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One of the most significant risk contributors to a nuclear power plant is the station blackout (SBO) risk. The calculation of an SBO
risk is complicated because different scenarios involving the failures of various components, and their time dependencies must be
considered. Because time dependency modeling is difficult, the conventional approach based on event trees (ETs) and fault trees
(FTs) makes conservative assumptions when calculating the SBO risk. This study describes how these time dependencies can be
effectively modeled and provides the mathematical formulas to model the time dependencies when calculating the SBO risk of a
nuclear power plant when there exist redundant components and their common cause failures are considered. The mathematical
formulas used to model the time dependencies are validated by Monte Carlo simulations. The conventional ET/FT approach is
compared with the time dependency modeling approach to evaluate the conservativeness of the results it generates. Two
significant factors affecting the degree of conservativeness of the conventional ET/FT approach are also examined. The time
dependency modeling with consideration of the common cause failures described in this study is expected to provide a sound

mathematical framework for analyzing the SBO risk of a nuclear power plant.

1. Introduction

According to the International Atomic Energy Agency [1],
nuclear energy provides approximately 10% of the world’s
electricity. The safe and reliable operation of nuclear power
plants (NPPs) is crucial for the sustainable, carbon-free
supply of electricity. Nuclear energy is also considered an
important candidate for hydrogen production [2]. There-
fore, accurately estimating the risks associated with NPPs
is crucial for ensuring their safe and reliable operation.

The probabilistic risk assessment (PRA) is a quantitative
method to calculate the risk from NPPs. Since the publica-
tion of WASH-1400 [3], the PRA has become an important
tool not only for the safe and reliable operation of NPPs but
also for supporting various regulatory decision-making. One
of the most significant contributors to the NPP risk identi-
fied by the PRA is the station blackout (SBO) risk.

In an SBO, an NPP experiences a loss of offsite power
(LOOP) followed by the failure of the emergency diesel gen-

erators (EDGs). An SBO is a dangerous condition because
there is no alternative current (AC) power to operate the
safety systems and their pumps and valves to cope with the
condition. Managing SBOs is an important safety consider-
ation not only for light water reactors but also in other reac-
tor types such as lead-bismuth reactors [4], sodium-cooled
fast reactors [5], and lead or lead-alloy-cooled fast reac-
tors [6].

Nuclear regulations require NPPs to be able to manage
an SBO, and the SBO rule (10 CFR 50.63) [7] and Regulatory
Guide 1.155 [8] by the United States Nuclear Regulatory
Commission are examples of where these regulations can
be found. One way to meet these requirements is to install
an independent emergency generator such as an alternative
AC diesel generator (AAC DG). With AC power from the
AAC DG, an NPP can operate motor-driven pumps (MDPs)
to provide feedwater to remove the decay heat generated by
the nuclear fuel. If the AAC DG is not available, an NPP
operates turbine-driven pumps (TDPs), which are powered
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by safety-grade direct current (DC) batteries to provide
feedwater.

Extensive studies have been conducted on SBOs due to
their significance in the safety of NPPs. NUREG/CR-2989
[9], NUREG/CR-3226 [10], NUREG-1032 [11], NUREG/
CR-6890 [12], and IAEA-TECDOC-593 [13] are examples
of early studies on SBOs. Thermal-hydraulic evaluation
studies during an SBO include Fletcher et al. [14], Volka-
novski and Prosek [15], NUREG/IA-0430 [16], and Kang
and Chang [17]. Because the multiunit risk is an important
issue related to the safety of NPPs, Modarres et al. [18] dis-
cussed the impact on the site and the interdependencies that
arise in a shared electrical system during an SBO.

One of the issues identified in the SBO risk calculation in
the practice of a PRA of an NPP is the insufficient consider-
ation of time dependencies. The conventional ET/FT approach
uses conservative assumptions instead of directly addressing
the time dependency issue. However, there are several studies
that have addressed the time dependency issue. For example,
the EPRI TR 1009187 [19] provides a rigorous mathematical
development of the time-averaging technique. Smith et al.
[20] discussed the use of a simulation approach to model the
time interactions directly. Sutton et al. [21] provided a practical
method for calculating the convolution factors for up to three
time-dependent events. Knudsen et al. [22] described the
convolution correction factor adjustments with two EDGs.
George-Williams et al. [23] suggested utilizing multistate node
models comprising matrices to explain the interdependencies
between different elements. Degonish [24] presented various
insights and lessons learned from the application of the
convolution methodology, and Krcal et al. [25] discussed the
dynamic treatment of cut sets. The author in [26] presented a
systematic approach for time dependency modeling and the
mathematical development for conditional core damage prob-
abilities under an SBO of an NPP when the SBO situation is
managed with one AAC DG and one TDP.

Nevertheless, the previous studies that address the time
dependency modeling issue do not consider redundant com-
ponents for mitigating SBO and their common cause failures
(CCFs). Therefore, their approaches apply to reactor types
equipped with one TDP to supply feedwater. However,
many reactor types are equipped with multiple redundant
TDPs to supply feedwater. Because CCFs play a significant
role in estimating the risk from NPPs, CCFs must be prop-
erly considered in the time dependency modeling of redun-
dant components.

