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a b s t r a c t

In the development of a Risk Monitor probabilistic safety assessment (PSA) model from the basic PSA
model of a nuclear power plant, the modeling of common-cause failure (CCF) is very important. At
present, some approximate modeling methods are widely used, but there lacks criterion of modeling
accuracy and error analysis. In this paper, aiming at ensuring the accuracy of risk assessment and
minimizing the Risk Monitor PSA models size, we present three basic issues of CCF model resulted from
the changes of a nuclear power plant configuration, put forward corresponding modeling methods, and
derive accuracy criteria of CCF modeling based on minimum cut sets and risk indicators according to the
requirements of risk monitoring. Finally, a nuclear power plant Risk Monitor PSA model is taken as an
example to demonstrate the effectiveness of the proposed modeling method and accuracy criteria, and
the application scope of the idea of this paper is also discussed.
© 2020 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

The Risk Monitor is one of the advanced applications of proba-
bilistic safety assessment (PSA). It is a real-time risk analysis tool
based on specific nuclear power plants (NPPs) information. A Risk
Monitor can reflect the current status of each system and compo-
nent of an NPP, and thereby determine the point-in-time risk
(instantaneous risk) of the NPP, the risk importance index of sys-
tems and components, etc., to support the operational decision
[1].With the development of PSA and computer technology, Risk
Monitors and their applications in NPPs are increasing. Such as
rapid risk computing core and Risk Monitors based on the fault tree
[2,3], Risk Monitor and uncertainty analysis based on the GO-FLOW
method [4], etc. In addition, the scope of NPPs risk monitoring is
gradually expanding [5,6], and the accuracy of the frequency of
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initiating events [7], the importance index [8,9], and the common-
cause failure (CCF) models [10] are also continuously improved. The
Risk Monitor PSA model is based on the basic PSA model for
analyzing the average risk of NPPs. The average or hypothetical
conditions in the basic PSAmodel have to be reviewed based on the
needs of instantaneous risk analysis, and the simplified parts of the
model have to be eliminated to reduce the adverse impact on the
risk analysis of an NPP under real-time configurations. Further-
more, enhanced modeling is performed to reflect various risks
caused by different operational states and the environment around
an NPP, so as to ensure that instantaneous risks can be calculated
accurately for all configurations of the NPP.

Due to the interconnection of systems and components in an
NPP, the failures of components also inevitably cause impacts on
each other. At present, PSA applications usually use CCF models to
model and analyze the interconnections which are not well known
and thus cannot be modeled explicitly in a fault tree. According to
the NUREG/CR-6268 of US NRC (Nuclear Regulatory Commission)
[11], CCF means: a subset of dependent failures in which two or
more component fault states exist at the same time, or within a
short interval, because of a shared cause. CCF is one of the main
contributing factors to the risks of NPPs. Moreover, the changes in
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http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:shanqi.chen@fds.org.cn
mailto:jin.wang@fds.org.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.net.2020.06.021&domain=pdf
www.sciencedirect.com/science/journal/17385733
www.elsevier.com/locate/net
https://doi.org/10.1016/j.net.2020.06.021
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.net.2020.06.021
https://doi.org/10.1016/j.net.2020.06.021


B. Zhang et al. / Nuclear Engineering and Technology 53 (2021) 103e110104
the configurations of systems and components during NPP opera-
tionwill affect the CCF probabilities of redundant components, thus
affecting the analysis results of the Risk Monitor. If some compo-
nents of an NPP are out-of-service, the components that were
originally not important in the system may even become very
important. Therefore, timely and accurately modeling and assess-
ment of CCF is an indispensable content of instantaneous risk
monitoring for NPPs [1].

