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Abstract: Fault tree analysis (FTA) is frequently applied to deductively evaluate the safety systems
of complex engineering systems such as chemical industries or nuclear facilities. To perform this
analysis, generic data are commonly used due to the limitation of historical failure data of the system
being evaluated. However, generic data have a degree of uncertainty and hence cannot represent
the system’s actual performance. In addition, generic data are not applicable to older components
due to the aging process, which obviously degrades the reliability of those components. To deal
with this limitation, another safety analysis method, called fuzzy fault tree analysis (FFTA), has been
proposed. The purpose of this study is to apply FFTA to evaluate the performance of the primary
cooling systems of G.A. Siwabessy Multipurpose Reactor (RSG-GAS). RSG-GAS is a research reactor,
which belongs to the National Nuclear Energy Agency of Indonesia (BATAN). Expert justifications
were used to evaluate the failure occurrences of basic events in the primary cooling system of the
RSG–GAS through questionnaires. The assessment by experts is in the form of qualitative data,
which are then converted into quantitative data by applying FFTA. Then, the top event probability
generated from FFTA was applied to calculate the event probability using event tree analysis (ETA).
It was obtained that the highest event probability was 4.304 × 10−8/year. Since it complies with
The International Atomic Energy Agency (IAEA) specified core damage frequency (CDF) limit, i.e.,
not greater than 10−5/year of reactor operation, the reactor is safe to operate.

Keywords: fuzzy fault tree analysis; primary cooling system; research reactor; RSG–GAS;
safety analysis

1. Introduction

The risk assessment can be performed both qualitatively and quantitatively [1,2]. However,
the quantitative one is often discussed in the literature. Monte Carlo simulation, event tree analysis
(ETA), fault tree analysis (FTA), and failure mode and effect analysis (FMEA) are commonly used
methods in quantitative risk analysis [3]. These methods have been used in many applications, such as
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the risk assessment of gas pipeline leakage using ETA [4], risk evaluation by FMEA of a supercritical
water gasification system [5], FTA for cybersecurity risk analysis [6], and health risk assessment using
Monte Carlo approach [7].

From these various methods, FTA is widely used as an analytical method in probabilistic safety
assessments (PSAs). It is a deductive failure analysis that focuses on one particular undesired event
and provides a method for determining causes of this event. The undesired event constitutes the
top event in a fault tree diagram constructed for the system and generally consists of a complete
or catastrophic failure. By using the basic operations of union, intersection, and complementation,
Boolean algebra allows us to express events in terms of other basic events. In fault tree applications,
a system failure can be expressed in terms of basic component failures by translating the fault tree to
equivalent Boolean equations [8].

As a quantitative technique for safety assessment, FTA relies heavily on statistical approaches,
which require high-quality data [3]. In conventional FTA, basic events are represented by probabilities
(crisp numbers). FTA assumes that the exact probabilities of events are given, and sufficient failure data
are available. However, many modern systems are highly reliable, and thus, it is often very difficult to
obtain sufficient statistical data to estimate precise failure rates or failure probabilities [9]. If no data
are available, a quantitative risk assessment would not be possible [3].

Due to limited data, some studies use generic data when applying FTA, including the application
of FTA in a nuclear research reactor. Aneziris et al. applied the FTA method using generic data in the
GRR-1 (the Greek Research Reactor) [10]. Barati and Setayeshi also report the use of the FTA method
with generic data to determine the total frequency of core damage accidents in the Tehran Research
Reactor [11].

However, using generic data increases the uncertainty value of the PSA result [12]. Generic data
are not applicable to old components because the reliability of old components is greatly affected by
the aging process [13]. Moreover, the inaccuracy associated with system models due to human error is
difficult to manage solely through conventional probabilistic reliability theory [9].

In 1965, Lotfi A. Zadeh considered the common way humans use adjectives and recommended
that we amend the characteristic function to allow for values that fall in the interval between zero and
one [14]. This is stated as the fuzzy set theory.

The application of fuzzy set theory enables qualitative data to be modeled mathematically.
Qualitative judgments by experts in linguistic terms are converted to quantitative form by applying
fuzzy concepts. A fuzzy set allows the gradation of membership for an element of the universal
set. As a result of this, modeling based on fuzzy arithmetic is expected to express the situation more
realistically [15].