This study is an extension of the previous studies by
including redundant components and their CCFs. Because
redundant components are considered, the combination of
their CCFs as well as independent failures must be consid-
ered so that the proposed approach be consistent with the
current practice of the PRA. Therefore, the combination of
fail-to-start and fail-to-run failures of the redundant compo-
nents including their CCFs is considered in the proposed
approach.

Section 2 explains how the consideration of SBO
sequences should be extended for time dependency modeling
compared with the conventional approach. Section 3 presents
the mathematical formulas for the sequence probabilities for
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time dependency modeling and compares them with those
of the conventional approach. Section 4 presents the numeri-
cal results with the failure probabilities, failure rates, and
time-related data typically applied to the PRA of an NPP.
Section 5 presents the conclusions of this paper.

2. SBO Sequences

When there are two TDPs, the failure of both TDPs can be
divided into three cases: both TDPs fail to start, one TDP
fails to start and the other TDP fails to run, and both TDPs
fail to run. The first and third cases are further divided into
whether the TDP failure is caused by CCFs or independent
individual failures. Therefore, the cases are divided into the
following five cases:

(i) Both TDPs fail to start (CCF)
(ii) Both TDPs fail to start (independently)

(iii) One TDP fails to start and the other TDP fails to
run

(iv) Both TDPs fail to run (CCF)
(v) Both TDPs fail to run (independently)

The above five cases include the fail-to-start and fail-to-
run failure modes as well as the CCFs of the two failure
modes of the TDPs.

Figure 1 shows the conventional approach for consider-
ing AAC DG and TDP failures after an SBO in an event tree
form. An SBO can be properly managed if the AAC DG or at
least one TDP successfully starts and runs during mission
time. The conventional approach does not distinguish
between the fail-to-start and fail-to-run failure modes of
the AAC DG and TDPs or their CCFs. In addition, conser-
vative assumptions are used where time dependency cannot
be properly considered.

Figure 2 shows the identification of the SBO sequences
with consideration of the fail-to-start and fail-to-run failures
of the AAC DG and TDPs in an event tree form. Figure 2
depicts the classification of the analysis process, rather than
to present the nature of the existing event tree. For the AAC
DG, the fail-to-start and fail-to-run failures are considered.
For the TDPs, the five combinations of both the TDP fail-
ures mentioned above are considered. The SBO sequence
identification (Figure 2) distinguishes between the fail-to-
start and fail-to-run failure modes of the AAC DG and
TDPs including the CCFs, so that the time dependency
associations can be properly considered. In total, twelve core
damage sequences are identified for which the mathematical
formulas for the sequence probabilities are developed in
Section 3.

The most important difference between this study and
the author’s previous publication [26] is the extension from
one TDP to multiple TDPs so that the approach can be
applied to NPPs with multiple TDPs. Because multiple TDPs
are considered, their CCFs (in the fail-to-start and fail-to-
run failure modes) are also considered. By developing a
method for two TDPs, it is expected that the method can
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FiGure 1: Conventional consideration of AAC DG and TDP failures.

be extended to NPPs with more than two TDPs in a
similar way.

The twelve sequences are divided into two groups
depending on whether the AAC DG fails to start or fails to
run. For each group, there are six sequences: five sequences
depending on how the two TDPs fail and one sequence for
the depletion of the DC batteries that provide the control
power to operate the TDPs. In this paper, the mathematical
formulas for the twelve sequences are developed.

3. Mathematical Formulas for SBO
Sequence Probabilities

In this paper, it is assumed that an SBO is caused by the start
failures of the EDGs followed by a LOOP. To define the
modeling parameters for the different components and their
failure modes including the CCFs in a consistent and concise
way, the modeling parameters and subscripts are first
defined. The probability of failure is denoted as p, the failure
rate is denoted as A, and the probability density function and
the cumulative distribution function are denoted as f(¢) and
F(t), respectively. The reliability function is denoted as R(t).
The subscripts “A,” “T,” and “B” represent the AAC DG,
TDPs, and safety-grade DC batteries. The subscripts “S”
and “R” represent the fail-to-start and fail-to-run indepen-
dent failure modes. The subscripts “W” and “K” represent
the fail-to-start and fail-to-run CCF modes, while the sub-
script “D” represents the depletion of the safety-grade DC

batteries. For example, the subscript “AS” implies the AAC
DG’s fail-to-start failure mode. Also, p, and fy () indicate
the probability that the AAC DG fails to start and a TDP
fails to run independently, respectively.

Because there are two TDPs, the subscripts for the inde-
pendent failures of the two TDPs should also be defined. The
subscripts “SS” and “RR” represent independent fail-to-start
and fail-to-run failures, respectively. The subscript “SR”
implies that one TDP fails to start and one TDP fails to
run. For example, pres and fpr(#) indicate the probability
of the two TDPs failing to start independently and the prob-
ability density function of the two TDPs failing to run inde-
pendently, respectively.

