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ARTICLE INFO ABSTRACT

Keywords: Since the level 2 PSA of OPR-1000 was the requirement for regulatory purposes, Cs-137 release estimation was
Cesium-137 contained as the Nuclear Safety Act of ROK in which the Cs-137 release frequency exceeding 100 TBq was
E)el:'l:rfoz‘?dem risk determined to happen less than 1.0E-6 per year after the Fukushima Daiichi Accident. However, Cs-137 release

estimation from the conventional level 2 PSA of OPR-1000 provided uncertainty due to dominant accident
sequence consideration. Thus, this study aimed to develop systematic methods through the overall framework to
quantify realistic uncertainty concerns of radioactive material release using sensitivity and uncertainty analysis
methods and apply them to OPR-1000. This framework helped to quantify confidential value for the Cs-137
release under the BEPU approach using both parametric and non-parametric methods to cover both realistic
and conservative points. Uncertainty propagation analysis showed the unexpected uncertainty increase of Cs-137
release exceeding 100 TBq. The non-parametric uncertainty analysis provided higher conservative concerns for
safety than the realistic concerns in terms of economics when compared with the parametric uncertainty analysis.
Wilks’ uncertainty analysis showed the importance to consider conservative Cs-137 release in order to reach the
higher safety need. Sensitivity analysis showed reasonable relationships between engineering safety parameters

Uncertainty analysis
Sensitivity analysis

with the Cs-137 release.

1. Introduction

In Nuclear Power Plants (NPPs), Probabilistic Safety Assessment
(PSA) implementation is the essential process to improve their opera-
tional and financial performances, effectively and safely [1]. Risk
assessment in PSA action aims to overcome the challenge of risky natural
situations in order to change high-risky probability events to medium or
low probabilities. Risk assessment of NPPs with complicated systematic
processes was conducted to explain risk triplet questions including (1)
What can go wrong? (2) How likely is it? and (3) What are the conse-
quences? [2]. The risk triplet can lead to the understanding of outcomes,
risk importance, and uncertainty. Since the complicated system from
interfacing models in the PSA simulation generally happens uncertainty
from any assumption, uncertainty analysis is an important tool to help
determine acceptable risk performance [3]. In the same way, the Re-
public Of Korea (ROK) determines the PSA of NPPs as one of the re-
quirements to confirm the safety of the plant for the decision-making
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process in any regulatory and commercial objectives [4]. Uncertainty
analysis implementation of PSA is an important approach to providing
reliable data on the PSA scheme.

In the ROK, Pressurized Water Reactor (PWR) is the most common-
used reactor type in the industrial and household sectors especially
the most use of Optimized Power Reactor-1000 (OPR-1000) [5]. The
complicated full-scale of PSA Level 1, 2, and 3 PSAs of OPR-1000 were
conducted to meet its safety criteria [6-11]. It was found that the
full-scale PSA of three PSA levels required a lot of knowledge, processes,
and models for covering the whole understanding of the accident se-
quences. Level 2 PSA is the important interface linking both the level 1
and level 3 PSAs [4]. Based on the Defense-in-Depth (DiD) [12], the
containment vessel analysis in level 2 PSA was compared as the last
main protection of source term release before moving to the environ-
ment. Specifically, the uncertainty of source term release in level 2 PSA
receiving the input from level 1 PSA and transferring the output to level
3 PSA. Under the Nuclear Safety Act 2015 of the ROK, the Cs-137 release
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frequency exceeding 100 TBq was determined to happen not to be larger
than 1 time in 1,000,000 reactor years (1.0E-6 per year) as in the
voluntary target in Japan after the Fukushima Daiichi Accident [13].

Due to the importance of source term release of NPPs, there were
many studies of uncertainty analysis covering the Cs-137 release in level
2 PSA from many countries. For example, in 2015, Japan studied the
integrated approach to uncertainty and sensitivity analyses of nuclear
reactor severe accident source terms of Unit 2 of the Fukushima Daiichi
Nuclear Power Plant using integrated simulation code of THALES-2 and
MELCOR [14]. Monte-Carlo-based uncertainty analysis was used to
investigate the fractions of representative radionuclides of Cs-137 and
cesium iodide (CsI). In 2021, China conducted the uncertainty analysis
of radioactive source terms during a severe accident in level 2 PSA of
Hualong Pressurized water Reactor-1000 (HPR-1000) using MAAP4
using Quantification and Uncertainty Analysis of Source Terms for Se-
vere Accidents in Light Water Reactors (QUASAR) in 2021 [15]. The
uncertainty data of Cs-137 source terms in level 2 PSA was calculated
and transferred for providing the off-site dose rate in level 3 PSA using
meteorology conditions in order to improve the emergency planning
zone in case of no sheltering need beyond 3 km from HPR-1000. The
ROK conducted the source term uncertainty evaluation using MELCOR
in level 2 PSA of Westing House-600 (WH-600) to investigate off-site
consequence uncertainty analysis using MACCS in level 3 PSA in early
2022 [16]. The Cs-137 and iodine-131 (I-131) were estimated and
transferred to MACCS code for studying the effect of early health and
late cancer. In a similar way, the level 2 PSA implementation of
OPR-1000 of the ROK required the uncertainty analysis to estimate the
confidential Cs-137 release using MAAP5 in order to confirm the
acceptable source term risk consistently with the Nuclear Safety Act as
mentioned before.

Conventional level 2 PSA of OPR-1000 was conducted to estimate the
Cs-137 release from 19 Source Term Categories (STCs) by the final
accumulated value of the Cs-137 release using MAAPS code in the time
function [9]. However, after the grouping process in level 1 PSA, the
only dominant representative of level 1 PSA accident sequences would
be transferred as the input of level 2 PSA for the conservative estimation.
Consequently, the uncertainty of source term release output in level 2
PSA would increase unavoidably and possibly be able to affect the future
level 3 PSA. Therefore, to provide more reliable data based on the Best
Estimate Plus Uncertainty (BEPU), it is important to take into account
the uncertainty analysis of overall Cs-137 consequences in the level 2
PSA for reflecting the issue of interactions between Deterministic Safety
Assessment (DSA) and PSA for addressing and improving any design and
operational issues and to serve the decision making in the regulatory
area [17]. The objective of this study was to develop the overall realistic
uncertainty analysis framework to quantify confidential points of
radioactive materials release through Cs-137 release. This framework
was applied to 19 STCs of the OPR-1000 case to quantify more reliable
data for the confidential Cs-137 release. Also, the study investigated the
sensitivity analysis to identify the major uncertainty parameters
affecting the relationship Cs-137 consequence. Both parametric and
non-parametric methods were used for uncertainty analysis and sensi-
tivity analysis for understanding the data behavior in the framework.

