to a specific compliance probability of 90% when the
discharge limit was set up using Eq. (7) based on the distribution of
the actual annual discharge data of past Korean NPPs. By dividing
into M1 and M2 methods, the minimum characteristic value of m
with a compliance probability of over 90% was tabulated by the
NPPs and radionuclide groups.

Comparing theM1 andM2methods in Table 3, the case inwhich
them value exceeds 4, resulting in a compliance probability of 90%,
accounting for 8.3% in M1 and 2.4% in M2, presents a lower
compliance probability in the M1 method. When the compliance
probability fell short of 10%, the ratiowith them value of over 4 was
higher in the order of H, P, and I in the M1 method. In the M2
method, the G and P nuclides groups showed the same ratio of the
m value over 4. Using 14C, the compliance probability of discharge
limit in PHWRs can be calculated. Using the M1 method, in K19,
K20, and K21 NPPs, a 90% compliance probability was achieved at
1.4, 1.5, and 4þ, respectively. The M2 method resulted in a
compliance probability of 90% at 1.6, 1.6, and 2.4.

The range of characteristic value l using M1 with the discharge
ed using M1 and M2 are applied: (a) and (b) present the discharge limits of Eq. (5) and
its of Eq. (7) and the failure rates with different characteristic value m, (a) and (c)

s the method of M1, and the number 2 signifies the method of M2 in legends.



Table 2
Characteristic value l for each NPP and each radionuclide group presenting a specific compliance probability of 90% to the discharge limit when the discharge limit was set up
using Eq. (5).

NPPs M1 M2

G I P T F H G I P T F H

K01 0.2 0 0 0 0.3 4þ (11.3) 1.1 0 0 1.5 0.9 1.4
K02 -* e 4þ** (18.8) 1.9 e 3.6 e 0 0.9 1.3 e 2.1
K03 e 0 0.9 1 e 3.6 e 0 0 0.9 e 2.1
K06 e 0 0 1.8 0 1.2 0.2 0 0 1.1 0 1.5
K07 e 0 e 2.2 0 1.2 4 0 e 1.4 0 1.4
K08 0 1.8 e 3.9 0.4 1.2 0.1 1.1 e 2.6 0 1.2
K09 e 0 e 3.6 0.4 1.2 e 0 e 3.2 0 1.2
K12 e e e 1.9 e 1.1 e 0 e 1.7 e 2
K13 e e e 2.1 e 1.1 e 0 e 1.6 e 2
K14 e e 4þ (5.2) 2.9 e 1.8 1.3 e 0 2 e e

K15 e e 4þ (86.5) 4þ (4.5) e 1.8 2.3 e 4þ (17.6) 2.4 e e

K19 e e e e 1.4 e 0.4 e e e e e

K20 e e 0 0.6 0.1 2.9 0.5 e 0 0.4 0 1.2
K21 e e e 0.1 2 0 0 e e 0 1 0

* indicates the case in which the compliance probability is 100%, even with an l of less than 0.
** indicates the case in which the compliance probability is under 90% even at 4þ. The value in parentheses is the l value at 90% of compliance probability.

Table 3
Characteristic valuem for each NPP and each radionuclide group presenting a specific compliance probability of 90% to the discharge limit when the discharge limit was set up
using Eq. (7).

NPPs M1 M2

G I P T F H G I P T F H

K01 1.1 0.1 0.1 1 1.3 4þ (4.8) 1.6 0.1 0.1 1.6 1.7 3.6
K02 0.2 0.3 4þ** (33.2) 1.9 0 4þ (4.2) 0.4 0.3 3.3 1.6 0 2.8
K03 0.3 0.9 2.5 1.5 0 4þ (4.2) 0.4 0.8 1 1.4 0 2.8
K06 0.1 -* 0 1.4 0 1.7 1.1 0 0 1.4 0 1.7
K07 0.1 e 0.3 1.5 0 1.7 4þ (4.6) 0 1 1.4 0 1.7
K08 1 4þ (4.1) 0.1 2.9 1.3 1.5 1.2 3.1 0.1 2.2 1 1.5
K09 0.1 0.7 0.1 2.8 1.3 1.5 0.1 0.8 0.1 2.6 1 1.5
K12 0.2 0.3 0.1 1.6 0 1.4 0.3 0.3 0.1 1.5 0 1.7
K13 0.1 0.3 0.1 1.6 0 1.4 0.2 0.3 0.1 1.5 0 1.7
K14 0.1 e 4þ (9.4) 2.3 e 1.6 1.8 e 0.1 1.9 e 1.6
K15 0.1 e 4þ (141.5) 2.9 e 1.6 2.6 e 4þ (29.5) 2.1 e 1.6
K19 0.8 e e 0.4 2 0.2 1.4 e e 0.6 1.9 1.3
K20 0.5 0 0.9 1.3 1.1 2.2 1.3 0 0.7 1.1 1 1.7
K21 0.2 e 0.1 1.1 1.8 0.9 0.8 e 0.1 1 1.5 1