Table 1 provides the notations and their descriptions
used in the mathematical modeling along with the numerical
data used in the example of Section 4. The base failure prob-
abilities and failure rates are from NUREG/CR-6928 (2020
update) [27, 28], and the CCF data are from NUREG/CR-
5497 (2020 update) [29, 30]. The two data sources are typi-
cally applied to PRAs of NPPs. In Table 1, the value of p.y, is
calculated by multiplying the base failure probability with
the corresponding CCF data. Similarly, the value of Ay is
calculated by multiplying the failure rate with the relevant
CCF data. The time-related parameters are application-
specific and should be determined based on a thermal-
hydraulic analysis, the scope of the PRA, and the capacity
of the DC batteries. For the example in Section 4, typical
values are assumed.
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FiGurk 2: Identification of SBO sequences with consideration of fail-to-start and fail-to-run failures of the AAC DG and two TDPs (the
CCFs of the TDPs are also considered.)

TaBLE 1: Notations and their descriptions used in the mathematical modeling with numerical data used in the example of Section 4.

Notation Description Numerical data
Pas The probability that the AAC DG fails to start 2.94E-02
Aar The failure rate of the AAC DG 1.13E-03 nt
Prs The probability that a TDP fails to start 5.32E-03
Arr The failure rate of a TDP 6.35E-03 nt
Prw The probability that both TDPs fail to start owing to CCFs 3.01E-05
Ak The failure rate that both TDPs fail to run owing to CCFs 5.30E-05 ht
T, The time to core damage after the failure of the AAC DG and TDPs 1
Thq The time required to deplete the class-1E DC battery 4
T, The mission time 24
The available time for AC power recovery is the sum of f(t) = e ™M,
the time the AAC DG has run, the time a TDP or TDPs ,
has run, and T.. When the AAC DG or TDP fails to start, F(t) = J f(r)dr=1-¢™ (1)
the time the component has run becomes zero. 0 '
For fail-to-run failures, a failure rate is assumed constant, R(t)=1- E(t)
and therefore, the time to failure follows an exponential distri- '
bution. The probability density function, cumulative distribu- The probability distribution for the nonrecovery of AC

tion function, and reliability function are, respectively, power before ¢ is assumed to follow a lognormal distribution as
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1 6—1/2(1“#)2
2mox

Parac(t) =1- J; dx, (2)

where y and o are the mean and standard deviation of the
natural logarithms of the data, respectively. Figure 3 shows
Parac(t) for four event types provided in NUREG/CR-6890
(2020 update) [12, 31]. It is noted that the 2021 update of
NUREG/CR-6890 is also available.

The pyrac(t) for the switchyard-centered event type is
used in the example of Section 4.

The probability that both TDP fail to start due to inde-
pendent start failures is

Prss = Pre- (3)

When both TDPs fail to run due to independent run fail-
ures of both TDPs, the time to failure of the TDPs is given as
the time that the second TDP fails, under the condition that
the success criteria for the two TDPs is the operation of at
least one TDP. In simpler terms, if the first TDP fails at time
t, and the second TDP fails at time ¢,, the time to failure for
both TDPs is defined as f,. The cumulative distribution
function for the time the second TDP fails is

Frpe(t) = (Frg(t))* = (1 - eiATRt>2~ (4)

The reliability of the system of two TDPs is

Rigg(f) =1 - Frpg(t) =

1= (Fra(6) =1 (1- e_)‘TRt)Z.
(5)

Therefore, its probability density function is

dF s (1)
fTRR( ) T;f

=2F () dFZR(t) ()

=2Fr(1)frr(t )

(1 T P

3.1. The Conventional Approach. In this section, the mathe-
matical formulas for the twelve sequences shown in Figure 2
are derived based on the conventional approach.

3.1.1. When the AAC DG Fails to Start. In Figure 2, the fail-
to-start failure of the AAC DG may lead to one of six core
damage sequences: 15, 17, 19, 21, 23, and 25. Because the
AAC DG fails to start, the mission time of the TDPs is
assigned as Ty, instead of T, because the TDPs are not
able to operate beyond Ty4. This approach may be different
from the current practice of PRAs, but it is more reasonable
and consistent with the exact calculation results.

Non-recovery probability

0 5 10 15 20 25
Time (h)

Grid-related
—— Weather-related

—— Plant-centered
—— Switchyard-centered

F1GURE 3: Nonrecovery probability of AC power (pygpac(t)) for four

event types.