This paper was divided into five sections. First, this section was the
introduction section. The second section explained the uncertainty
analysis framework. The third section provided the application of the
uncertainty analysis framework in the OPR-1000 case study. The fourth
section is the results and discussion of the uncertainty analysis and
sensitivity analysis of the Cs-137 release in the OPR-1000 case study.
The last section summarized the sensitive uncertainty parameter
affecting the Cs-137 release and the suggestion on the proper use of
uncertainty analysis methods for making a decision on aspects of safety
and economy.
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2. Uncertainty analysis framework

Fig. 1 shows the overall uncertainty analysis framework. The
framework is designed to quantify realistic and conservative estimation
of Cs-137 release of NPP accidents and understand the sensitive pa-
rameters affecting the uncertainty of the release. The conventional level
2 PSA, which provides only one representative Cs-137 release, is
improved to estimate multiple Cs-137 releases using uncertainty
parameter distributions based on the uncertainty analysis framework in
Fig. 1 in order to estimate the confidential point of radioactive materials
release. There were four main steps of the overall uncertainty analysis
framework including (1) Nuclear accident scenario identification, (2)
Uncertain parameter identification, (3) Radioactive materials release
quantification, and (4) Metrics summary.

2.1. Step 1: Nuclear accident scenario identification

Representative accident scenario sequences from STCs based on the
conventional PSA were determined for the case study.

2.2. Step 2: Uncertainty parameter identification

Uncertainty parameters were investigated and identified based on
the MAAPS5 developer in version 5.05 [18].

2.3. Step 3: Radioactive materials release quantification

Uncertainty input files per STC were generated based on uncertainty
parameter distributions using Sampling Input and Quantifying Esti-
mator (MOSAIQUE) for quantifying the Cs-137 release in the MAAP5
simulation.

2.4. Step 4: Metrics summary

Uncertainty and sensitivity analysis methods both parametric and
non-parametric were applied to quantify the 95% confidential point and
to identify the major uncertainty parameters affecting the relationship
Cs-137 release. A parametric test was a specific assumption that popu-
lation parameters behave underlying any distributions while a non-
parametric test would not consider the assumption about population
parameter distributions (considering only orders of parameters) [19].

3. Application of uncertainty analysis framework to OPR-1000
case study

3.1. Nuclear accident scenario identification

Table 1 shows the Cs-137 release of 19 STCs using the conventional
level 2 PSA of OPR-1000 from MAAPS5 simulation. In the nuclear acci-
dent identification step, all NPP accident scenarios were determined
based on the risk model from the levels 1 and 2 PSA using conventional
level 2 PSA implementation of OPR-1000. The representing accident
scenarios of 19 STCs that were determined for this study were shown
Table 1 without the consideration of uncertainty. In terms of the Cs-137
rule of the Nuclear Safety Act, STC1 and STC2 were considered accident
scenarios releasing less than 100 TBq of Cs-137 with the assumption of a
design leak rate of 0.1% volume per day without containment failure
[10]. The remaining STCs were the accident scenarios releasing more
than 100 TBq of Cs-137 with containment failure mode assumption in
which the amount of release of each STC was dependent on their acci-
dent scenario types containment failure modes and safety feature op-
erations such as the containment spray, debris cooling system, and so on.

3.2. Uncertainty parameter identification
Table 2

shows the wuncertainty parameter and probability
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Fig. 1. Overall uncertainty analysis framework.

distribution information in the MAAP5 simulation based on engineering
judgment. In this step, 58 uncertainty parameters and their distributions
were investigated and identified based on the MAAPS5 developers. These
uncertainty parameters affecting the Cs-137 release during the accident
progress were considered in MAAP5 version 5.05 [18] from the
following phenomena consisting of in-vessel natural circulation, clad-
ding rupture, core collapse, flow area at core collapse, zircaloy oxida-
tion, in-vessel cooling, lower plenum debris cooling, fission product
release, flow at the break area, engineered safeguard operation, and
consideration of stating the time of accidents.

3.3. Radioactive materials release quantification

In this step, Cs-137 release was quantified to represent the radioac-
tive materials release into the environment using MAAPS simulation.
The inputs for MAAPS5 simulation were varied by uncertainty parameter
distributions in Table 2 using the pre-processing process by MOSAIQUE
code [20]. MOSAIQUE is software for uncertainty analysis to sample the
parameters based on their distribution information and to generate
sampling inputs for MAAPS simulation using Monte Carlo. Each un-
certainty parameter was set as the representative input to generate the
uncertainty ranges based on their probability distribution types in
Table 2.

In this study, the conventional level 2 PSA of OPR-1000 referred to
only one representative simulation which is the base case for calculating
the Cs-137 release in all 19 STCs as shown in Table 1. Instead, after
considering the uncertainty parameter distributions around 610 simu-
lations were developed for calculating the Cs-137 release for all 19 STCs.
The reason for having 610 input files generated per one STC was that the
work intended to study one of the scopes related to Wilks’ method in five
orders including a total of 610 cases per STC from Table 3. Thus, the
number of 610 input files was set as the sample base for both parametric
and non-parametric uncertainty analysis in this work. Table 3 shows the
five-order classification of Wilks’ method per one STC. The description
and theory of Wilks’ method will be shown in Subsection 3.4.1.3.

All input files were simulated using MAAP5 version 5.05 [18] using
high-performance computers that time around 1-3 days per STC
approximately depending on the required time of the simulation case. In
this study, the first 610 simulation cases (original 610 MAAP5 simula-
tion cases) of each STC were called the “representative case” for un-
certainty analysis. Moreover, 610 simulation cases from the
representative case of each STC were randomized at 10, 100, and 1000
times to provide the data set as in the five-order classification of Wilks’
method in Table 3. Average values from the 10, 100, and 1000 times in
randomized processes would be discussed to confirm the reasonability of
uncertainty analysis methods as mentioned in Subsection 3.4.1.
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3.4. Metrics summary

3.4.1. Uncertainty analysis

Uncertainty analysis was the important statistical analysis process in
which parametric and non-parametric uncertainty analysis techniques
were applied to calculate the 95% confidential point estimation from the
uncertainty propagations of Cs-137 release in all 19 STCs in order to
reflect the acceptable point that was adopted in the nuclear safety
analysis [21]. The parametric uncertainty analysis method used the
assumption based on the normal distribution of the population of the
Cs-137 release in each STC for estimating the acceptable Cs-137 release
at the 95% confidential point while the non-parametric uncertainty
analysis applied the attribute of the population distribution without any
assumption for estimating the 95% confidential point [19]. Both para-
metric and non-parametric uncertainty analysis techniques were applied
to this work to consider the appropriate methods for the acceptable
Cs-137 release in both realistic and conservative estimations. In this
work, empirical analysis and goodness-of-fit test were studied as
representative of parametric uncertainty analysis while Wilks” method
was studied as representative of non-parametric uncertainty analysis.