However, at present, the research on CCF modeling for risk
monitoring is relatively rare. In 1998, H. Schoonakker et al., pro-
posed the treatment of CCF in the Risk Monitor, and theoretically
explained the unreasonable cut sets problem caused by the prob-
ability of out-of-service component being set to “100 in Risk Monitor
PSA model [12]. A survey on the existing technology of Risk Mon-
itors was made by an expert group sponsored by IAEA (Interna-
tional Atomic Energy Agency) and OECD/NEA (the Organization for
Economic Co-operation and Development/Nuclear Energy Agency),
and the survey report introduced two situations, i. e. the compo-
nent is out-of-service by plan and the component fails, inwhich the
CCF model needs to be modified, and the report also explained the
causes and modification methods based on the simplest Beta factor
model [1]. In 2007, Xuhong He proposed a method for modification
of CCF model in the out-of-service condition [13], which was the
same as setting “100 in the literature in 1998, so it will cause errors.
Xuhong He also estimated the failure probabilities for a redundant
system with a component failure based on the Beta factor and
Multiple Greek Letter (MGL) models. In 2015, Hari Prasad theo-
retically analyzed the failure probability changes of the remaining
in-service components while a component is out-of-service based
on the basic parameter model [14], but the basic parameter model
cannot be applied to the CCF in the Risk Monitor PSA model. In
2017, Min Zhang discussed the CCF probabilities evaluation after a
component failure, and divided the component failures into inde-
pendent failures and failures possibly caused by all reasons. Min
Zhang also given a parameter estimation method of the common-
cause failure group (CCFG) in Risk Monitor based on the Alpha
model. Due to the limitation of the reliability data, he recom-
mended the independent failure hypothesis approach which was
optimistic and would result in a larger error [15].

In summary, it can be found that various CCF modeling methods
proposed for the Risk Monitor PSA model have their own advan-
tages, and at the same time, approximate modeling methods are
commonly used. However, there is a lack of accuracy criterion and
error analysis for approximate modeling, and impacts from other
factors such as running/standby and system alignments are seldom
considered. Based on the practice of instantaneous risk monitoring
of NPPs, we analyze the impacts to CCF from the changes in an NPP
configuration. Based on this, a comprehensive modeling method
for CCFs in Risk Monitors, including accurate and approximate
modeling, is proposed and shown by examples. Furthermore, the
criteria for modeling accuracy of CCF is given to guide the CCF
modeling. The motivation of this contribution is trying to reduce
the Risk Monitor PSA model scale and calculation time while
maintaining the accuracy of instantaneous risk assessment ac-
cording to the regulation requirements.

2. Common cause failure in risk monitor and proposed
solution

2.1. Common cause failures in risk monitor

The environment and configurations of NPPs may undergo
various changes in the operation, such as the switching of running/
standby equipment, components being out-of-service due to failure
or periodic testing. These may lead to the changes of CCF
probabilities of components. Therefore, risk monitoring requires a
more detailed CCF model extension for all possible configurations
of NPPs in order to be able to reflect the CCF probabilities of com-
ponents in a variety of situations. After analyzing the changes in the
operation of NPPs and their impact on CCF, we summarize the
following three cases.

1) One of the redundant components of a system can operate
normally, but if it is out-of-service due to periodic testing and
preventive maintenance, the number of redundant components
in the system will decrease, and the CCF probabilities of other
redundant components in the systemwill change. In rare cases,
an increase in redundant components will also cause a change in
the CCF probabilities.

2) When a component is out-of-service due to a failure, it is usually
necessary to test the remaining components. After the test is
completed, the CCF modeling and analysis can be performed
according to specific components status. However, the instan-
taneous risk of an NPP still generally needs to be evaluated
before testing. At this time, the cause of component failure and
the status of the remaining components have not yet been
determined. Therefore, certain assumptions can be used to help
estimate.

3) When there is a switch between running/standby trains, or the
interconnection mode of the system redundant alignments is
changed, it will cause changes in the operating/standby failure
modes of components. In addition to changes in the alignments
of the system components, this also cause the change of CCF
probabilities for specific failure modes.

In summary, the CCF modeling and modification in the Risk
Monitor PSA model, and the model changes in operating/standby
system alignments, the NPP configurations, and undeveloped
events all require the addition of new fault trees, basic events and
house events to the basic PSA model. As a result, the Risk Monitor
PSA model becomes larger than the basic ones. In order to give the
risks of an NPP within 1e2 minutes [1], such as the minimum cut
set, the core damage frequency (CDF), and the importance of
components, it is necessary to control the scale of the Risk Monitor
PSA model while ensuring enough accuracy.

2.2. Proposed CCF modeling method in risk monitor

Through analysis, we found that the construction and modifi-
cation of the CCF model of the Risk Monitor involves three basic
issues: the first is how to characterize the determined status of a
component? The second is how to correctly model the CCF prob-
abilities of components caused by the change in the number of
redundant components. The third is what assumptions are used to
estimate the system's CCF probability when some components
failure and the status of the remaining components is not deter-
mined. All CCF related cases in the Risk Monitor can be solved by a
combination of answers to these three issues.