The mathematical formulas for the six sequence proba-
bilities are as follows:

(i) When both TDPs fail to start owing to CCFs
(sequence 25),

Ppsw =Pas - Prw * Parac(Te)- (7)

(ii) When both TDPs fail to start independently
(sequence 23),

Pysss =Pas - (1= Prw

)Prss - Parac(Te)
B (8)
=Pas" (1= Prw

)PZTS “Parac(Te)s

where p¢ is given in Equation (3)

(iii) When one TDP fails to start and one TDP fails to
run (sequence 21),

1w ) (1 = Prss) * 2Prs Frr(Tha) - Parac(Te)
rw) (1 - Pis) '2PTS<1 - ei}”‘RT“) “Parac(To)-
9)

Prstsr =Pas (1-

p
=pas-(1-p

(iv) When both TDPs fail to run owing to CCF
(sequence 19),



Pysik =Pas - (1= prw) (1 = Prss) (1 = 2prs Frr (Toa)) Frx (Tha)
‘Parac(Te) =pas - (1 _PTW)(I _P%s>

: (1 ~2prs (1 - e_/\TRT“)) (1 - e_ATKTbQ “Prrac(Te)-
(10)

(v) When both TDPs fail to run independently
(sequence 17),

Pysarr =Pas (1= Prw) (1 = Prss) (1 = 2p1s Frr(Tha))
(1= Fre(Toa)) Frar (Tod) - Parac(Te)

=Pas - (1= Prw) (1 = P1s) (1 - 2PTs<1 - e%TRT"d>>eﬁ\TKT"d
: <1 - E_ATRTMY “Pnrac(Te)s

(11)

where Fppg () is given in Equation (4)

(vi) When the TDPs cannot run because the DC batte-
ries are depleted (sequence 15),

Pyspp =Pas* (1= Prw)(1 = Prss) (1 = 2Prs Frr(Thq))
(1= Frg(Tea)) (1 = Frrr(Tpa)) - Parac(Toa + Te)

=pas* (1=prw)(1 _P%s) (1 = 2prg (1 - eikTRTb"))efATKTM
: (1 - (1 - efATRTM)2> “Pxrac(Toa + Te)
(12)

3.1.2. When the AAC DG Fails to Run. In Figure 2, the fail-
to-run failure of the AAC DG may lead to one of six core
damage sequences: 3, 5, 7, 9, 11, and 13. Because the AAC
DG fails to run, the mission time of TDPs is assigned as
T,, because the TDPs may need to operate up to T,,. The
mathematical formulas for the six sequence probabilities
are as follows:

(i) When both TDPs fail to start owing to CCF
(sequence 13),

Parrw = (1 =Pas) Far(T 1) - Prw - Parac(Te)

13
=(1 _I’As)(1 - ‘fAART'") “Prw *Parac(Te)- 1)

(ii) When both TDPs fail to start independently
(sequence 11),
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Pyrss = (1= Pas) Far(T o) - (1 = Prw)Prss - Parac(Te)
= (1= Pas) (1 - EAART'") (1 _pTW)p"ZFS “Prrac(Te)-
(14)

(iii) When one TDP fails to start and one TDP fails to
run (sequence 9),

Parrse = (1= Pas) Far(Tw) - 2(1 = prw) (1 = prss)Prs Frr (T) * Parac(Te)
= (1 _pAS) <1 - ei)tARTm) . 2(1 _pTW)(l _p”sz)PTs(l - e’krkTm)
“Parac(To)-

(15)

(iv) When both TDPs fail to run owing to CCF
(sequence 7),

Pyrrk = (1= Pas) Far(Trm) - (1 = Prw) (1 = Prss)
(1= 2pps Frr(Tn)) Fric(Tom) - Parac(Te)

= (1= Pas) (1 - e_)LART'") (1= pry) (1 - Pis) (16)

(1= 2prg (1= ) ) (1= )

“Prrac(Te)-

(v) When both TDPs fail to run independently
(sequence 5),

Purrr = (1= Pas) Far(T) - (1 = prw) (1 = Prss)
(1= 2pgs Frp(T ) (1 = Frx (T))) Frpr (Tom)

T
(1= prw) (1= ph) (1= 2 (1 - T ) et
. (1 - eﬂmrm)z e (T2,

(17)

where Frgg(t) is given in Equation (4)

(vi) When TDPs cannot run because DC batteries are
depleted (sequence 3),
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Purpp = (1 = Pas) Far(T ) - (1 = prw) (1 = Prss)
(1 =2prgFrp(T,)) (1 FTK( m)) (1= Free(Tn))
—Pas)Far(T)

pNRAC(de +T)=(1-
2
P1s

( pTW ) (1 2prg (1 — e MrTu ))e-/\TKTm

( (‘ il )2) “Pxrac(Toa + Te)-

(18)

3.2. The Time Dependency Modeling Approach. To accu-
rately model the time dependencies instead of adopting con-
servative assumptions, the time of event in which the AAC
DG and TDP fail should be modeled, the corresponding
available time for AC power recovery should be identified,
and the integration should be performed for all possible
ranges of the AAC DG and TDP failure times.