3.4.1.1. Empirical analysis. The empirical analysis is the parametric
statistical method applying the empirical rule of normal distributions to
estimate the 95%/95% confidential estimation [19]. The normal dis-
tribution curve is considered a symmetric distribution, so the 95%,/95%
confidential estimation is approximated at the 95th percentile point in
Eq. (1) as follows;

FoM 54,957 = M, + 1.6450, (@)
where is the 95% confidential point estimation of samples, y, is the mean
of samples, and o; is the standard deviation of samples.

3.4.1.2. Goodness-of-fit test. Goodness-of-fit test is the parametric sta-
tistical technique that is applied to estimate the 95% confidential point
with the normal distribution assumption based on the 95% confidence
level of the t-test and chi-square test [17]. If the normal distribution is
assumed by the goodness-of-fit test, the population mean, and popula-
tion standard deviation can be estimated based on the 95% confidence
level based on the theories of the t-test and chi-square test. The final
95%/95% point estimation of goodness-of-fit test can be finally calcu-

lated by Eq. (2) as follows;
FoM,, 959,195% = P95, + 1.64506), 059, 2

where is the 95% confidential point estimation of the goodness-of-fit



W. Vechgama and J. Cho

Table 1

Cs-137 release of 19 STCs using the conventional level 2 PSA of OPR-1000 from MAAPS simulation.
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STC  Representing Accident Scenario explanation Containment failure mode Description Cs-137 release
accident acenarios [TBq]*
1 SBOR38-CET3 Late station blackout in which diesel No containment failure (Considering a design ~ Reactor vessel intact 1.59E-01°
generators fail to run No. 38 - Containment  leak rate of 0.1% volume per day without
event tree No. 3 containment failure)
2 SBOR38-CET4 Late station blackout in which diesel No containment failure (Considering a design ~ Reactor vessel rupture 4.36E+00"
generators fail to run No. 38 - Containment  leak rate of 0.1% volume per day without
event tree No. 4 containment failure)
3 SBOR38-CET18 Late station blackout in which diesel Early containment failure Containment leak with 4.17E-01°
generators fail to run No. 38 - Containment containment spray on
event tree No. 18
4 TLOCCWO04-CET20 Total loss of component cooling water No. 4 Early containment failure Containment leak with 1.34E+04"
- Containment event tree No. 20 containment spray off
5 SBOR38-CET22 Late station blackout in which diesel Early containment failure Containment rupture with 3.89E+00°
generators fail to run No. 38 - Containment containment spray on
event tree No. 22
6 TLOCCWO04-CET24 Total loss of component cooling water No. 4 Early containment failure Containment rupture with 2.23E+04°
- Containment event tree No. 24 containment spray off
7 TLOCCWO04-CET12 Total loss of component cooling water No. 4~ Late containment failure Containment leak with 6.56E+03"
- Containment event tree No. 12 containment spray on
8 LOKVA12-CET53 Loss of 1E 4.16 kV AC BUS 02 M No. 12 - Late containment failure Containment leak with 1.51E400"
Containment event tree No. 53 containment spray on and debris
not cool
9 LODCA16-CET60 Loss of 1E DC BUS 01A No. 16 - Late containment failure Containment leak with 6.56E+03"
Containment event tree No. 60 Containment spray off and
debris not cool
10 TLOCCWO04-CET13 Total loss of component cooling water No. 4  Late containment failure Containment rupture with 8.31E+03"
- Containment event tree No. 13 containment spray off
11 LOKVA12-CET54 Loss of 1E 4.16 kV AC BUS 02 M No. 12 - Late containment failure Containment rupture with 2.67E-01°
Containment event tree No. 54 containment spray on and debris
not cool
12 LODCA16-CET39 Loss of 1E DC BUS 01A No. 16 - Late containment failure Containment rupture with 9.41E+03"
Containment event tree No. 39 Containment spray off and
debris not cool
13 LODCA16-CET59 Loss of 1E DC BUS 01A No. 16 - Basement melt-through Early reactor vessel rupture 4.09E+01°
Containment event tree No. 59
14 LODCA16-CET70 Loss of 1E DC BUS 01A No. 16 - In-vessel steam explosion Early reactor vessel rupture 4.25E+04"
Containment event tree No. 70
15 SLOCA2-CET98 Small loss of coolant accident No. 2 - Containment failure before reactor vessel Late reactor vessel rupture 1.86E+04"
Containment event tree No. 98 breach
16 LSSB-OUTCTMT- Large secondary steam line break (Outside = Non-containment isolation Containment spray on 1.08E+03"
55-CET01 the containment) No. 55 - Containment
event tree No. 1
17 SBOR45-CET02 Late station blackout in which diesel Non-containment isolation Containment spray off 4.03E+03"
generators fail to run No. 45 - Containment
event tree No. 2
18 ISLOCAO01-CET99 Interfacing system loss of coolant accident Containment bypass Interfacing system loss of 2.64E+05"
No. 1 - Containment event tree No. 99 coolant accident
19 SGTR13-CET100 Steam generator tube rupture No. 13 - Containment bypass Steam generator tube rupture 3.88E+04"

Containment event tree No. 100

@ Cs-137 release not exceeding 100 TBq
b Cs-137 release exceeding 100 TBq

test, 4, 050, is the population mean of the distribution on the 95% con-
fidence level based on the theory of the t-test, and o} os¢ is the popula-
tion standard deviation of the distribution on the 95% confidence level
based on the theory of the chi-square test.

3.4.1.3. Wilks” method. Fig. 2 shows the trend of the 95% confidential
value of Wilks’ theory in five orders. Wilks’ method is the non-
parametric statistical method applying the statistical tolerance limits
with unknown distributions to calculate the 95% confidence point using
the order of data. In this work, the one-sided statistical tolerance limits
of Wilks’ method [22] were applied to estimate the 95% confidence
level based on all five orders in Fig. 2.

In principle, the higher order could represent a more realistic point
while the lower order could represent a more conservative point. In this
work, each order of Wilks’ method with its number of simulation cases
in Fig. 2 was used to represent the 95% confidence estimation point for
the non-parametric uncertainty analysis method. For example, the 1st
order means the maximum value among 59 simulation cases to represent
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the 95% confidence point. The 2nd order means the second largest value
among 93 simulation cases to represent the 95% confidence point. The
3rd order means the third largest value among 124 simulation cases to
represent the 95% confidence point. The 4th order means the fourth
largest value among 153 simulation cases to represent the 95% confi-
dence point. The 5th order means the fifth largest value among 181
simulation cases to represent the 95% confidence point.

