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A B S T R A C T   

Station blackout (SBO) risk is one of the most significant contributors to nuclear power plant risk. In this paper, 
the sequence probability formulas derived by the convolution approach are compared with those derived by the 
conventional event tree/fault tree (ET/FT) approach for the SBO situation in which emergency diesel generators 
fail to start. The comparison identifies what makes the ET/FT approach more conservative and raises the issue 
regarding the mission time of a turbine-driven auxiliary feedwater pump (TDP), which suggests a possible 
modeling improvement in the ET/FT approach. Monte Carlo simulations with up-to-date component reliability 
data validate the convolution approach. The sequence probability of an alternative alternating current diesel 
generator (AAC DG) failing to start and the TDP failing to operate owing to battery depletion contributes most to 
the SBO risk. The probability overestimation of the scenario in which the AAC DG fails to run and the TDP fails to 
operate owing to battery depletion contributes most to the SBO risk overestimation determined by the ET/FT 
approach. The modification of the TDP mission time renders the sequence probabilities determined by the ET/FT 
approach more consistent with those determined by the convolution approach.   

1. Introduction 

Station blackout (SBO) refers to the loss of all alternating current 
(AC) power sources in a nuclear power plant (NPP) caused by the loss of 
offsite power (LOOP) followed by the failure of emergency diesel gen-
erators (EDGs). Under an SBO situation, an alternative AC power source 
such as an AAC DG (Alternative AC Diesel Generator) is used to maintain 
the NPP in a safe state. If decay heat cannot be removed by providing 
feedwater to the steam generators (SGs) with motor-driven auxiliary 
feedwater pumps, in short, motor-driven pumps (MDPs), or turbine- 
driven auxiliary feedwater pumps, in short, turbine-driven pumps 
(TDPs), the integrity of the reactor core may be challenged. When all AC 
power sources are not available, TDPs operate with direct current (DC) 
power from Class-1E DC batteries until the batteries deplete. Many 
probabilistic safety assessments (PSAs) have identified SBO risk as one of 
the most significant contributors to the overall risk of an NPP. 

The SBO rule (10 CFR 50.63) [1] requires each NPP to be able to 
withstand an SBO event, and Regulatory Guide 1.155 [2] describes an 
acceptable method to comply with the regulation by the United States 
Nuclear Regulatory Commission. NUREG/CR-2989 [3], 
NUREG/CR-3226 [4], NUREG-1032 [5], and NUREG/CR-6890 [6] are 
some of the SBO risk studies. To properly address time dependencies in 

calculating the SBO risk, the convolution integrals (also known as 
convolution method and convolution methodology) are used in studies 
such as IAEA-TECDOC-593 [7], Schroeder and Buell [8], Rodi [9], 
Knudsen et al. [10], and Degonish [11]. The author’s previous publi-
cation [12] systematically identifies SBO sequences and the associated 
time-dependent dependencies by differentiating fail-to-start and 
fail-to-run failures of an alternative AC power source and a TDP. 

The purpose of this paper is to validate the sequence probability 
formulas derived by the convolution approach with a Monte Carlo 
simulation and to compare it with the conventional event tree/fault tree 
(ET/FT) approach to identify the amount of overestimation involved in 
the ET/FT approach. 

For the SBO situations caused by the LOOP followed by the fail-to- 
start failures of EDGs, Section 2 identifies possible sequences with the 
ET/FT and convolution approaches. Section 3 compares the sequence 
probability formulas derived by the ET/FT and convolution approaches 
with a discussion on the mission time of the TDP. Section 4 validates the 
sequence probability formulas derived by the convolution approach 
with a Monte Carlo simulation and numerically compares the results of 
the ET/FT and convolution approaches. Section 5 provides the conclu-
sion of this paper. 
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2. SBO sequences determined by the ET/FT and convolution 
approaches 

The author’s previous publication [12] explained the station 
blackout sequences considered in the ET/FT and the convolution ap-
proaches in the form of event trees. In this paper, these event trees are 
revised with new notations explained in Section 3. 