3.2.1. When the AAC DG Fails to Start. The mathematical
formulas for the probabilities of the six sequences after the
fail-to-start failure of the AAC DG with consideration of
time dependencies are as follows:

(i) when both TDPs fail to start owing to CCF
(sequence 25),

Pustw =Pas * Prw * Prrac(Te)- (19)

(ii) When both TDPs fail to start independently
(sequence 23),

)Prss - Parac(Te)

20
)Pts - Prrac(Te)- 20)

Pystss =Pas - (1= Prw
=Pas* (1= Prw

(iii) When one TDP fails to start and one TDP fails to
run (sequence 21),

Ty
Pysr =I’ASL (1= prw)(1 = Prss) - 2P7sf rx (1)
Prrac(f+ To)dt =2p,g(1 = pry)
Ty
(1 —P%S)PTSJ Arge - pupac(t+ T, )dt.
0

(21)

(iv) When both TDPs fail to run owing to CCF
(sequence 19),

de
Pasx :pASJ (1= prw) (1 = prss) (1 = 2Prs Frr(Toa) ) f i (£)
0
‘Parac(t+ T)dt=pag(1

Tbi
(1= 2PTsFTR(de))J

- Prw) (1 _P%s)

Apye At “Parac(t+ T )dt.
0

(22)

(v) When both TDPs fail to run independently
(sequence 17),

Tyq
Prsrrr :PASJ (1= prw) (X = Prgs) (1 = 2p1s Frr(Tpa))
0

(1= Frx(Tpa))frrr (1) - Parac(E+ To)dt
=pas(l _PTW)(1 —P%s> (1 - 2prg (1 - fATRTW))‘f_ATKTM

T At At
J 2(1 —e )ATRE ™ parac(t+ Te)dt,
0

(23)

where f1pr () is given in Equation (6)

(vi) When TDPs cannot run because DC batteries are
depleted (sequence 15),

Pysep =Pas (1= prw) (1 = Prss) 2PrsRrr (Tea)
+ (1= 2pps) Ry (Tpg) Rrrr (Tpa)) - Pamac(Toa + Te)
=pas- (1 _PTW)(1 _P%S)

. ZPTSE*/\TRTM +(1- szs)e*/\TKTw (1 - (1 _ e’/\TRde>2):|

‘Parac(Toa + To)-
(24)

In Equation (24), the first and second terms in the
bracket are for the situations in which one TDP fails to start
and the other TDP operates successfully until the DC batte-
ries are depleted and when both TDPs operate successfully
until the DC batteries are depleted, respectively.

3.2.2. When the AAC DG Fails to Run. The mathematical
formulas for the probabilities of the six sequences after the
fail-to-run failure of the AAC DG with consideration of time
dependencies are as follows:

(i) When both TDPs fail to start owing to CCF
(sequence 13),



Tm
Pugrw =(1 _PAS)JO Far() - prw - Parac(t+ To)dt

Tm
=(1 _pAS)pTWJ Aare M5 pupac(ty + T)dt.
0
(25)

(ii) When both TDPs fail to start independently
(sequence 11),

T,
Puriss = (1 _pAS)JO Sar(®) - (1 = pryw)Prss - Parac(f + To)dt

T,
=(1-pug)(1 _PTW)P%SJO Agpe ! ‘Parac(t+T,)dt.
(26)

(iii) =When one TDP fails to start and one TDP fails to
run (sequence 9),

T,~Ty

Parsr = (1= Pas) U JtAJrTMfAR(tA) (1= Prw)(1 = Prsg)

“2prsf TR(t

J fAR
Ty=Tea
ZPTSfTR(tT) Prac(fr + To)dtrdt,

+J0 J:T 2(1 = prw) (1 = Prss)Prsfr(tr)

0

“Prac(tr + To)dtrdt,

— Prw) (1 —Prss)

“far(ta) * Parac(fa + Tc)thdtT]

=2(1-pus) (1= prw)(1 —P"zrs)PTs

Ty =Toa (ta+Tha
. NG
0 t,

T, T,
‘Prrac(tr + To)dtrdt, + J J Aar

T, =Tty

~Aarta . ATR e_)\TR tr

e‘/\AR ty

g€ T ppac(tr + To)dtrdt,

T (T gt ~Aart
+J J ATRe TRIT AARe ARFA
0

tr

“Prrac(fa + Tc)thdtT:| .

(27)

(iv) When both TDPs fail to run owing to CCF

(sequence 7),
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T =Tha (ta*tTha
Pprrx = (1= Pas) “ J Far(ta)
0

ty
“(1=prw) (1 = Prss) (1 = 2ppsFrp(T,) ) f (1)
T, T,
Parac(ty + To)dtrdty + jT . J Far(ta)

(1= prw) (1 = prss) (1 = 2pys P (T) ) f 1 (1)
Parac(tr + To)dtrdt,

+ L”J[ '"(1 = Prw) (1 = Prgs) (1 = 2ppg Frp (T,)) frx (tr)

far(ta) - Pxrac(fa + Tc)thdtT:|
(28)

=(1-pas)(1=Prw)(1 _P%s) (1 - 2prg (1 - e*’\m'l'm))

T=Tha (ta+Ta
. Aare
0 t,

Tm TWI
Parac(tr + To)dtrdty + [ [ e tanta
T=Tha
A€ M pupac(tr + To)dtpdty

Ty (T
+ [ J ATKe’/\TK[T . /\ARe’AARfA
tr

Jo

~Aarta . ATKe’)‘rK tr

“Parac(ta + Tc)thdtT:| .