* indicates the case in which the compliance probability is 100%, even with an m of less than 0.
** indicates the case in which the compliance probability is under 90% even at 4þ. The value in parentheses is the m value at 90% of compliance probability.
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limit of Eq. (5) averages at 0.7 to 1.5, except for 4þ NPPs, and that
using M2 averages from 0.3 to 1.36. Based on the discharge limit in
Eq. (7), the M1 method results in 0.6e0.82, and the M2 method
results in 0.63e1.52. If the discharge of Korean NPPs follows the
normal distribution curve, the characteristic values l and m should
be 1.282 when the compliance probability is 90%. However, the
discharge characteristics of the Korean NPPs did not follow a spe-
cific statistical distribution. Therefore, both methods of Eq. (5) and
(7) can be applied to set up the discharge limits. However, the su-
periority of these two methods cannot be determined. This is
because the characteristics of the NPPs and the radionuclide groups
have a more significant effect on the compliance probability of the
discharge limits compared with the impact of the methodologies.
When the discharge limit of Eq. (5) is set up, the M2 method rather
than the M1 method can increase the compliance probability, and
when the discharge limit of Eq. (7) is used, the M1 method, rather
than the M2 method, can increase the compliance probability.

Between the twomethods considering different discharge limits
setup periods, the advantage of M1 is that the discharge limits are
updated every 10 years; hence, the NPP officer's issues for setting
up the discharge limits are not significant, and the advantage of M2
is that the change in discharge performance of a specific radionu-
clide groups for the short term can be dynamically reflected.
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However, in the case of M2, the limitation that the compliance
probability is relatively more sensitive to the discharge change
trend was identified. Therefore, the characteristic value set with the
past discharge data of Korean NPPs (Tables 2 and 3) can be applied
to a specific NPP in the future.

4. Conclusions

In this study, two methodologies for setting up the discharge
limits were proposed considering the operational flexibility based
on the actual radioactive effluents discharge. The existing studies
claimed that the correlation between the electrical output and the
radioactive effluents discharge has ‘no correlation’ or a ‘propor-
tional relationship.’ However, this study identified no correlation
between radioactive effluents discharge and electrical output in
Korean NPPs. Furthermore, it was determined that there is no
correlation between the discharge and the design capacity of the
NPPs, which was not revealed in the existing studies.

This study newly proposed two approaches to set up the
discharge limits by directly using the statistics of the actual past
discharge data of an NPP, rather than simply assuming a conven-
tionalnormalor log-normaldistributionof the radioactivedischarge
data which was adopted in existing studies, and deriving the
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characteristic value equivalent to the probability of compliance to
the discharge limits. Though the applicability of the both new
methodologies was shown through case studies for operating
Korean NPPs, their relative superiority could not be determined
since the characteristics of anNPP and radionuclide groups aremore
dominant than that of the specific methodology. It was also identi-
fied that the discharge limits setup period of 1 year has the advan-
tage that the varying trend of annual discharge data of the
corresponding NPP can be quickly reflected compared with the
period of 10 years.

In addition, the radioactive effluents discharge trend of 18
Korean NPPs was analyzed using the ManneKendall trend test.
Based on the results, the fission products, radioactive iodines and
particulates in gaseous radioactive effluents showed a decreasing
tendency over the past 20 years. This can be explained by
improvement of the nuclear fuel integrity and waste management
systems, and the effort of operators to minimize radioactive efflu-
ents. On the other hand, the gaseous tritium shows an increasing
tendency in Korean PWRs, which can be attributed to the much
more active recycling of soluble poison (boron) in the BRS in Korean
PWRs resulting in enhanced concentration of tritium in the primary
coolant and subsequently in the gaseous effluent streams. Both
liquid and gaseous tritium showed a decreasing tendency in Korean
PHWRs since 2010, which can be ascribed to deployment of the
dedicated facility to remove tritium from the primary coolant and
moderator.

The new methodologies for setting up the discharge limits
developed in this study and the characteristic value for each
radionuclide group for Korean NPPs are expected to be effectively
utilized for the progressive reduction of the environmental releases
of radioactive effluents of the NPPs considering the operational
flexibilities from historical discharge data.
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