Fig. 1 describes the ET/FT approach for considering AAC DG and 
TDP failures after an SBO in the form of an event tree. An example of 
such an approach is the PSA model for the Advanced Power Reactor 
1400 [13]. Fig. 1 is intended to conceptually describe how the failures of 
AAC DG, TDP, and AC power recovery are considered in the conven-
tional ET/FT approach. The full event tree in practical PSA models 
include more details after the occurrence of an SBO. 

An SBO can be properly managed if the AAC DG or the TDP suc-
cessfully starts and operates during mission time. The ET/FT approach 
did not distinguish the fail-to-start and fail-to-run failure modes of the 
AAC DG and the TDP. Conservative assumptions are used where time 
dependency cannot be properly considered. 

In engineering, the term convolution is widely used to refer to the 
calculation of a new distribution by combining two existing distribu-
tions. For example, in seismic probabilistic risk assessment, the seismic 
risk is calculated by convolving hazard and fragility curves. The term 
convolution has also been used for the risk calculation by combining the 
EDG failure time and offsite power recovery distributions [7–11]. 

Fig. 2 describes how event sequences are identified in the convolu-
tion approach with consideration of the failures of an AAC DG and a TDP 
after an SBO also in the form of an event tree. For mathematical 
modeling, it is necessary to distinguish the fail-to-start and fail-to-run 
failure modes of the AAC DG and the TDP so that the time de-
pendency relations can be properly considered. 

There are six core damage sequences: four sequences depending on 
how the AAC DG and TDP fail and two sequences for the battery 
depletion while the TDP operates without failure. In Section 3, the 
mathematical formulas for the six sequences are developed. 

Figs. 1 and 2 describe how significant core damage sequences with 
time dependency are identified. For Figs. 1 and 2 to be used in a PSA, 
more details must be included such as the supporting systems for the 
EDGs, AAC DG, and TDP, secondary heat removal by using atmospheric 
dump valves or main steam safety valves, and accident management 
after the recovery of AC power. 

3. Mathematical formulas for conditional core damage 
probabilities 

In this paper, it is assumed that an SBO is caused by a LOOP and the 

start failures of the EDGs. To define the modeling parameters for 
different components consistently and concisely, the modeling param-
eters and subscripts are first defined. A probability is denoted as p, a 
failure rate is denoted as λ, and a probability density function and a 
cumulative distribution function are denoted as f(t) and F(t), respec-
tively. A reliability function is denoted as R(t), and subscripts ‘A’ and ‘T’ 
are used for AAC DG and TDP, respectively, while subscripts ‘S’ and ‘R’ 
are used for fail-to-start and fail-to-run failure modes, respectively. For 
example, subscript ‘AS’ implies the AAC DG’s fail-to-start failure mode. 
pAS and fTR(t) are the probability that the AAC DG fails to start and the 
probability density function of a TDP fail-to-run occurrence, 
respectively. 

Table 1 provides the notations and their descriptions used in the 
mathematical modeling with the numerical data for the example in 
Section 4. Failure probabilities and failure rates are from NUREG/CR- 
6928 (2020 update) [14,15]. The time-related parameters are 
plant-specific and should be determined based on a thermal-hydraulic 
analysis, the scope of the PSA, and the capacity of the Class-1E DC 
batteries. For the example in Section 4, typical values are assumed. 

The available time for AC power recovery is the sum of the time the 
AAC DG has run, the time the TDP has run, and Tc. When the AAC DG or 
TDP fails to start, the time the component has run becomes zero. 

For fail-to-run failures, a failure rate is assumed constant, and 
therefore the time to failure follows an exponential distribution. The 
probability density function, cumulative distribution function, and 
reliability function are, respectively, 

f (t) = λe− λt (1)  

Fig. 1. Conventional consideration of AAC DG and TDP failures in the ET/ 
FT approach. 