For example, for the first case in chapter 2.1, it needs both
characterization of the component state and remodeling of the CCF
probabilities. By contrast, reference 13 introduced a method to deal
with this case only by setting the basic event unavailability to TRUE
(similar to “1” in reference 12, which means the basic event will
definitely happen). It only characterized the out-of-service status of
the component and did not deal with the change of the CCF
probabilities, which would cause errors.

According to the scale of a general NPP Risk Monitor PSAmodel,
there are hundreds of CCFGs, but many CCFGs have small impacts
on the CDF. If they are all accurately modeled, it will cause not only
a huge scale of Risk Monitor PSA model which results in slow
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calculations, but also unnecessary waste of work efforts. In order to
solve this problem, a rapid modeling method is proposed in this
contribution based on the idea that a component can correspond to
multiple basic events. For the three cases in Chapter 2.1, we propose
accurate and approximate modeling methods accordingly. The ac-
curatemodelingmethods heremeanmethods that can deal with all
the above three basic issues, while approximate modeling methods
mean ones that can only deal with the first and third ones.

1) There are two methods to characterize the status of out-of-
service components. One is to set the basic event of out-of-
service components to TRUE logic in the fault tree model and
treat it as a house event, meaning that its impact on the risk of
NPPs is equivalent to the components that have failed. The other
one is to add an OR logic gate and a house event, and place the
house event and the fault tree part corresponding to the out-of-
service component side by side under the OR gate. When the
component is out-of-service, the house event value is set to
TRUE, and its effect is equivalent to the previous method. When
the component is in-service, the value of the house event should
be FALSE logic, and its impact on NPP risks is equivalent to
normal operating components.

Note: Red color represents the value of fault tree nodes are
TRUE. Fig. 1-A directly sets the basic event to TRUE, and Fig. 1-B
shows the representation by a house event.

2) For changes in the number of redundant components, i. e., the
modeling of the impact of out-of-service components on failure
probability of remaining components, we also propose two
methods. One is to change the basic events and CCF events into
independent dynamic events, resulting in multiple different
unavailability values in the Risk Monitor model database for an
event. A landmark event for each dynamic event is also added to
reflect the correlation between different configurations of the
NPP and unavailability values. The unavailability of each dy-
namic event will be calculated according to the CCFmodel of the
actual in-service components, as mentioned by Hari Prasad [14].
Note that it is necessary to delete the CCFG in the fault tree
model in order to change the CCF event to an independent dy-
namic event, and all CCF events related to out-of-service com-
ponents need to be set to FALSE.

To show how it works, a redundant systemwith four parts A, B,
C and D is taken as an example below. All event combinations that
Fig. 1. Characterization of the out-o
will cause component A to fail can be expressed as:

AT ¼ EA þ EAB þ EAC þ EAD þ EABC þ EABD þ EACD þ EABCD (1)

Among them, AT represents the total unavailability. EA is the
basic event in the fault tree model and represents the independent
failure of component A. EAB is a CCF event related to A, which
represents the CCF of components A and B, and is limited to these 2
components. EAC, EAD, EABC, EABD, EACD and EABCD have similar
definitions.

Assuming that component D is out-of-service due to periodic
testing or preventive maintenance, the total unavailability of A will
not change, but the involved events and the unavailability of these
events will change. AT will be expressed as following:

AT ¼ EA þ EAB þ EAC þ EABC (2)

Therefore, in addition to setting ED to TRUE to characterize the
out-of-service of component D in the fault treemodel, setting EAD、
EBD、ECD、EABD、EACD、EBCD、EABCD to FALSE is also required,
which means that these CCF events will not occur. The unavail-
ability of EA, EAB, EAC, and EABC in formula 2 needs to be calculated
using a CCF model consisting of three components in-service,
namely A, B, and C, instead of using the original CCF model.

Note: Red color represents the value of fault tree nodes are
TRUE, while green color represents FALSE. Fig. 2-A is the fault tree
model part where the component D is located, and Fig. 2-B is the
fault tree model where the component A is located.