(v) When both TDPs fail to run independently
(sequence 5),

T, -Tys tA+TM
Pyrrrr = (1~ Pas) J r(fa)
Jo

(1= prw) (1 = Prss) (1 = 2pps Fre(T'n))
(1= Frx(Ty))frre (b7) - Parac(tr + To)dirdiy
T, T,
+ JT , J[ Far(a) - (L= prw) (1 = prgs)
(

1=2prgFre(T,)) (1 = Fx(T,))frre (1)

T
“Parac(tr + To)dtrdt, + [ [
Jo

“(1=prw)

m

(1= prss) (1 = 2Py Frp(Tn))
(1 _FTK(T Nfrrr(t7) - far(fa)

“Parac(fa + Tc)thdtT:| (29)

=(1=pas)(X = Prw) (1 ~ Prss)

. (1 — ZPTS (1 — e’/\TRTm) ) e*ATKTm

(Tn=Toa (tatTea
. J J /\ARe’)LAR[A ) (1 _
Jo t

Tm
Parac(tr + To)dtpdiy + J j
T, ~Tos
: 2<1 - e_)t"'{t")ATRe_AmtT Parac(fr + T)dtrdt

.Tm Tm
~Arpt —Argt —Aar?
+J [ 2(1—8 TRT)/\TRe TRT./\ARe AREA
0 t

Jtp

e Mrir ) ATR e MriT

Tm
AAR e'/\AR ta

ty

“Parac(ta + Tc)thdtT:| >

where f.x (1) is given in Equation (6)
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TaBLE 2: Monte Carlo simulation results for the sequence probabilities.

Simulation  Pysrw  Pastss  Pastsk  Pastk  Paster  Pasep Partw  Partss  Partse  Partx  Partrr  Parpp

#1 6.50E-07 4.90E-07 3.32E-06 2.36E-06 5.64E-06 7.05E-03 1.20E-07 1.80E-07 2.46E-06 2.29E-06 2.01E-05 2.20E-03
#2 5.30E-07 6.00E-07 2.90E-06 2.46E-06 592E-06 7.07E-03 1.00E-07 9.00E-08 2.78E-06 2.01E-06 1.99E-05 2.21E-03
#3 4.50E-07 5.20E-07 2.64E-06 2.43E-06 5.77E-06 7.06E-03 1.20E-07 1.10E-07 2.05E-06 1.99E-06 2.02E-05 2.21E-03
#4 5.40E-07 4.20E-07 2.98E-06 2.26E-06 6.01E-06 7.06E-03 4.00E-08 1.00E-07 2.68E-06 2.18E-06 1.98E-05 2.21E-03
#5 5.20E-07 3.70E-07 3.04E-06 2.43E-06 5.75E-06 7.07E-03 7.00E-08 1.60E-07 2.55E-06 2.01E-06 1.99E-05 2.21E-03
#6 5.30E-07 3.90E-07 2.82E-06 2.22E-06 5.65E-06 7.07E-03 1.40E-07 9.00E-08 2.47E-06 1.97E-06 2.07E-05 2.21E-03
#7 4.60E-07 5.30E-07 2.74E-06 2.17E-06 5.89E-06 7.06E-03 1.20E-07 1.20E-07 2.60E-06 2.08E-06 1.93E-05 2.21E-03
#8 6.10E-07 5.50E-07 2.32E-06 2.24E-06 5.60E-06 7.06E-03 1.20E-07 8.00E-08 2.73E-06 2.21E-06 2.00E-05 2.21E-03
#9 4.70E-07 5.40E-07 3.10E-06 2.08E-06 5.54E-06 7.06E-03 1.00E-07 9.00E-08 2.35E-06 1.84E-06 2.01E-05 2.20E-03
#10 5.90E-07 4.60E-07 2.96E-06 2.00E-06 5.44E-06 7.06E-03 1.60E-07 1.10E-07 2.34E-06 2.03E-06 2.11E-05 2.21E-03

Average

5.35E-07 4.87E-07 2.88E-06 2.27E-06 5.72E-06 7.06E-03 1.09E-07 1.13E-07 2.50E-06 2.06E-06 2.01E-05 2.21E-03

(vi) When TDPs cannot run because DC batteries are
depleted (sequence 3),

T, ~Tpa
PAR,BDz(l_pAS)JO Far() - (1= prw) (1~ Prss)

“[2prsRrg(t + Tpg) + (1 = 2prg) Rk
“(t+ Tyg)Rypr (t + Toa) IParac(t + Tha + To)dt

Ty —To
=(1=pag)(1=prw)(1 _PTSS>'JO far(?)

. [2 Drs e (T o) 4 ( 1 - 2prs ) e M (t+Tea)

. (l - (1 - eATR(HThd))Z) }pNRAC(t + Ty + T,)dt.

(30)

Similar to Equation (24), the first and second terms in the
bracket in Equation (30) are for the situations in which one
TDP fails to start and the other TDP operates successfully
until the DC batteries are depleted and when both TDPs
operate successfully until the DC batteries are depleted,
respectively.