3.4.2. Sensitivity analysis

Similarly, the parametric and non-parametric sensitivity analyses
were referred to as the same principle of the parametric and non-
parametric statistics of uncertainty analysis as mentioned in Subsec-
tion 3.4.1. In this work, the Pearson correlation coefficient was esti-
mated to consider the relationship of uncertainty parameters in Table 2
with the Cs-137 release as representative of the parametric method
while the Spearman correlation coefficient was used to consider the
relationship of them as representative of non-parametric sensitivity
analysis.
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Table 2
Uncertainty parameter and distribution information in MAAPS5 simulation based on engineering judgment [18].
Phenomena Uncertainty Description Min. Default Max. Distribution
parameter value value value type
In-vessel natural FFRICX Gas cross-flow friction coefficient [—] 0 0.25 1 Triangular
circulation
Cladding rupture TCLMAX Cladding rupture temperature [K] 100 2500 3000 Triangular
TSPFAL Core support plate failure temperature [K] 1000 1650 3113 Triangular
FGPOOL Geometric shape factor for in-core molten pool [—] 0.5 0.738 1 Triangular
Core collapse LMCOLO Collapse criteria parameter when no core node surrounding the particular core ~ 48 53 54 Triangular
[-1
LMCOL1 Collapse criteria parameter for a core node below a collapsed core node [—] 48 53 54 Triangular
LMCOL2 Collapse criteria parameter for a core node next to an empty core node [—] 48 53 54 Triangular
LMCOL3 Collapse criteria parameter for a core node surrounded by empty core nodes 48 53 54 Triangular
[-]
Flow area at core EPSCUT Cutoff porosity below which the flow area and the hydraulic diameter of acore 0 0.1 0.25 Triangular
collapse node are zero [—]
EPSCU2 Cutoff porosity below which the flow area and the hydraulic diameter of a 0.001 0.2 0.35 Triangular
collapsed core node are zero [—]
FGBYPA Flag to divert gas flows in the core to the bypass channel when an entire axial 0 1 1 Discrete
row in the core is completely blocked [—]
FACT Multiplier to reduce the hydraulic diameter and flow area when an intact fuel ~ 0.1 0.3 1 Triangular
node collapses [—]
VFCRCO Porosity of a collapsed core region [—] 0.05 0.35 0.5 Triangular
Zircaloy oxidation FAOX Multiplier for the cladding outside surface area [—] 1 1 2 Triangular
FZORUP Minimum fraction of Zr that must be oxidized to keep the cladding intact if the 0 0.7 1 Triangular
cladding is at cladding rupture temperature [—]
IOXIDE Flag to select Zr oxidation model [—] 0 0 3 Discrete
In-vessel cooling FQUEN Multiplier to the flat plate critical heat flux for lower head debris bed 0 0.2 1 Triangular
quenching by overlying water [—]
ECREPF Strain failure for vessel ductile material [—] 0 0.2 1 Triangular
ECREPP Maximum penetration weld strain at failure [—] 0.001 0.1 1 Triangular
XGAPO Initial size of the gap between the debris and the inner surface of penetrations ~ 1.00E- 1.00E-04 3.00E- Triangular
in the lower head [m] 06 04
Lower plenum ENTO Jet entrainment coefficient for the Ricou-Spalding correlation based on 0.025 0.045 0.06 Triangular
debris cooling benchmarking against the latest KROTOS and FARO experiments [—]
IOCHF Flag to choose the gap cooling CHF correlation [—] 0 0 2 Discrete
IOXIDHT Flag used by subroutine DBBED to choose the correlation for heat transfer from 0 0 2 Discrete
the oxidic corium pool to both the lower and the upper crust in the lower
plenum [—]
HTCMCS Nominal sideward heat transfer coefficient for convective heat transfer from 500 3500 10000 Triangular
molten corium to the side crust for corium-concrete interaction calculation
[W/m?C]
HTCMCU Nominal upward heat transfer coefficient for convective heat transfer from 500 3500 10000 Triangular

molten corium to the upper crust if the crust exists or upper interface if the
crust does not exist for corium-concrete interaction calculation [W/m?.C]

HTCMCR Nominal downward heat transfer coefficient for convective heat transfer from 500 3500 10000 Triangular
molten corium to the lower crust for corium-concrete interaction calculation
[W/m?2.C]

ENTOC Jet entrainment coefficient for the Ricou-Spalding correlation for Level 2 0.025 0.045 0.06 Triangular

sequences when there is a non-trivial amount of water in the pedestal or cavity
when the vessel fails [—]

ENTORB Coefficient in Ricou-Spalding entrainment correlation for the off-gas entraining ~ 0.025 0.08 0.1 Triangular
corium process [—]

HTFB Coefficient for film boiling heat transfer from corium to an overlying pool [W/ 100 300 400 Triangular
m?C]

IPBRB Flag to control whether or not particle bed is formed on top of corium pool 0 0 1 Discrete
when corium jet is relocated from the vessel into the water pool in the reactor
cavity [—]

IKCMOXIDE Flag to use oxide thermal conductivity to calculate heat transfer rate from 0 0 1 Discrete
corium crust to water using Epstein’s water ingression model [—]

Fission product FPRAT Value to represent testing model based on the results of benchmarking of in- -7 -6 7 Triangular
release core fission product release VI test series at ORNL [—]

FVPREV Multiplier to the vapor pressures of Csl for revaporization calculations [—] 0.01 1 2 Triangular

FCSIVP Multiplier to the vapor pressures of CsI for vapor and aerosol equilibrium [—] —100 1 100 Triangular

FCSHVP Multiplier to the vapor pressures of CsOH for both vapor and aerosol and vapor ~ —100 1 100 Triangular
and surface equilibrium [—]

FEFFDR Aerosol capture efficiency of containment sprays [—] 0.01 0.02 0.05 Triangular

FAERDC Ratio of the existing airborne aerosol mass to the aerosol mass that would result 1 8 100 Triangular
in steady-state conditions [—]

GSHAPE Gamma shape factor to account for non-spherical shapes in the aerosol 1 2.5 10 Triangular
coagulation calculations [—]

CSHAPE Chi shape factor to account for non-spherical shapes of the aerosols in Stokes’ 1 1 15 Triangular
Law for gravitational settling [—]

FEO Aerosol collision efficiency [—] 0.33 0.33 1 Triangular

XRDB Radius of aerosol particles released from debris beds into overlying water pools ~ 1.00E- 1.00E-08 1.00E- Triangular
[-1 08 06