Onisawa used fuzzy set theory to complement conventional reliability theory [16]. After this,
many researchers developed a fuzzy method. Fuzzy fault tree analysis (FFTA) was developed to
address the limitations of FTA methods. Fuzzy methods may be the only methods that can be used
when the availability of the quantitative information is limited or insufficient [17–19].

FFTA has been widely used in many studies of various systems, such as to evaluate the failure
probability of an oil and gas transmission system in a study by Yuhua and Datao [20]. FFTA was
carried out by Tyagi, Pandey, and Kumar in a reliability analysis of an electric power transformer [21].
Rajakarunakaran et al. applied FFTA for the risk evaluation of a liquid petroleum gas refueling
station [9]. FFTA has also been used for patient safety risk modeling in healthcare by Komal [22].
Cheliyan and Bhattacharyya used FFTA to analyze the leakage of oil and gas in a subsea production
system [23]. It has also been used to evaluate nuclear power plants by Purba [24]. The application of
FFTA in PSA of the nuclear power plant has been conducted and reported as well [13,24–28]. However,
its application in the nuclear research reactor has not been reported. Moreover, the International
Atomic Energy Agency (IAEA) recommends using probabilistic safety assessment (PSA) for analyzing
risks associated with the operation of nuclear facilities through the issuance of the IAEA-TECDOC-1200
entitled “Application of probabilistic safety assessment, PSA, for nuclear power plants” [29] and
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TECDOC-400 entitled “Probabilistic Safety Assessment for Research Reactors” [30]. PSAs are performed
using a logical and systematic approach to realistically assess the performance of equipment and
personnel of the system being evaluated. PSA is a useful tool for safety management, and its usage can
increase safety levels by providing information that is not available from the evaluation of a limited set
of design-based events [29]. Therefore, this study can provide a reference on the application of PSA
with fuzzy approach in a nuclear research reactor.

The national nuclear energy agency of Indonesia (BATAN) has operated three research reactors.
One of those is the multipurpose reactor G.A. Siwabessy (RSG-GAS), which is located in Serpong,
West Java. RSG-GAS is an open pool reactor, which is cooled and moderated by water. The reactor is
designed for a thermal output of 30 MW and a peak value of thermal flux in the central irradiation
position (CIP) of 5.38 × 1014 n/cm2/s [31]. Figure 1 describes the reactor building.
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Since our study is limited to the primary cooling system of RSG-GAS, firstly we have to consider
its condition. The RSG-GAS primary cooling systems remove heat from the core and reflector.
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Based on the Safety Analysis Report compiled by PRSG (2017), the RSG-GAS primary cooling system
components consist of primary pumps and heat exchangers located within the primary cell of the
reactor building [31]. These components are connected to the reactor pool and the core reactor using a
pipe to form a closed circuit. The primary cooling system is also equipped with process instrumentation
consisting of water-level indicators, temperature indicators, pressure indicators, and speed indicators
at each primary pump.

The RSG-GAS primary cooling system has 3 pumps [31]. During the normal operation process,
2 pumps are used in parallel and 1 pump is used as a backup. The pump parts that intersect with
the primary cooler are made of stainless steel. The primary pump functions to drain the primary
cooling water.

The primary cooling system has 2 (two) heat exchangers that work in parallel [31]. This tool serves
to move the heat generated in the primary system into the secondary cooling water. Secondary water
flows through the pipes and primary cooling water flows around the pipes on the side of the cell in the
opposite direction.

The primary coolant main pipe is designed to be able to withstand seismic loads. Each inlet
channel and primary coolant outlet is equipped with two isolation valves located in the valve chamber.
These valves work redundantly [31].

The RSG-GAS was constructed in 1983 and reached its first criticality on 27 March 1987. Meanwhile,
the first operation in the full power of 30 MW was reached in March 1992. RSG-GAS has been operated
for more than 30 years; hence, it experiences the aging process [32]. Tyas performed a safety analysis of
the primary cooling system of RSG-GAS using hazard identification (HAZID), hazard and operability
analysis (HAZOP), fault tree analysis (FTA), and event tree analysis (ETA) by utilizing generic data [33].
Hence, the aging process experienced by RSG-GAS was still not considered in the study. Consequently,
the utilization of generic data taken from various sources cannot be avoided. Consequently, the results
of the analysis do not fully describe the real performance of the safety system being investigated.