Another proposed method is based on multiple basic events
corresponding to one component. Generally, n-1 basic events need
to created based on the number of configuration states of this
redundant system (assumed n), and requires n CCFG to model CCFs
in these system configurations. These CCFGs will only contain basic
events standing for components that are still in-service in a certain
configuration. Multiple basic events and CCFGs are needed here
because that PSA usually adopts the uniformity CCF assumption
[16], i. e. failure probabilities of basic events in a CCF model are the
same, and a basic event cannot be in two ormore CCFGs at the same
time in current PSA software. This method needs to create n OR
logic gates, 2n AND logic gates and n house events in the PSAmodel.
For each configuration, the house event and new CCFG of in-service
components should be put under an AND logic gate. Finally, the
new CCFGs and original one should be put under an OR logic gate.
Thus, the switch of the states for system configuration can be
characterized, which is similar to the method of characterizing the
f-service status of components.



Fig. 2. CCF model of components after out-of-service based on dynamic events.
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out-of-service status of a component.
The previous redundant system of four components A, B, C, and

D is still used as an example. Before component D is out-of-service,
the total unavailability event combination ATof component A is also
shown in formula 1.

Assume that the system has two configuration states, that is, all
four components or three components will be in-service. In the
model, three basic events AD1, AD2 and AD3 need to be newly
created, and another CCFG (including the newly created three basic
events) is established. After component D is out-of-service, the
total unavailability event combination AT of component A is shown
by the following formula:

AT ¼ EAD1 þ EAD12 þ EAD13 þ EAD123 (3)

In the above formula, EAD1 is the basic event in the fault tree
model and represents the independent failure of component A.
Fig. 3. CCF model considering normal operation or out-
EAD12 is a CCF event related to A, only representing the CCF of basic
events A and B. EAD13 and EAD123 represent similar meanings. The
unavailability of these CCF events is calculated using a CCF model
consisting of three components AD1, AD2, and AD3.

Note: Fig. 3-A is the model state of component A while
component D is in-service, and Fig. 3-B is the model state while
component D is out-of-service. Red color represents the value of
fault tree nodes are TRUE, while green color represents FALSE.

3) When a component fails and the status of the remaining com-
ponents is not determined, the IAEA-OECD report [1] gives three
assumptions for the system failure probability to estimate the
CCF. They are:
a) the CCF probability of the system is unchanged when the

component failures independently;
b) if the component failure belongs to the most severe CCF, the

entire redundant system fails;
of-service of components based on multiple CCFG.
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c) setting the unavailability of the redundant system as the CCF
factor Beta of the Beta model to reflect the possibility of CCF
of the system.

For the first assumption that the component fails independently,
the CCF probability of the system does not change. At this time, the
basic event of the failed component needs to be set to TRUE ac-
cording to the IAEA-OECD report [1]. For the second assumption,
the unavailability of the entire redundant system needs to be set to
TRUE. However, these two assumptions are either too optimistic or
conservative with big errors.

Similar to the last assumption of the IAEA-OECD report [1],
theoretically accurate model formulas have been given in the
literature of 2007 and 2017 [13,15]. However, for the construction of
an NPP Risk Monitoring PSA model, their calculation formulas are
too complicated, the artificial workload is relatively large, and data
support may be lacking [15].

For the third assumption, this contribution proposes an
approximate modeling method that is closer to the actual state of
the NPP and easy for application in the modeling of Risk Monitor.
Here, the unavailability of the redundant system needs to be set to
an intermediate value between (0, 1), and this value is proposed to
be selected separately according to the number of components in
each redundant system and the failure criteria of the system. Taking
the MGL model as an example, the CCF parameters are assumed to
be b, g, and d. If the original redundant system contains 4 compo-
nents, the failure criterion is three-out-of-four, that is, failure of 3 or
more components will cause the system to fail. Then after
component D fails, the system will fail when two or more compo-
nents fail, so it becomes a two-out-of-three failure criterion.
Therefore, according to the parameter definition of the MGL model,
g is the conditional probability that the common cause of a
component failure that is shared by one or more components will
be shared by two or more components in addition to the first [17].
Therefore, the unavailability of a redundant system composed of
remaining components can be set to g to represent the possibility of
its CCF. By analogy, Table 1 gives some common examples of
redundant systems in the NPP and the system unavailability under
different failure criteria.