(continued on next page)
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Table 2 (continued)
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Phenomena Uncertainty Description Min. Default Max. Distribution
parameter value value value type
Flow at break area AJUNCO0(10) Area of the junction 10 for rupture failure junction [m?] 5.00E- 1.00E-01 2.00E- Normal
02 01
AJUNCO(9) Area of the junction 9 for leak failure junction [m?] 5.00E- 1.00E-02 2.00E- Normal
03 02
AJUNCO(8) Area of the junction 8 for design leak junction [m?] 7.00E- 7.25E-06 7.00E- Normal
07 05
ABBN(1) Break area of the 1st break [m?] 2.03E- 8.10E-03 1.82E- Uniform
03 02
ABBN(2) Break area of the 2nd break [m?] 1.27E- 5.06E-04 2.02E- Probability
04 03 Equation
ASGTR(1) Primary side loss of coolant accident break area for a steam generator tube 2.24E- 4.48E-04 8.96E- Uniform
rupture of the 1st break [m?] 04 04
AGO(1) Flow area of the 1st generalized opening [m?] 2.02E- 1.82E-02 7.28E- Uniform
03 02
Engineered NHPI Number of operational high pressure injection pumps [—] 1 2 2 Discrete
safeguard NLPI Number of operational low pressure injection pumps [—] 1 2 2 Discrete
operation NSPA Number of operating spray pumps for the upper compartment sprays [—] 1 2 2 Discrete
IMDAFW20N Flag to open motor driven auxiliary feedwater [—] 0 1 1 Discrete
ITDAFW20N Flag to open turbine driven auxiliary feedwater [—] 0 1 1 Discrete
Stating time of TIM4SBO Time period before station backout [h] 1 2 4 Uniform
accident TIM4TDP Time period before stopped turbine driven pump due to battery depletion [h] 4 4 8 Uniform
TIM40SP Time period before stopped operating spray [h] 4 6 8 Uniform
TIM4ECF Time period before early containment failure [h] 0.1 1 2 Uniform
TIMA4LCF Time period before late containment failure [h] 2 4 6 Uniform
Table 3 positive linear relationship. Its zero value means no linear relationship
able .
between the two variables.
Five-order classification of Wilks’ method per one STC.
2
Wilks’ method 1st 2nd 3rd 4th 5th Total 4 (x7 y )
rp= 3)
order order order order order g( _x)g(y)
Number of 59 93 124 153 181 610 ) ] o 5. )
simulation cases where rp is the Pearson correlation coefficient, 6(x,y)” is the covariance
of variables x and y, o(x) is the standard deviation of variables x, and
o(y) is the standard deviation of variables y.
59 cases 93 cases 124cases 153 cases 181 cases i A . .
L 1 | { | 3.4.2.2. Spearman correlation coefficient. Spearman correlation coeffi-
= Trend of the 95% confidential point in the theory cient is the no'n-parametrlc sensm\{lty analysis method for 1"neasur1ng
- the relationship between two variables that can be described as a
monotonic function using the relationship of the same order rank of the
two variables as shown in Eq. (4) [25,26]. The Spearman correlation
a coefficient has a value between —1 and 1. If it is negative, two variables
(_;1 will have a negative monotonic relationship. On the other hand, its
@ ; positive value will represent a positive monotonic relationship. Its zero
b= ] value means no monotonic relationship between the two variables.
Q
B 63 &
£ e “@
15} n(n*—1)
‘z =
X . . - . .
i where rs is the Spearman correlation coefficient, d is the rank difference
o % between the two variables, and n is the number of ordered pairs.
“m 4. Results and discussion of OPR-1000 case study
T ' - T T This section provided the results and discussion of the application of
1storder 2ndorder 3rd order  4thorder  5th order the uncertainty framework to quantify the confidential point of radio-
Wilks' order active materials characteristics of OPR-1000 accident scenarios from 19

Fig. 2. Trend of the 95% confidential value of Wilks’ theory in five orders.

3.4.2.1. Pearson correlation coefficient. Pearson correlation coefficient
is the parametric sensitivity analysis method for measuring the linear
relationship between two variables using the ratio of covariance of the
two variables and the multiple of the standard deviation of each variable
as shown in Eq. (3) [23,24]. Pearson correlation coefficient has a value
between —1 and 1. If it is negative, two variables will have a negative
linear relationship. On the other hand, its positive value will represent a

3102

STCs. The Cs-137 release results, the 95% confidential point estimations
from the uncertainty analysis, and sensitive parameters were discussed
below.

4.1. Uncertainty propagation analysis

Fig. 3 shows the uncertainty propagation of the Cs-137 release of 19
STCs. Hereafter all STCs in the paper would refer to the accident sce-
nario name in Table 1. For calculating the Cs-137 release of all 19 STCs,
the 19 MAAPS inputs of 19 STCs from the conventional level 2 PSA of
OPR-1000 from Table 1 were sampled the uncertainty parameters based
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Fig. 3. Uncertainty propagation of Cs-137 release of 19 STCs.
(Hereafter all STCs in the paper would refer to the accident scenario name in Table 1).
on their probability distributions from Table 2 using MOSAIQUE and to
generate 610 MAAPS input files per one STC to calculate Cs-137 release
of all 19 STCs. As a result, the Cs-137 release of 610 cases of all 19 STCs - > o ’
. . . . 1E+2 jem o — — = — ——— - — — TB 3
was shown as uncertainty propagation form in Fig. 3. It was found that i ® a . ket :
£l
1

the Cs-137 release average values of STCs including STC1, STC2, STC3,
STC5, STC8, and STC11 were recognized as the Cs-137 release not
exceeding 100 TBq. As the accident description in Table 1, STC1 and
STC2 happened without the containment failure, thus the small Cs-137
release effect was mainly caused by the default design leak estimation.
Although STC3, STC5, STC8, and STC11 happened with containment
failure, it seemed like the safety features such as containment spray in
the system could affect the prohibition of the Cs-137 release well. The
uncertainty parameters and their related features affecting the Cs-137
release of each STCs would be discussed in detail in the sensitivity
analysis in Section 4.3. Moreover, STC3, STC5, and STC11 were able to
provide the uncertainty propagation of Cs-137 release exceeding 100
TBq from which they represented the chance of higher consequences
that have to concern more.

Fig. 4, Fig. 5, and Fig. 6 show the uncertainty propagation of Cs-137
release of STC3, STC5, and STC11, respectively. The uncertainty prop-
agations of Cs-137 release of STC3 in Fig. 4, STC5 in Fig. 5, and STC11 in
Fig. 6 were plotted to show the examples of the extension of uncertainty
range higher than 100 TBq. If considering the standard of Cs-137 release
at 100 TBq from the Nuclear Safety Act in 2015 of ROK, it was found that
these three cases provided the increase of the Cs-137 release more than
10 times of 100 TBq significantly when compared with the medium line
of their box plots. Thus, STC3, STC5, and STC11 reflected the need for
reconsideration with uncertainty concerns to determine Cs-137 release
in the conservative case with the highest Cs-137 consequences consis-
tently with the risk safety goal at the exceeding 100 TBq of Cs-137
release of their Cs-137 release.