Fig. 2. Proposed consideration of AAC DG and TDP failures in the convolu-
tion approach. 

Table 1 
The notations and their descriptions used in the mathematical modeling with 
numerical data for the example in Section 4.  

Notation Description Numerical data 

pAS the probability that the AAC DG fails to start 2.94E- 
02  

λAR the failure rate of the AAC DG 1.13E- 
03 

h− 1 

pTS the probability that a TDP fails to start 5.32E- 
03  

λTR the failure rate of a TDP 6.35E- 
03 

h− 1 

Tc the time to core damage after the failure of the AAC 
DG and TDP 

1 h 

Tbd the time required to deplete Class-1E DC batteries 4 h 
Tm the mission time 24 h  
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F(t)=
∫ t

0
f (τ)dτ = 1 − e− λt (2)  

R(t)= 1 − F(t) (3) 

The probability distribution for the non-recovery of AC power before 
t is assumed to follow a lognormal distribution as 

pNRAC(t)= 1 −

∫ t

0

1
̅̅̅̅̅
2π

√
σx

e
− 1

2

(
ln x− μ

σ

)2

dx (4)  

where μ and σ are the mean and standard deviation of the natural log-
arithms of the data, respectively. The switchyard-centered LOOP data in 
NUREG/CR-6890 (2020 Update) [16,17] are used in the example in 
Section 4 (Fig. 3). 

3.1. ET/FT approach without consideration of time dependencies 

For a comparison with the mathematical formulas considering the 
time dependencies in an SBO situation, the mathematical formulas in the 
ET/FT approach without the consideration of the time dependencies are 
presented in this section. To compare each core damage sequence 
probability, the core damage sequences in Fig. 1 are divided into more 
specific sequences in Fig. 2. The sequence probability formulas in the 
ET/FT approach are derived as follows: 

When both the AAC DG and TDP fail to start, 

PAS,TS = pAS ⋅ pTS⋅pNRAC(Tc) (5) 

When the AAC DG fails to start and the TDP fails to run, 

PAS,TR=pAS ⋅(1− pTS)FTR(Tm)⋅pNRAC(Tc)=pAS ⋅(1− pTS)
(
1− e− λTRTm

)
⋅pNRAC(Tc)

(6) 

When the AAC DG fails to start and the TDP becomes unable to 
operate owing to battery depletion, 

PAS,BD = pAS ⋅ (1 − pTS)(1 − FTR(Tm)) ⋅ pNRAC(Tbd +Tc)

= pAS ⋅ (1 − pTS)e− λTRTm ⋅pNRAC(Tbd +Tc)
(7) 

When the AAC DG fails to run and the TDP fails to start, 

PAR,TS=(1− pAS)FAR(Tm)⋅pTS ⋅pNRAC(Tc)=(1− pAS)
(
1− e− λARTm

)
⋅pTS⋅pNRAC(Tc)

(8) 

When the AAC DG and TDP fail to run, 

PAR,TR =(1 − pAS)FAR(Tm) ⋅ (1 − pTS)FTR(Tm) ⋅ pNRAC(Tc)

= (1 − pAS)
(
1 − e− λARTm

)
⋅ (1 − pTS)

(
1 − e− λTK Tm

)
⋅pNRAC(Tc)

(9) 

When the AAC DG fails to run and the TDP becomes unable to 
operate owing to battery depletion, 

PAR,BD =(1 − pAS)FAR(Tm) ⋅ (1 − pTS)[1 − FTR(Tm)] ⋅ pNRAC(Tbd + Tc)

= (1 − pAS)FAR(Tm) ⋅ (1 − pTS)RTR(Tm) ⋅ pNRAC(Tbd + Tc)

= (1 − pAS)
(
1 − e− λARTm

)
⋅ (1 − pTS)e− λTRTm ⋅pNRAC(Tbd + Tc)

(10) 

The conditional core damage probability (CCDP) for an SBO caused 
by EDGs’ failure-to-start is calculated as the sum of the six sequence 
probabilities in Eqs. (5)–(10). In Fig. 1, Sequence 5 includes PAS,TS, PAS,TR, 
PAR,TS, and PAR,TR, while Sequence 3 includes PAS,BD and PAR,BD. 