3.3. Conditional Core Damage Probability for an SBO. The
conditional core damage probability (CCDP) of an SBO
caused by the EDGs’ failure to start is calculated as the
sum of the twelve sequence probabilities in Equations
(7)-(18) for the conventional approach and Equations
(19)-(30) for the time dependency modeling approach.

CCDPgpo s = (Pagrw + Pasrss + Pastsr + Pastk + PasTrr
+Pyspp) + (Parrw + Parrss + ParTsr

+Partk + Parrr + ParpD)-

(31)

3.4. Discussion. The mathematical formula of P g, for the
conventional approach in Equation (12) is slightly different
from that of the time dependency modeling approach in
Equation (24). The conventional approach slightly underes-

timates the probability when one TDP fails to start and one
TDP operates successfully until the DC batteries are
depleted. However, as long as Fri(T}4) and Fpp(Tpy) are
sufficiently small, the difference is insignificant. A similar
difference can also be found in the mathematical formulas
of Equations (18) and (30) for the conventional approach
and the time dependency modeling approach, respectively.

4. Numerical Results

The numerical data in Table 1 are applied to the conventional
approach, the time dependency modeling approach, and the
Monte Carlo simulation. First, the mathematical formulas
for the time dependency modeling approach in Equations
(19)-(30) are validated by the Monte Carlo simulations. Then,
the numerical results from the conventional approach and the
time dependency modeling approach are compared to deter-
mine the conservativeness of the results the conventional
approach provides. Next, the degree of conservativeness of
the conventional approach is examined by varying two time-
related factors, pypac(t) and the mission time.

4.1. Validation and Comparison. Monte Carlo simulations
were performed to validate the mathematical formulas with
consideration of the time dependencies in Equations
(19)-(30). Each simulation was performed with 108 sample
sets, and ten simulations were performed. Table 2 shows
the Monte Carlo simulation results. For each simulation,
the sequence probability for the OK state was also calculated
to confirm that the sum of all sequence probabilities is one.

Table 3 compares the probabilities calculated by the con-
ventional approach with Equations (7)-(18), those calcu-
lated by the time dependency modeling approach with
Equations (19)-(30), and the average of ten Monte Carlo
simulation results. The ratios are between the conventional
and time dependency modeling approaches, given as the
probabilities calculated with the conventional approach to
those calculated with the time dependency modeling
approach. The errors are between the time dependency
modeling approach and the Monte Carlo simulations.
Figure 4 visually compares the numerical results from the
three approaches. For the SBO caused by the start failures
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TaBLE 3: Comparison of probabilities calculated with the conventional and time dependency modeling approach.

Sequence probability ~ Conventional approach ~ Time dependency modeling approach

Monte Carlo simulation Error Ratio

Pustw 5.35E-07 5.35E-07 5.46E-07 0.01%  1.00
Pagrss 5.03E-07 5.03E-07 5.21E-07 3.18%  1.00
Pustsr 4.74E-06 2.90E-06 2.83E-06 0.64%  1.63
Pustx 3.77E-06 2.30E-06 2.31E-06 149%  1.64
PusTrr 1.12E-05 5.80E-06 5.87E-06 1.42%  1.93
Pusep 7.06E-03 7.06E-03 7.07E-03 0.04%  1.00
Parrw 4.73E-07 1.15E-07 1.12E-07 539%  4.10
PurTss 4.44E-07 1.08E-07 8.90E-08 431%  4.10
Prrsr 2.36E-05 2.54E-06 2.40E-06 1.68%  9.28
Partx 1.99E-05 2.08E-06 2.13E-06 1.13%  9.56
Parrr 3.13E-04 2.07E-05 2.05E-05 261%  15.14
Parsp 6.11E-03 2.21E-03 2.21E-03 0.12% 277
CCDPgyp s 1.35E-02 9.31E-03 9.31E-03 0.01%  1.46

1E-02 -

1E-03 -

1E-04 -

1E-05 -

1E-06 -

1E-07 -

1E-08

Pastw Pastss Pastsr Pastr Pastrr Paspp Partw Parrss Parrsr Partk Parrrr Parsp

[ ET/FT approach
[ Time dependency modeling approach
Monte Carlo simulation

F1GURE 4: Comparison of calculated probabilities calculated with the conventional approach and the time dependency modeling approach.

of EDGs, the CCDPs calculated using the conventional
approach and the time dependency modeling approach are
1.35E-02 and 9.31E-03, respectively.

The numerical results from the time dependency model-
ing approach are in good agreement with those from the
Monte Carlo simulations. The difference in the conditional
core damage probabilities calculated by the time dependency
modeling and Monte Carlo simulations is as insignificant as
0.01%. The two greatest errors (5.39% and 4.31%) are found
in P,p 1w and P, g, Which are the two lowest sequence
probabilities. This is mainly caused by the relatively small
number of samples compared with the sequence probabili-
ties, in which, for example, 10® samples were used to esti-

mate probabilities around 1E-07. Therefore, the sequence
probabilities calculated by the time dependency modeling
approach can be considered exact.