Fig. 7, Fig. 8, Fig. 9, and Fig. 10 show the uncertainty propagation of
Cs-137 release of STC4, STC6, STC13, and STC16. On the other hand, in
Fig. 3, most of the STCs, having high average and middle points of Cs-
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Fig. 4. Uncertainty propagation of Cs-137 release of STC3.

137 release exceeding 100 TBq, including STC4, STC6, STC7, STC9,
STC10, STC12, STC13 STC14, STC15, STC17, STC18, and STC19, would
have no extension of the uncertainty range of Cs-137 release lower than
100 TBq. The uncertainty propagation of maximum Cs-137 release of
STC4 in Fig. 7, and STC6 in Fig. 8, were plotted to show the examples of
the no extension of uncertainty range of Cs-137 release lower than 100
TBq. There were only STC13, and STC16 providing the extension of the
uncertainty range lower than 100 TBq as shown in Figs. 9 and 10
respectively. It was found there were some data from the first quartile of
610 cases of STC13, and STC16 providing the extension of the
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Fig. 6. Uncertainty propagation of Cs-137 release of STC11.

uncertainty range lower than 100 TBq. Although STC13 and STC16
provided the uncertainty range of Cs-137 release lower than 100 TBq
inconsistently other STCs having very high Cs-137 release and exceeding
100 TBq, the majority of data cases still kept the uncertainty range of Cs-
137 release higher than 100 TBq representing the characteristic of the
high Cs-137 consequences dominantly.

Therefore, when comparing all STCs having the extension of uncer-
tainty range higher and lower than 100 TBq in overall from the dis-
cussion above, it was confirmed that the determination of the Cs-137
release frequency exceeding 100 TBq for the regulatory purpose could
be mainly affected by the STCs having the extension of uncertainty range
of Cs-137 release higher 100 TBq i.e., STC3, STC5, and STC11. More-
over, the uncertainty propagation of Cs-137 release of 16 STCs in a total
of 19 STCs provided the highest Cs-137 consequences higher than 100
TBq in the conservative consideration. Thereby, it is important to apply
statistical analysis techniques of uncertainty analysis to justify the reli-
able data in realistic and conservative concerns to represent the proper
uncertainty of Cs-137 release to serve both the safety and economic
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Fig. 8. Uncertainty propagation of Cs-137 release of STC6.

aspects of nuclear regulatory bodies and industries. Statistical uncer-
tainty analysis was discussed in Subsection 4.2. Additionally, to inves-
tigate uncertainty parameters affecting the extension of the uncertainty
range of the Cs-137 release in all 19 STCs, the sensitivity analysis was
discussed in Subsection 4.3.

4.2. Parametric and non-parametric uncertainty analysis

Fig. 11 shows the 95% confidential point estimation of the Cs-137
release using the parametric uncertainty analysis of 19 STCs. Firstly,
the parametric uncertainty analysis consisting of empirical analysis and
the goodness-of-fit test was implemented to estimate the acceptable
value at the 95% confidential point as shown in Fig. 11. It was found that
all 19 STCs of the parametric uncertainty analysis provided consistent
results whereby the 95% confidential points of empirical analysis had
higher values than that of goodness-of-fit test method harmonizingly
their theories [17,21]. According to the theories from Eq. (1) and Eq. (2),
the 95% confidential point empirical analysis calculated by the mean of
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Fig. 10. Uncertainty propagation of Cs-137 release of STC16.

the distribution, and standard deviation always provided a wider range
of consideration for the 95% confidential point of normal distribution
assumption when comparing with the goodness-of-fit test method. In the
goodness-of-fit test estimation, the effect of the 95% confidential point
of the population means using the t-test and the 95% confidential point
of population standard deviations from the chi-square test helped
represent the estimation of the populations of generated normal distri-
bution more properly and realistically.

Fig. 12 shows the conservatism comparison between the parametric
uncertainty analysis methods of empirical analysis and the goodness-of-
fit test at 95% confidential point of Cs-137 release of all 19 STCs. As
discussed previously, when comparing the two parametric uncertainty
analyses, the 95% confidential point of the goodness-of-fit test had the
potential to represent the highest realistic point for the parametric
method while that of empirical analysis could be recognized as the
highest conservative point for the parametric method. Thus, the differ-
ence between the 95% confidential point of Cs-137 release of empirical
analysis and the goodness-of-fit test was calculated to find the
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conservatism increase when using the goodness-of-fit test as the realis-
ticism baseline. It was found that the conservatism increases of Cs-137
release in all 19 STCs when using empirical analysis were around
0.08%-0.34% when compared with the goodness-of-fit test. Although
the conservatism comparison of empirical analysis slightly increased
when compared with the goodness-of-fit test, these values would be
important when the conservatism increase data were compared as the
indicator for considering the uncertainty data in safety and economic
aspects. In safety aspects, in this case, the use of the parametric uncer-
tainty method of empirical analysis for making a decision, the highest
conservative point helped confirm more confidential safety at 0.08%-—
0.34% for all 19 STCs cases but the cost for designing or improving the
measurement and system would more increase as well. In contrast, the
use of the parametric uncertainty method of the goodness-of-fit test
provided less cost for considering the measurement and system
improvement with lower confidential safety.

Fig. 13 shows the 95% confidential point from Wilks’ method in five
orders from the representative case. Regarding the result of Wilk’s
method of the representative case in Fig. 13, it was found that only one
representative case (610 outputs), such as STC5 ( + ) and STC13 () in
the middle of the graph, was not precise enough to represent the proper
95% confidential point for the non-parametric method. This was
because the results from Wilks’ method from the representative case in
five orders fluctuated and were not consistent with the theory that the
95% confidential points of Wilk’s method would decrease when the
orders of Wilk’s method increased as shown in Fig. 2 [22]. Thus, it is
essential to consider more data sets of simulation cases from the
randomness analysis to confirm the reasonability of the non-parametric
uncertainty analysis of Wilk’s method. The randomness analysis pro-
ceeded by randomizing Cs-137 release from 610 simulation cases based
on the numbers of Wilk’s method suggested in each order in Fig. 2 using
a simple randomness function in Microsoft Excel or Python code.