2.3. Proposed criteria for the accuracy of CCF model

In the above three basic issues in section 2.2, the methods for
characterization of component status is simple and accurate. For
the status of remaining components that is not determined in the
third issue, a more accurate modeling method has been proposed,
and the impact of CCF probability assumptions on the NPP risk
calculations is temporary. Therefore, we focus on the accuracy
criteria of modeling for the second issue, i.e. the impact to the
unavailability of remaining in-service components resulted from
the out-of-service component. It is not only the problem that has
the greatest impact on the Risk Monitor PSAmodel and but also the
case with the most workload in the modeling process.

According to the IAEA-OECD report [1], the main idea of the
Table 1
Unavailability of redundant systems after components out-of-service.

Number of components in the
original CCFG

Unavailability of a redundant system after a compo

2 events fail resulting in the failure of the
original system

3 events
original s

2 b e

3 b Вg
4 b Вg
n, n > 4 b Вg
verification for an NPP Risk Monitor PSA model is to compare and
verify its cut sets with the original basic PSA model in various
typical configurations of the NPP, and this usually requires that the
first 200e1000 cut sets are consistent with the results of the
original PSA model in the calculation of CDF/LERF (Large early
release frequency). Therefore, in order to ensure the consistency of
these cut sets, the first CCF model approximation criterion pro-
posed in this paper can be derived: In the calculating of CDF in a
typical configuration of NPP, if events in a CCFG appear in the first
200e1000 cut sets, this CCFG must be modeled by accurate
method, and cannot be modeled by an approximate method that
will change the cut sets.

In fact, for general PSA models, there are only dozens of CCFGs
involved in the first 1000 cut sets. Therefore, if the remaining CCF
models are all approximate, the increase in the Risk Monitor PSA
model can be reduced to about one tenth of that of totally accurate
model method. However, the remaining CCF models cannot be all
approximate. Because multiple CCF components with approximate
model will cause error accumulation, which will result in that the
accuracy of calculations for CDF, AOT (Allowed Outage Time), etc.,
cannot meet regulatory requirements, and affect the application of
the Risk Monitor. Therefore, another criterion is needed to deter-
mine how many CCF models can be approximately modeled while
ensuring their accumulated errors do not impact the calculation
accuracy.

The impacts of approximate CCF modeling can be divided into
two kinds: The first one is that the out-of-service component is not
affected by CCF, or its CCF has been modeled accurately. Thus, the
approximate CCF models in the PSA model will produce the same
deviation for the calculation of CDFpoint-in-time and CDFbaseline, so the
effects of their differences will be offset each other, and the
calculation of CDF will not be affected in the end. Only the second
one needs to be considered, that is, the out-of-service component is
in the approximate CCF models, therefore the error of the CDF
calculation is determined by the error of the approximate CCF
models including out-of-service components at the same time.

According to the requirements of RG1.177 issued by the U. S. NRC
for the increased risk due to out-of-service of components during
the operation of an NPP [18], the incremental conditional core
damage probability (ICCDP) of less than 10�6 is acceptable for a
reactor with a baseline CDF of about 10�4. The calculation formula
of ICCDP is shown as bellow:

ICCDP ¼ (CDFpoint-in-time - CDFbaseline) � Tconfig < 10�6 (4)

For example, a redundant system has n CCF components in a
same CCFG in the basic PSA model. When a component is out-of-
service due to periodic tests, we assume that CDFpoint-in-time-a is
used to represent the CDF calculated using the accurate CCF
modeling method, and CDFpoint-in-time-s is used to represent the CDF
calculated by the approximate modeling, then:

ICCDPaccurate ¼ (CDFpoint-in-time-a - CDFbaseline) � Tconfig < 10�6 (5)
nent is out-of-service

fail resulting in the failure of the
ystem

4 or more events fail resulting in the failure of
the original system

e

e

bgd
bgd
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ICCDPsimilar ¼ (CDFpoint-in-time-s - CDFbaseline) � Tconfig < 10�6 (6)

Therefore, the error caused by the approximate CCF modeling
method will directly affect the calculation of ICCDP, and this error
will continue until the next upgrade of the RiskMonitor PSAmodel,
which is usually more than 1 year. The calculation of real time risk
indicators, such as CDF and AOT for Risk Monitor, is usually based
on the assumption that the state of NPPs lasts for one year. This will
cause the impact of the approximate CCF model method on the risk
calculation will be equivalent to the out-of-service effect of com-
ponents that lasts for one year. On the basis of the above two
equations, we can get the following equation.