The values for P,gryw, Pagtsss and Pagpp are similar
for the conventional and time dependency modeling
approaches, i.e., the ratios in Table 3 are 1 because the
time dependency is not involved in the three probabilities.
When time dependencies are involved, the conventional
approach adopts conservative assumptions, and therefore
the probabilities calculated with the conventional approach
are greater than those calculated with the time dependency
modeling approach, i.e., the ratios in Table 3 are greater
than 1. In the case of P,gpp, the conventional approach
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FIGURE 5: Probability ratios of the conventional approach to the time dependency modeling approach for different pyp,(#).
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FIGURE 6: Probability ratios of the conventional approach to the time dependency modeling approach for different mission times.

results in 15.14 times greater results. The time dependency
modeling approach eliminates unnecessary conservatism
when fail-to-run failures are involved.

For the sequence probabilities when the AAC DG fails to
start, the conventional approach results in sequence proba-
bilities that are approximately two times greater compared
with the time dependency modeling approach. These ratios
are attributed to the fail-to-run failures of the TDPs. For
the sequence probabilities when the AAC DG fails to run,
the conservative approach results in sequence probabilities
that are up to fifteen times greater. These ratios are attrib-
uted to the fail-to-run failures of both the AAC DG and
TDPs. By comparing the ratios for P,gpsp, Pasryx> and
P,srrr and those for Pp oy and P,y 1, it is found that
the contribution of the fail-to-run failure of the AAC DG

is greater than that of the fail-to-run failures of the TDPs.
This observation is supported by Table 3, which depicts
the impact of both AAC DG and TDPs’ fail-to-run failures
on the conservativeness of the conventional approach.
Specifically, the ratios for P,g 1y and P, 155 are both 4.10,
while the ratios for Pg1gr, Ppgris and Pagrgg are 1.63,
1.64, and 1.93, respectively.

4.2. Dependency on pypac(t) and Mission Time. The conven-
tional approach uses pyp,c(t) for a specific time point when
calculating the sequence probabilities, whereas the time
dependency modeling approach uses pyp,c(t) for the entire
range of the mission time. As the pyp,c(t) decreases more
quickly, the sequence probabilities calculated with the time
dependency modeling approach become smaller compared
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with those calculated with the conventional approach. In
other words, the ratios of the probabilities calculated with
the conventional approach to the probabilities calculated
with the time dependency modeling approach increase as
the pyrac(t) decreases more quickly. The ratios also increase
as the mission time increases.

Figure 5 shows the dependency of the ratios on pyp . (f).
The four pygac(t) datasets are associated with the four
LOOP event types in NUREG/CR-6890 (2020 update) and
are shown in Figure 3. The ratios are in the order of grid-
related, switchyard-centered, plant-centered, and weather-
related. This order is closely related to how quickly the
Parac(t) decreases in Figure 3. When the pypc(f) data
from EPRI 1009187 [19] are applied, the ratio of P,p pp
can be up to 644.27 for the grid-related LOOP event.

Figure 6 shows the dependency of the ratios on the mis-
sion time. For three mission times (24, 48, and 72 hours), the
ratios increase linearly as the mission time increases.

Therefore, pypsc(f) and the mission time have signifi-
cant effects on the conservativeness of the sequence proba-
bilities calculated by the conventional approach.

5. Conclusions

To calculate the risk from an NPP, the SBO risk should be
accurately calculated with consideration of time dependen-
cies. This paper extends the time dependency modeling in
the calculation of the SBO risk of an NPP by considering
redundant components and their CCFs.

The mathematical formulas to calculate the sequence
probabilities with the consideration of time dependencies
and CCFs are derived and validated with Monte Carlo sim-
ulations. After conducting ten Monte Carlo simulations,
each utilizing 10® sample sets, the difference in the CCDPs
calculated by the time dependency modeling approach and
the Monte Carlo simulations is as insignificant as 0.01%.
The differences in the individual sequence probabilities are
also small, with the two greatest differences being 5.39%
and 4.31% for the two lowest sequence probabilities.

Mathematical formulas are also derived for the conven-
tional approach to evaluate the conservativeness of the sequence
probabilities calculated by the conventional approach. This is
because the sequence probabilities calculated by the time depen-
dency modeling approach can be considered exact. The more
fail-to-run failures are involved, the more conservative the
calculation results provided by the conventional approach.
For example, the sequence probability when the AAC DG fails
to run and the TDPs fail to run independently becomes
approximately fifteen times more conservative when the con-
ventional approach is used. The degree of conservativeness by
the conventional approach is dependent on the probability
distribution of the nonrecovery of AC power and the mission
time. As the probability distribution of the nonrecovery of AC
power decreases more quickly over time or the mission time
increases, the conventional approach provides more conserva-
tive sequence probabilities.

The time dependency modeling provided in this paper
effectively decomposes complicated SBO scenarios and pro-

International Journal of Energy Research

vides exact sequence probabilities. This approach is expected
to provide a sound mathematical framework for analyzing
the SBO risk of an NPP.
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