Fig. 14, Fig. 15, and Fig. 16 show the average value of the 95%
confidential point of Wilks’ method in five orders from the randomness
cases at 10 times, randomness cases at 100 times, and randomness cases
at 1000 times, respectively. 610 simulation cases from the representa-
tive case of all 19 STCs were randomized at 10, 100, and 1000 times to
consider the proper uncertainty data for the non-parametric uncertainty
analysis of Wilk’s method. It was found that the average values at the
95% confidential points of the randomness at 10, 100, and 1000 times of
Wilk’s method cases in Figs. 14, Fig. 15, and Fig. 16 were more
consistent with the theory when the number of randomness cases
increased significantly. Especially, at the high randomness of Wilk’s
method of 100 times in Figs. 15, and 1000 times in Fig. 16, the 95%
confidential points of Cs-137 release would convert to the stable value
consistently with Wilk’s method theory. Thus, the 95% confidential
point from the randomness from 100 times to 1000 times was proper to
explain as the characteristic of the non-parametric uncertainty analysis
of Wilk’s method due to the consistency of the theory. When considering
the average value of the 95% confidential point from Wilks’ method
from the randomness cases in the 1st order, 2nd order, 3rd order, 4th
order, and 5th order, it was found that the amount of 95% confidential
points of Cs-137 release would decrease when Wilks’ order increased
according to the theory [22]. This meant that in the non-parametric
estimation of this work, basically, 95% confidential point of Cs-137
release from the 1st order of Wilks’ method could represent the high-
est conservative case supporting safety regulation issues well, while 95%
confidential point from the 5th order of Wilks’ method would be able to
express the realistic estimation severing economic concerns.

Fig. 17 shows the conservatism comparison of 95% confidential
point of Cs-137 release between the 5th order of Wilks” method from the
randomness cases at 1000 times and the goodness-of-fit test. As dis-
cussed in Fig. 12, the goodness-of-fit test had the potential parametric
method to represent the highest realistic point for the 95% confidential
point of Cs-137 release. In order to compare the difference between
parametric and non-parametric uncertainty analysis methods, the 5th



W. Vechgama and J. Cho

Nuclear Engineering and Technology 56 (2024) 3097-3111

Empirical value at 95% confidence, 610 cases
Goodness-of-fit value at 95%/95%, 610 cases

STC1
STC2
STC3
STC4 — 65897 4 65773.5
STC5
STC6 — 118534.6 118324 .47
STC7 — 46937.34 16836.95
STC8
STC9 - 49984.92) 49875.94
STC10 55172.8 5049.46
STC11
STC12 56359.13
STC13 <
STC14 149645.39 149367.96
STC15 89141.3 88907.27
STC16 17300.02 17251.39
STC17 59354.9 9239.34
STC18 - 323408.0 23131.49
STC19 + 185821.84 185487.18
1E+7 1E+6 1E+5 1E+4 1E+3 1E+2 1E+1 1E+2 1E+3 1E+4 1E+5 1E+6 1E+7
Cs-137 [TBq]

Fig. 11. 95% confidential point of Cs-137 release using empirical analysis and the goodness-of-fit test.
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Fig. 12. Conservatism comparison of 95% confidential point of Cs-137 release between empirical analysis and the goodness-of-fit test.

(Ratio of the results from empirical analysis to the results goodness-of-fit test).

order of Wilks” method from the randomness cases at 1000 times, rep-
resenting the realistic estimation with the lowest order for the non-
parametric uncertainty method shown in Fig. 16, was used to compare
with the parametric uncertainty method of the goodness-of-fit test to
discuss the conservatism aspects of them as shown in Fig. 17. It was
found that although the 95% confidential point of Cs-137 release of 5th
order of Wilks’ method represented the lowest values for parametric
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method, most of the STCs from 5th order of Wilks’ method significantly
provide higher conservatism than the parametric uncertainty method of
the goodness-of-fit test around 11.6%-71% depending on their data
distribution of each STC. Conservatism would also increase when the
order of Wilks’ method decreased due to the higher values of 95%
confidential points according to the theory [22]. Thus, in general, the
most use of the non-parametric uncertainty analysis of Wilks’ method
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Fig. 13. 95% confidential point from Wilks’ method in five orders from the
representative case.

provided higher conservative concerns for safety than the economic
concerns for making a decision when compared with the parametric
uncertainty analysis of the goodness-of-fit test.

Figs. 18 and 19 show the uncertainty bands of the Cs-137 release and
the uncertainty distribution of the maximum Cs-137 release of STC18,
respectively. However, from Fig. 17, the only STC18 case represented
that the non-parametric uncertainty analysis of Wilks’ method provided
lower conservative concerns when compared with the parametric un-
certainty analysis of the goodness-of-fit test. The uncertainty bands and
the uncertainty propagation of maximum Cs-137 release of STC18 were
used to investigate this phenomenon. As shown in the uncertainty
propagation of maximum Cs-137 release of all 19 STCs in Fig. 3, it was
found that there was only the STC18 case provided the narrow uncer-
tainty distribution at the highest Cs-137 release range when compared
with other STCs. The uncertainty bands of the Cs-137 release of STC18 in
Fig. 18 showed the unique even uncertainty distributions having a
narrow area base of almost data at the high Cs-137 release range. Due to
the narrow uncertainty distribution of almost data in the high range, the
approximation of 95% confidential point estimation using the theory of
goodness-of-fit test in Eq. (2) using 95% confidential level of the pop-
ulation mean and standard deviation, was close to the maximum value
of the uncertainty distribution as shown in Fig. 19. Thus, it was possible
that the parametric uncertainty analysis of the goodness-of-fit test pro-
vided more conservative concerns than of the non-parametric uncer-
tainty analysis of Wilks’ method, especially in the narrow even
uncertainty distributions at the high Cs-137 release range as in the
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Fig. 14. 95% confidential point from Wilks’ method in five orders from the
randomness cases at 10 times.

STC18 case.