DICCDP ¼ (CDFpoint-in-time-s - CDFpoint-in-time-a) � Tconfig (7)

In which, Tconfig is 1 year/1 year. We found that DICCDP has the
same structure as ICCDP, and DICCDP must be less than the regu-
latory limit of 10�6. Otherwise, the ICCDP brought by the approxi-
mate CCFmodel error will exceed the regulatory limit, even there is
no out-of-service for any component. In addition, it should be taken
into account that the baseline CDF of pressurized water reactors
(PWR) currently operating is generally 10�4, while the CDF of a
newly built nuclear power plant is generally 10�5. In order to make
the method in this paper applicable to NPPs with different baseline
CDF, 10�6 is converted to 1% of the baseline CDF for current PWR.
Therefore, we can obtain the second approximation rule for CCF
models: In the Risk Monitor PSA model, the CDF change caused by
cumulative errors from approximate CCF modeling must be less
than 1% of the baseline CDF. As shown in the following formula:

| CDFpoint-in-time-s - CDFpoint-in-time-a | < CDFbaseline � 1% (8)

It should be noted that the above formulas only give the mini-
mum requirements to ensure the effectiveness of the Risk Monitor
application. This specific limit can also be increased according to
the requirements for ICCDP calculation accuracy, such as 0.1% of the
baseline CDF. In addition, it should be noted that only the out-of-
service components will result in error accumulation. The num-
ber of out-of-service components in an NPP during operation is
usually relatively small, so generally it is not necessary to calculate
many CCF models for error accumulation, which further provides
space for the application of proposed method.

Finally, if the Risk Monitor PSA model is built on the basis of a
level-2 basic PSA model, LERF is usually used in addition to the CDF
tomeasure the risk of NPPs. In this regard, according to the RG1.177,
the restriction requirements of ICLERP are given as follows:

ICLERP ¼ (LERFpoint-in-time - LERFbaseline) � Tconfig < 10�7 (9)

The limiting criteria and formula of ICLERP on CCF model can
also be deduced according to the above idea. Namely, themaximum
change in the LERF due to cumulative error must be less than 1% of
the baseline LERF, which is shown as the following formula:

| LERFpoint-in-time-s - LERFpoint-in-time-a | < LERFbaseline � 1% (10)

2.4. Application example in risk monitor by MGL model

The MGL model is token as an example to illustrate the appli-
cation of the proposed CCFmodeling methods and accuracy criteria
in Risk Monitor. Assume a system containing three components A,
B, and C, which fails only all three components fail, and a CCFG with
a size of three for these components is established. If the total
unavailability of a component is p, and the CCFmodel parameters of
theMGL are b, g, and d. After the component C is out-of-service, the
unavailability of component A modeled by the accurate method is
Pa(A), which is calculated as follows.

Pa(A) ¼ Pa(EA) þ Pa(EAB) ¼ p(1-b) þ pb (11)

Pa(EA) represents the unavailability p(1-b) of the basic event EA,
which reflects the independent failure of component A. Pa(EAB)
represents the unavailability pb of the basic event EAB and reflects
the CCF of parts A and B. The unavailability of component A
modeled by the approximate method is Ps(A), and the formula is as
follows:

Ps(A) ¼ Ps(EA) þ Ps(EAB) þ Ps(EAC) þ Ps(EABC) ¼ p(1-b) þ p(1-g)
b þ pbg (12)

The total unavailability of the component itself does not change,
that is Pa(A)¼ Ps(A)¼ p. The unavailability of the redundant system
consisting of the remaining 2 components calculated by the accu-
rate modeling method is:

Pa(Sys) ¼ Pa(EAB) þ Pa(EA)*Pa(EB) ¼ pb þ p2(1-b)2 (13)

The unavailability of the redundant system calculated by the
approximate modeling method is:

Ps(Sys) ¼ Ps(EAB) þ Ps(EABC) þ Ps(EA)*Ps(EB) þ Ps(EAC)*
Ps(EB) þ Ps(EBC)* Ps(EA)

þ Ps(EAC)* Ps(EBC) (14)

Ps(Sys) ¼ (1/2)p(1-g)b þ pbg þ p2(1-b)2 þ p2(1-b)(1-g)b þ (1/4)
p2(1-g)2b2 (15)

According to the general NPP model and the reference data of
NUREG/CR-5497 [19], p is generally less than 0.01, b is generally
0.01, and g is generally 0.1.Therefore, after a component in a
redundant system is out-of-service, the error between accurate
modeling and approximate modeling is:

| Pa(Sys) - Ps(Sys) | z (1/2)pb (16)

Similarly, we can derive the errors of a CCF system of two-out-
of-three, four-out-of-four, three-out-of-four, etc. After a compo-
nent is out-of-service, the errors between accurate and approxi-
mate model are shown in Table 2.