3.2. Convolution approach with consideration of time dependencies 

In the author’s previous publication [12], the mathematical formulas 
that consider the time dependencies are derived. In this section, the 
mathematical formulas are presented in a different form so that each 
formula corresponds to a sequence in Fig. 2. Note that the new notations 
also apply. 

In Fig. 2, there are six core damage sequences: sequences 3, 5, 7, 9, 
11, and 13. The mathematical formulas for the sequence probabilities 
are presented below. 

When both the AAC DG and TDP fail to start, 

PAS,TS = pAS ⋅ pTS ⋅ pNRAC(Tc)= pAS ⋅ pTS⋅pNRAC(Tc) (11) 

When the AAC DG fails to start and the TDP fails to run, 

PAS,TR = pAS(1 − pTS)

∫ Tbd

0
fTR(t)pNRAC(t+Tc)dt

= pAS(1 − pTS)

∫ Tbd

0
λTRe− λTRtpNRAC(Tc)dt

(12) 

When the AAC DG fails to start and the TDP becomes unable to 
operate owing to battery depletion,   

When the AAC DG fails to run and the TDP fails to start, 

Fig. 3. Probability of non-recovery of AC power as a function of time (pNRAC(t)) 
used in the example. 

PAS,BD = pAS(1 − pTS)

∫ ∞

Tbd

fTR(t)pNRAC(Tbd + Tc)dt ≈ pAS

∫ ∞

Tbd

fTR(t)pNRAC(Tbd + Tc)dt = pAS ⋅ (1 − pTS)(1 − FTR(Tbd)) ⋅ pNRAC(Tbd +Tc)

= pAS ⋅ (1 − pTS)e− λTRTbd ⋅pNRAC(Tbd + Tc)

(13)   
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When both the AAC DG and TDP fail to run, 

PAR,TR =(1 − pAS)(1 − pTS)

[ ∫ Tm − Tbd

0

×

∫ tA+Tbd

tA
fAR(tA)fTR(tT)pNRAC(tT +Tc)dtT dtA +

∫ Tm

Tm − Tbd

×

∫ Tm

tA
fAR(tA)fTR(tT)pNRAC(tT +Tc)dtT dtA +

∫ Tm

0

×

∫ Tm

tT
fTR(tT)fAR(tA)pNRAC(tA +Tc)dtAdtT

]

=(1 − pAS)(1 − pTS)

[ ∫ Tm − Tbd

0

×

∫ tA+Tbd

tA
λARe− λARtA ⋅ λTRe− λTRtT ⋅ pNRAC(tT +Tc)dtT dtA +

∫ Tm

Tm − Tbd

×

∫ Tm

tA
λARe− λARtA ⋅ λTRe− λTRtT ⋅ pNRAC(tT +Tc)dtT dtA +

∫ Tm

0

×

∫ Tm

tT
λTRe− λTRtT ⋅ λARe− λARtA ⋅ pNRAC(tT +Tc)dtAdtT

]

(15) 

When the AAC DG fails to run and the TDP becomes unable to 
operate owing to battery depletion,   

The CCDP for an SBO caused by EDGs’ failure-to-start is calculated as 
the sum of the six sequence probabilities in Eqs. (11)–(16). 

3.3. Discussion 

After the occurrence of an SBO, the operation of the AAC DG or TDP 
is necessary until AC power is recovered or the plant is in a safe state. A 
finite mission time is assigned after which the plant is assumed to be in a 
safe state. As the mission time becomes increasingly longer, the CCDP 
determined by the ET/FT method approaches pNRAC(Tc), whereas the 
CCDP determined by the convolution method approaches an asymptotic 
value with the consideration of the exponential decrease in the proba-
bility of non-recovery of AC power. The convolution approach provides 
a more natural way of considering the mission time of the AAC DG and 
TDP. 