The purpose of this study is to propose the FFTA method to evaluate the performance of the
safety systems of RSG-GAS, which do not always have sufficient historical failure data to statistically
assess their component reliabilities. To confirm its applicability, the primary cooling system of the
RSG-GAS is evaluated using the proposed method. This study offers two main advantages: (1) experts,
who have experiences and knowledge in the construction and operation of the RSG-GAS, can provide
their qualitative judgment on the reliability of the safety system related components, which do not
always have sufficient historical failure data, and (2) uncertainties within the experts’ judgments can
be captured through the implementation of triangular fuzzy numbers to quantitatively represent those
experts’ qualitative judgments.

2. Methods

The research procedure is accomplished in six stages, as shown in Figure 2. In this case,
the information about the fault tree and basic events of the system being evaluated, the RSG-GAS
primary cooling system must be gathered before Stage 1 begins.

2.1. Stage 1: Preliminaries

This step consists of qualitative probability assessment questionnaire creation and expert selection.
The questionnaires were compiled based on the fault tree and basic events data of the RSG-GAS
primary cooling system. They contain the personnel data of the experts and questions about basic event
failure probability for the RSG-GAS primary cooling system. The experts involved in the assessment
process had to be selected properly. The expert selection was carried out by applying the methods that
had been described by Kumaraningrum et al. [34]. The result of this stage is the questionnaire to be
used in the assessment process and also the selected experts as the respondents.
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2.2. Stage 2: Expert Evaluation

The selected experts provide an evaluation of basic events through questionnaires. The weighting
of experts (1) from 0 to 1 was conducted to correlate experts’ competence with their judgments [24].
This weighting was based on their professional positions, the length of time they had worked on
the system being evaluated, their educational level, and contribution to the design, construction,
and/or commissioning of the reactor, as described in Table 1.

Table 1 represents the grading of experts. Each expert was assessed concerning the 5 criteria listed
in Table 1. If an expert has a professional position as head of the division, then for the first criterion,
he gets a score of 5. The same assessment is carried out for criteria 2 to 5 for each expert.

From this stage, we obtained the qualitative data for basic events and expert weights (W) as an
input for the next stage.

W =

wi|i = 1, 2, 3, . . . , n; 0 ≤ wi ≤ 1 and
n∑

i=1

wi = 1

 (1)

Expert justifications, which are expressed as qualitative judgments, were collected to assess the
failure possibility of basic events, and the membership functions of fuzzy numbers were used to
convert those qualitative judgments into quantitative data. For example, if an expert assessed a basic
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event with ‘very low failure possibilities (VL)’, this means that this basic event failure probability is
predicted to be less than 10−8 and very unlikely to become failures. Seven possible qualitative failures
that have been set out are listed in Table 2.

Table 1. Experts weighting [34]. RSG-GAS: G.A. Siwabessy Multipurpose Reactor.

No. Criteria Classification Score

1. Professional position

Head of division 5

Head of sub-division 4

Supervisor of the reactor,
supervisor of maintenance 3

Operator of the reactor,
maintenance technician 2

Radiation protection officer,
the staff of operation safety 1

2.
Professional experience/duration of
work at RSG-GAS related to primary
cooling system operation

More than 20 years 5

15–20 years 4

10–15 years 3

5–10 years 2

Less than 5 years 1

3.
Education/Technical qualifications
related to the reactor physics or
technology of the reactor

Ph.D./Post Doctoral 5

Magister 4

Bachelor degree 3

Diploma 2

Senior high school/vocational high school 1

4.
Involvement in design, construction,
and/or commissioning of RSG-GAS

Involved 1

Not involved 0

Table 2. Basic event likelihood values [28].