4.3. Parametric and non-parametric sensitivity analysis

Figs. 20 and 21 show the 1st rank of uncertainty parameters affecting
the Cs-137 release of all 19 STCs using the Pearson correlation coeffi-
cient and the Spearman correlation coefficient, respectively. Hereafter
uncertainty parameters would refer to the phenomena in Table 2. Due to
the extension of the uncertainty range affecting the determination of the
Cs-137 release frequency exceeding 100 TBq for the regulatory body as
discussed in Subsection 4.1 and Subsection 4.2, the sensitivity analysis
of 58 uncertainty parameters in MAAPS from Table 2 was conducted to
investigate the relationship of uncertainty parameters with the Cs-137
release using Pearson correlation coefficient as parametric sensitivity
analysis and Spearman correlation coefficient as non-parametric sensi-
tivity analysis. From Figs. 20 and 21, it was found that when comparing
sensitivity analysis methods of the Pearson correlation coefficient and
Spearman correlation coefficient, most of the 1st rank uncertainty pa-
rameters from 15 STCs had a consistent relationship between the two
methods. Although, some STCs such as STC1, STC3, STC5, STC15, and
STC16 provided different uncertainty parameters affecting the Cs-137
release from the two methods, the relationship of the different uncer-
tainty parameters with the Cs-137 release from the two methods was
reasonable because these uncertainty parameters were related to the
physical characteristics of source terms release, and break area and
engineering safety features affecting the source terms release. There
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Fig. 15. 95% confidential point from Wilks’ method in five orders from the
randomness cases at 100 times.

were seven dominant uncertainty parameters including ABBN(1): 1st
break area in the primary system, ABBN(2): 2nd break area in the pri-
mary system, ASGTR(1): 1st break area of steam generator tube,
CSHAPE: Chi shape factor for non-spherical shapes of the aerosols, NLPI:
Number of operational low-pressure injection pumps, NSPA: Number of
operating spray pumps for the upper part, and TIM4ECF: Time period
before early containment failure, affecting the Cs-137 release of all 19
STCs using Pearson correlation coefficient and Spearman correlation
coefficient.

First, 1st break area in the primary system, and 2nd break area in the
primary system were the parameters the to determine break size of the
Loss Of Coolant Accident (LOCA) dependent on the specific areas in the
primary coolant system. Especially, in small LOCA in STC15, break area
size in the primary coolant system became the major uncertainty
parameter affecting the Cs-137 release. Second, 1st break area of the
steam generator tube was the LOCA break area for a Steam Generator
Tube Rupture (SGTR) event directly affecting the Cs-137 release, espe-
cially in STC19 occurring the containment bypass due to SGTR. Then,
Chi shape factor to account for non-spherical shapes of the aerosols in
Stokes’ Law for gravitational settling [27] represented the deposition
behavior of aggregates with variable aerosol sizes in which the increase
of the shape factor contributed to the more compact aerosols affecting
the easier release during both early and late containment failure cases
such as STC6 and STC7, respectively. Next, the number of operational
low-pressure injection pumps and the number of operating spray pumps
for the upper part were used to the engineering safety feature input
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Fig. 16. 95% confidential point from Wilks’ method in five orders from the
randomness cases at 1000 times.

parameters to mitigate the Cs-137 release. For example, in late
containment leak and rupture with containment spray on with debris
not cooling in STC8 and STC11, respectively, these two parameters
behaved as the major safety feature preventing the Cs-137 release.
Finally, time period before early containment failure was the important
parameter input for determining the time of Cs-137 release during the
accident. Especially, the early containment failure cases due to Station
Black-Out (SBO) such as STC3 and STC5 cases would be sensitive to the
starting time of containment failure depending on the factor of AC
power timeline from outside.

5. Conclusions

Since the full-scale PSA of OPR-1000 was required to implement
based on regulatory and commercial purposes. Level 2 PSA, which was
the interface linking between the level 1 and level 3 PSAs, became the
important node that had the potential to receive and release the un-
certainty data of other PSA levels. One of the uncertain data, that was
recognized, was the Cs-137 release as contained as the safety standard in
the Nuclear Safety Act of ROK in which the Cs-137 release frequency
exceeding 100 TBq was determined to happen not to be larger than 1.0E-
6 per year. This study aimed to develop the uncertainty framework to
quantify the confidential point of radioactive materials release and
apply it to OPR-1000 through the implementation of uncertainty anal-
ysis of the level 2 PSA of OPR-1000 case study of all 19 STCs.

After considering the uncertainty scheme, there were STCs including
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Fig. 17. Conservatism comparison of 95% confidential point of Cs-137 release between the 5th order of Wilks’ method from the randomness cases at 1000 times and
the goodness-of-fit test.
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STC3, STC5, and STC11 having Cs-137 releases less than 100 TBq from
the conventional level 2 PSA provided the uncertainty propagation of
Cs-137 releases exceeding 100 TBq. These three STC cases were able to
provide the uncertainty increase of the Cs-137 release more than 10
times of 100 TBq. Thus, in the determination of risk safety goal, the Cs-
137 consequences higher 100 TBq would be more considered for the
possible consequences to people and the environment.

As for the 95% confidential point estimation of the Cs-137 release of
parametric uncertainty analysis, all 19 STCs of the parametric uncer-
tainty analysis provided consistent results whereby the 95% confidential
points of empirical analysis had higher values than the goodness-of-fit
test method harmonizingly their normal distribution assumption the-
ory. The conservatism comparison of the parametric uncertainty anal-
ysis at 95% confidential point of Cs-137 release of all 19 STCs showed
that the value of the goodness-of-fit test had the potential to represent
the highest realistic point for the parametric method while that of
empirical analysis could be recognized as the highest conservative point
for the parametric method. Regarding non-parametric uncertainty
analysis, the high randomness of Wilk’s method at 1000 times helped
confirm the 95% confidential point. The 1st order of Wilks’ method
(considering 59 cases) could represent the highest conservative case
supporting safety regulation issues well while the 5th order of Wilks’
method (considering 181 cases) would be able to express the realistic
estimation of severing economic concerns. According to the investiga-
tion of the conservatism comparison between parametric and non-
parametric uncertainty analysis methods, the parametric uncertainty
analysis provided more realistic concerns than the non-parametric un-
certainty analysis significantly.

Sensitivity analysis of 58 uncertainty parameters using Pearson
correlation coefficient and Spearman correlation coefficient revealed
seven dominant uncertainty parameters affecting Cs-137 release
including 1st break area in the primary system, 2nd break area in the
primary system, 1st break area of the steam generator tube, the Chi
shape factor for non-spherical shapes of the aerosols, the number of
operational low-pressure injection pumps, number of operating spray
pumps for the upper part, and time period before early containment
failure.

In summary, the development of the systematic framework to
quantify realistic and conservative concerns of radioactive material
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Fig. 20. 1st rank of uncertainty parameters affecting the Cs-137 release of all 19 STCs using Pearson correlation coefficient. (Hereafter uncertainty parameters would

refer to the phenomena in Table 2).
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Fig. 21. 1st rank of uncertainty parameters affecting the Cs-137 release of all 19 STCs using Spearman correlation coefficient. (Hereafter uncertainty parameters

would refer to the phenomena in Table 2).

release with sensitivity and uncertainty analysis using both parametric
and non-parametric methods identified the understanding of the Cs-137
release characteristic covering realistic and conservative point estima-
tions. This useful systematic framework is expected to be applied to
other NPPs to properly and reasonably support safe and economic
considerations in the future.
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