3.4. Possible modeling improvement in the ET/FT approach 

The comparison between the sequence probability formulas derived 
by the ET/FT and convolution approaches identifies a TDP mission time 

issue. In the ET/FT approach, the fail-to-run failure of a TDP is modeled 
as an independent basic event, and the mission time of a TDP is also 
assumed to be Tm. This is because either the MDPs or TDPs must operate 
up to Tm to provide feedwater to the SGs, and therefore the mission time 
for both the MDPs and TDPs is assigned as Tm. The same basic event for 
TDP fail-to-run failure is combined with both the AAC DG fail-to-start 
failure and AAC DG fail-to-run failure without distinguishing between 
the two failures, as shown in Fig. 1. As a result, the mission time of the 
TDP for fail-to-run failure when the AAC DG fails to start also becomes 
Tm as shown in Eq. (7). 

However, when the AAC DG fails to start, the TDP is only operable 
for the time until the batteries deplete (Tbd), which is usually less than 
Tm. After the successful operation of a TDP up to Tbd, the available time 
for AC power recovery should be assigned as Tbd + Tc; instead, it is 
assigned as Tc in the ET/FT approach because the TDP does not operate 
up to Tm. The same logic also applies when the AAC DG fails to run, in 
which the TDP is only operable for an additional Tbd after the failure of 
the AAD DG. Therefore, it is suggested to modify the TDP mission time 
from Tm to Tbd in the ET/FT approach. 

In the proposed approach, the fail-to-start and fail-to-run failures of 
the AAC DG are distinguished, as illustrated in Fig. 2. This distinction 
allows the use of Tbd in Eq. (13) and Tm in Eq. (15). 

When both the AAC DG and TDP fail to start, Eqs. (5) and (11) for 

PAS,TS in both the ET/FT and convolution approaches are the same. This 
is because no time dependency is involved in the situation. 

When time dependencies are involved, the ET/FT approach adopts 
conservative assumptions, and therefore the probabilities calculated 
with the ET/FT approach are greater than those calculated with the 
convolution approach, except for PAS,BD. If the TDP does not fail to start, 
it will either fail to run or continue to run until the battery is depleted. 
Therefore, the sum of PAS,TR and PAS,BD remains constant. The conser-
vative assumption (the assignment of Tm as the mission time of the TDP) 
results in a conservative estimate of PAS,TR, which leads to smaller esti-
mates of PAS,BD in the ET/FT approach. If the mission time of the TDP is 
modified from Tm to Tbd in Eqs. (6) and (7), Eqs. (7) and (13) for PAS,BD in 
the ET/FT and convolution approaches become the same. 

4. Validation and comparison with numerical results 

In this section, the sequence probability formulas in Eqs. (11)–(16) 
are validated with a Monte Carlo simulation by using the numerical 
results. In addition, the numerical results of the ET/FT and convolution 
approaches are compared by applying up-to-date reliability data. 

PAR,TS =(1 − pAS)

∫ Tm

0
fAR(t) ⋅ pTS ⋅ pNRAC(t +Tc)dt=(1 − pAS)pTS

∫ Tm

0
λARe− λARt⋅pNRAC(t+ Tc)dt (14)   

PAR,BD =(1 − pAS)(1 − pTS) ⋅
[ ∫ Tm − Tbd

0
fAR(tA) ⋅

(∫ ∞

tA+Tbd

fTR(tT)dtT

)

⋅ pNRAC(tA + Tbd +Tc)dtA

]

=(1 − pAS)(1 − pTS)

∫ Tm − Tbd

0
fAR(tA) ⋅ (1 − FTR(tA + Tbd)) ⋅ pNRAC(tA +Tbd + Tc)dtA

=(1 − pAS)(1 − pTS)