Therefore, the errors of CCF model can be calculated and the
impacts on the CDF from the errors can be estimated by multiply
the CCF errors by the frequency of the initiating events, and the
basic events unavailability of the cut sets where these CCF events
are located. A simpler and more conservative estimation can be
made by only considering the impact of the initiating event.

3. Results and discussion

3.1. Case study and results

In order to verify the proposed method, we take a Chinese NPP
PSA model as an example, and modify the CCF model using this
method to complete the construction of the Risk Monitor PSA
model. Then, its CDF and minimum cut sets are calculated and
compared for several typical configurations of an NPP to illustrate
the correctness and effectiveness of the method. The PSA model
includes 48 event trees, 1599 fault trees, and 205 CCFGs. The CCFGs
containing 3 or more basic events are all constructed by the MGL



Table 2
Errors between accurate and approximate model.

Number of basic events in the
original CCFG

After a component is out-of-service, the errors between accurate and approximate model

2 events fail resulting in the failure of the
original system

3 events fail resulting in the failure of the
original system

4 events fail resulting in the failure of the
original system

3 (1/2)pb (1/2)pb e

4 (1/2)pb (1/2)pb-(5/6) pbg (2/3)pbg
5 (1/2)pb (1/2)pb-(5/6)pbg (2/3)pbg

Table 3
Numbers of CCFGs in previous cut sets resulting in core damage.

NPP configuration Number of CCFG in the first 200 cut sets Number of CCFG in the first 500 cut sets Number of CCFG in the first 1000 cut sets CDF

Normal operation 6 14 23 1.460 � 10�7

Normal cold shutdown 17 21 23 1.343 � 10�8

Refueling cold shutdown 15 24 30 2.332 � 10�8
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CCF model. The modification and calculation are carried out ac-
cording to the following steps.

1) First, the CDFs are calculated with the probability truncation of
10�13, and the order truncation is unlimited. Then, 24 CCFGs that
occur in the first 500 cut sets are selected to be accurately
modeled, according to the proposed accuracy criteria. The CDF
results and the numbers of CCFGs involved in the first 200, 500
and 1000 cut sets are shown in Table 3.

2) According to the possible configuration of the NPP during
operation, components of 17 CCFGs that may be out-of-service
at the same time were screened out. Among them, 6 CCFGs
occur in the first 500 cut sets, and are modeled accurately. The
errors of other 11 CCFGs are calculated and compared according
to the accuracy criterion proposed in section 2.3, and no CCF is
found to result in the accumulation error exceeding the limit.
Thus, the remaining 11 CCFGs were all modeled according to the
approximate method proposed.

3) Finally, under several typical configurations of NPPs, the CDFs
are calculated for the PSA model before and after the CCF
modification, and the first 500 minimum cut sets are compared.
The results are shown in Table 4.

In Table 4, the CCF components in ESWS (Essential ServiceWater
System) sub train occur earliest in the 630th cutting set, and they
are modeled by the approximate method. According to Table 4,
under these typical NPP configurations, the error of the CDF result
is less than 0.3%, and the minimum cut sets are also consistent. This
shows that the proposed method can complete the CCF modifica-
tion in the basic PSA model of the NPP while ensuring the calcu-
lation accuracy. Moreover, in the building of CCF model of the Risk
Monitor, the basic events and logic gates newly added to the fault
tree in the Risk Monitor PSA model are only about 12% of the
traditional method.

3.2. Discussion

Although only the MGL model is token as an example in this
contribution, it can be found from the method derivation that the
Table 4
Comparison of CDF and cut sets before and after model modification.