∫ Tm − Tbd

0
λARe− λARtA ⋅ e− λTR(tA+Tbd )⋅pNRAC(tA +Tbd + Tc)dtA

(16)   
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4.1. Validation and comparison 

The numerical data in Table 1 are applied to the ET/FT approach in 
Eqs. (5)–(10), the convolution approach in Eqs. (11)–(16), and the 
Monte Carlo simulation. The failure-on-demand and failure rate data are 
from NUREG/CR-6928 (2020 update). The time-related data (mission 
time, battery depletion time, and time to core damage after the failures 
of the AAC DG and TDP) are assumed with typical values in nuclear 
power plants. The probability of non-recovery of AC power is from 
NUREG/CR-6890 (2020 update). 

In the Monte Carlo simulation, random numbers are generated to 
determine whether each AAC DG and TDP fails to start or not. If the AAC 
DG or TDP does not fail to start, the time that each of the AAC DG and 
TDP fails to run and the time of AC power recovery are sampled and then 
compared to determine whether AC power is recovered before the 
integrity of the reactor core is challenged. A total of 108 simulations 
were performed and the six sequence probabilities were estimated. 

Table 2 shows the numerical results from the ET/FT approach, 
convolution approach, and Monte Carlo simulation. Fig. 4 compares the 
numerical results from the three approaches. The convolution approach 
results are in good agreement with the Monte Carlo simulation results 
with errors of less than 1% for the six sequence probabilities. 

The sequence probabilities calculated with the ET/FT approach are 
greater than those calculated with the convolution approach (and Monte 
Carlo simulation) except for PAS,BD, as discussed in Section 3.3. The 
PAS,TR and PAR,TR of the ET/FT approach are 9.21 and 9.28 times greater 
than those of the convolution approach, respectively. The exception of 
PAS,BD and the large overestimation of PAS,TR and PAR,TR are caused by the 
assignment of a conservative mission time for the TDP. This is further 
discussed in Section 4.2. 

The difference in PAR,BD contributes significantly to the difference in 
the CCDPs between the ET/FT and convolution approaches, followed by 
the differences in PAS,TR and PAR,TR. In other words, the overestimation of 
PAR,BD contributes significantly to the overestimation of the CCDP by the 
ET/FT approach, followed by the overestimation of PAS,TR and PAR,TR. 

If the mission time (Tm) is very large, the CCDPs by the ET/FT and 
convolution approaches are 0.6045 (=pNRAC(Tc)) and 0.0115, respec-
tively. Therefore, the ET/FT approach significantly overestimates the 
CCDP. 

Fig. 5 shows the contributions of the sequence probabilities to the 
SBO CCDP calculated with the convolution approach. The biggest 
contributor to the SBO CCDP is the sequence probability of the scenario 
in which the AAC DG fails to start and the TDP becomes unable to 
operate owing to battery depletion (PAS,BD), followed by the sequence 
probability of the scenario in which the AAC DG fails to run and the TDP 
becomes unable to operate owing to battery depletion (PAR,BD). 

Table 2 
Numerical results from the ET/FT approach, convolution approach, and Monte Carlo simulation.  

No. Probability Sequence in Fig. 1 Sequence in Fig. 2 ET/FT approach Convolution approach Monte Carlo simulation 

1 PAS,TS 5 13 9.46E-05 9.46E-05 9.37E-05 
2 PAS,TR 5 11 0.002499 0.000271 2.71E-04 
3 PAS,BD 3 9 0.006041 0.006859 6.87E-03 
4 PAR,TS 5 7 8.35E-05 2.10E-05 2.10E-05 
5 PAR,TR 5 5 0.002207 0.000238 2.37E-04 
6 PAR,BD 3 3 0.005336 0.002058 2.06E-03  

CCDPSBO-S   1.63E-02 9.54E-03 9.55E-03  

Fig. 4. Comparison of numerical results between the ET/FT approach, convo-
lution approach, and Monte Carlo simulation. 