NPP configuration Consistency of the fi

B2 of ESWS sub train is out-of-service in normal operation yes
B2 of ESWS sub train is out-of-service in normal cold shutdown Yes
B2 of ESWS sub train is out-of-service in refueling cold shutdown Yes
method is not limited to the specific form of the CCF model, it can
be applied to various CCF models commonly used in PSA, such as
the Alpha model. In addition, importance considerations can also
be added into the accuracy criteria. For example, a component with
a Risk Achievement Worth importance equal/higher than 0.1, or
with a Fussell-Vesely importance equal/higher than 100 (generally
used as the limit value for safety classification), can be selected for
accurately modeling besides the first 500 cut sets. For the analysis
case in section 3.1, there are 9 CCFGs with components importance
measures exceeding the limit, which should bemodeled accurately.
These 9 CCFGs also occur in the first 500 cut sets, which demon-
strate the consistency of these criteria.

The derivation of this contribution is based on the assumption
that the parameters of the CCF model are unchanged. In fact, after
the number of components of the CCFG changes, the parameters of
the CCF model will change, and the parameters after the change
should be adopted. Therefore, there will be some errors. However,
as shown in the reference data of NUREG/CR-5497 [18], the varia-
tion of the parameters is very small for different numbers of CCF
components in a CCFG, usually less than 10%, so it will not affect the
formulas and the accuracy criteria proposed.

In the derivation of formula 3, three basic events and a CCFG
were newly created, but it is not shown that which component is
out-of-service. Because the uniformity assumption is commonly
used for CCF in the current PSA model [16]. Thus, no matter which
component is out-of-service, the unavailability of the remaining
components is the same. In fact, the status characterization of the
out-of-service component can be expressed by the original basic
event of the component, that is, EA, EB, EC, and ED. Therefore, in
order to reduce the size of the model, the number of new basic
events and CCFGs can be and also should be minimized.

When there is a switch between the running/standby trains in a
redundant system, or the interconnection of a redundant system is
changed, it will result in the change of system component opera-
tion/failure mode, it is necessary to characterize the status of sys-
tem trains, and combine the change of CCF probabilities for
components in a specific failure mode. It is worth noting that this
will cause simultaneous changes in the start-up failure and running
failure in CCFGs, and they are both need to be modeled accordingly.
rst 500 cut sets (yes/no) CDF of Risk Monitor model CDF of the basic PSA model

1.500 � 10�7 1.499 � 10�7

1.345 � 10�8 1.342 � 10�8

2.361 � 10�8 2.361 � 10�8
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In addition, there may be CCFGs of different types of components in
a system train. Thus, it is often necessary to model these CCFGs at
the fault tree part corresponding to each component separately,
and it cannot be simply modeled at the logic gate where the system
trains are located. This is different from the out-of-service status of
a single component.

Finally, there are also a few other considerations should be
explained here:1) In the operation of NPPs, components of a
second-order redundant system are generally not allowed to be
out-of-service under non-fault conditions. 2) It is possible that two
or more components of a redundant system are out-of-service,
such as the size of CCFG is reduce from 4 components to 2 com-
ponents. In that situation, the size of a CCFG can be reduced twice
by following the approximate modeling method proposed, but it is
better to apply the precise modeling method. 3) The general PSA
model considers the maximum number of redundant components
in the system, so this contribution does not discuss the increase in
the number of components in the CCFG, which is recommended to
use accurate modeling. These circumstances will not affect the
effectiveness of the proposed method and accuracy formulas.

4. Conclusion

In the development of Risk Monitor PSA model based on the
basic PSA model of an NPP, the common-cause failures modeling of
redundant systems and components is a very important content. In
this contribution, we analyze the impacts of the NPP configuration
on the CCF, and summarize three basic issues, namely, the char-
acterization of the component states, the CCFG modeling with the
change of the redundant components number, and the assumption
of the CCF probabilities when the components states are not
determined. Then, corresponding multiple accurate and approxi-
mate modeling methods are proposed respectively, and criteria for
the accuracy of CCF modeling based on cut sets and risk indicators
(such as core damage frequency) are derived according to the good
practices described in the IAEA-OECD sponsored survey report and
a regulatory guide of NRC for the NPP risk monitoring. The pro-
posed methods are aiming to reduce the model scale of the Risk
Monitor, and increase the speed of risk calculation while meeting
the accuracy of risk assessment. The effectiveness of the methods is
demonstrated by an analysis case of a typical NPP Risk Monitor PSA
model, and the suitable scope of the method idea is also explained
through discussion.
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