Fig. 5. SBO CCDP contribution of sequence probabilities (calculated with the 
convolution approach). 

Fig. 6. Comparison of numerical results between the ET/FT approach with the 
modified TDP mission time, convolution approach, and Monte Carlo simulation. 
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4.2. Effect of modifying TDP mission time from Tm to Tbd 

In Section 3.4, modifying the TDP mission time in the ET/FT 
approach from Tm to Tbd is discussed. Fig. 6 compares the numerical 
results for the three approaches when the suggested modification is 
performed. In the ET/FT approach, significant portions of PAS,TR and 
PAR,TR move to PAS,BD and PAR,BD, respectively. Now, the ratio of PAS,TR 

and PAR,TR using the ET/FT approach with modified TDP mission time 
and the convolution approach reduces from 9.21 to 9.28 to only 1.63 
and 1.65, respectively. This implies that the portions of PAS,TR and PAS,TR 

in the ET/FT approach was due to the conservative assignment of the 
TDP mission time. The overestimation of PAR,BD most significantly con-
tributes to the overestimation of the CCDP when using the ET/FT 
approach with the modified TDP mission time. 

The PAS,TS and PAS,BD calculated using the ET/FT approach with the 
modified TDP mission time are the same as those calculated using the 
convolution approach. The other four sequence probabilities that 
involve fail-to-run failures (PAS,TR, PAR,TS, PAR,TR and PAR,BD) determined 
by the ET/FT approach with the modified TDP mission time are still 
conservative. By realistically modeling the time dependencies, the 
convolution approach eliminates unnecessary overestimation when fail- 
to-run failures are involved. The modification of the TDP mission time 
renders the ET/FT approach more consistent with the convolution 
approach (as well as the Monte Carlo simulation results). 

The CCDP determined by the ET/FT approach with the modified TDP 
mission time, i.e., the sum of the six sequence probabilities, is now 
1.42E-2, which is slightly less than that of the conventional ET/FT 
approach. 

5. Conclusions 

SBO risk is one of the most significant contributors to nuclear power 
plant risk. In this paper, the mathematical formulas for the sequence 
probabilities determined by the convolution approach are compared 
with those determined by the conventional ET/FT approach. One of the 
findings of the comparison revealed a new modeling improvement in the 
ET/FT approach, in which the battery depletion time of a TDP should be 
used as the mission time of a TDP. 

The numerical results of the convolution approach are in good 
agreement with those of the Monte Carlo simulation, and provide an 
exact contribution of each sequence to SBO risk. The biggest contributor 
to the SBO CCDP is the sequence probability of the scenario in which the 
AAC DG fails to start and the TDP becomes unable to operate owing to 
battery depletion (71.37%), followed by the sequence probability of the 
scenario in which the AAC DG fails to run and the TDP becomes unable 
to operate owing to battery depletion (22.06%). 

The numerical comparison also provides new insight into the 
conservativeness of the conventional ET/FT approach. The biggest 
contributor to the SBO risk overestimation determined by the ET/FT 
approach is the overestimation of the sequence probability of the sce-
nario in which the AAC DG fails to run and the TDP becomes unable to 
operate owing to battery depletion. 

The selection of an overly conservative TDP mission time in the ET/ 
FT approach results in a significant difference between the ET/FT and 
convolution approaches. By modifying the TDP mission time with the 
battery depletion time, the sequence probabilities of the ET/FT 
approach become more consistent with those of the convolution 
approach. 

The proposed framework for the systematic sequence identification 
and mathematical modeling of SBO risk is expected to contribute to the 

development of more detailed mathematical modeling for accident se-
quences with time dependencies in nuclear power plants. Additionally, 
the new insights into the conservatism of the conventional ET/FT 
approach and the proposed modeling improvement are expected to 
enhance the modeling and estimation of SBO risk. 
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