Basic Event Failure Possibilities Failure Probabilities

Very low (VL) <1.0 × 10−8

Low (L) 1.0 × 10−8–1.0 × 10−7

Reasonably low (RL) 1.0 × 10−7–1.0 × 10−6

Moderate (M) 1.0 × 10−6–1.0 × 10−5

Reasonably high (RH) 1.0 × 10−5–1.0 × 10−4

High (H) 1.0 × 10−4–1.0 × 10−3

Very high (VH) >1.0 × 10−3

The result of an assessment by experts generates the matrix of basic event qualitative data
(Ql). The qualitative data are in linguistic terms, such as very low, low, reasonably low, moderate,
reasonably high, and very high. A Ql example is shown in Equation (2).

Ql =


very low reasonably low . . . low

. . . . . . . . . . . .

. . . . . . . . . . . .

 (2)
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2.3. Stage 3: FFTA Application

2.3.1. Failure Possibility Fuzzification

The objective of this step is to generate matrix Qn as in Equation (3) from matrix Ql (2), with µenbl
i

being the ith failure possibility of the basic event bl evaluated by the expert en. The Qn matrix is
quantitative data in accordance with qualitative data from matrix Ql.

Qn =


µe1b1

i µe2b1
i . . . µenb1

i
...

...
...

...
µe1bl

i . . . . . . µenbl
i

 (3)

To convert qualitative data into fuzzy numbers, a triangular fuzzy number is utilized for
representing the probabilities. A triangular fuzzy number is a fuzzy number represented with 3 points
(al, a and au), as illustrated in Figure 3. According to Bector and Chandra (2005), a fuzzy number A is
called a triangular fuzzy number (TFN) if its membership function µA is given by Equation (4) [15].

µA(x) =


0 x< al, x >au
x−al
a−al

al ≤ x ≤ a
au−x
au−a a < x ≤ au

(4)
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Purba (2014) proposed the membership functions of triangular fuzzy numbers, from seven basic
event failure possibilities in Table 2, which were mathematically given in Equations (5)–(11) [24]. If an
expert gives a failure probability assessment of a basic event as ‘low’ in the Ql matrix, then the Qn

matrix will be (0.07, 0.13, 0.19).

µVery Low(x) = µ1(x) = (0.00; 0.04; 0.08) (5)

µLow(x) = µ2(x) = (0.07; 0.13; 0.19) (6)

µReasonably Low(x) = µ3(x) = (0.17; 0.27; 0.37) (7)

µModerate(x) = µ4(x) = (0.35; 0.50; 0.65) (8)

µReasonably High(x) = µ5(x) = (0.63; 0.73; 0.83) (9)
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µHigh(x) = µ6(x) = (0.81; 0.87; 0.93) (10)

µVery High (x) = µ7(x) = (0.92; 0.96; 1.00) (11)

2.3.2. Basic Event Final Membership Function Generation

The purpose of this stage is to generate the vector MB, as shown in Equation (12). MB is the result
of the multiplication of Qn in Equation (3) with the expert weights, W, as shown in Equation (1) [24].

MB =


µb1(x)

...
µbl(x)

 =

µe1b1

i µe2b1
i . . . µenb1

i
...

...
...

...
µe1bl

i µe2bl
i µe3bl

i µenbl
i

 ×


W1

W2
...

Wn

 (12)

2.3.3. Membership Function Defuzzification

At the defuzzification stage, the vector RB
S shown in Equation (13) is generated. RB

S is a vector
of basic event failure probabilities produced by the decoding membership function using the area
defuzzification technique (ADT) [24]. ADT is a technique for defuzzifying fuzzy numbers into single
values. Figure 4 explained more about ADT. If Ã = (a, b, c, d) is a normal trapezoidal fuzzy number,
which then becomes a normal triangle fuzzy number because of b = c, then ADT is calculated using
Equation (14).

RB
S =


Rb1

S
...

Rbl
S

 =


ADT(µb1(x))
...

ADT
(
µbl(x)

)
 (13)

where
ADT =

1
18

(4a + b + d). (14)

Energies 2020, 13, x FOR PEER REVIEW   8 of 30 

 

2.3.2. Basic Event Final Membership Function Generation 

The purpose of this stage is to generate the vector MB, as shown in Equation (12). MB is the result 
of the multiplication of Qn in Equation (3) with the expert weights, W, as shown in Equation (1) [24]. 

= ( )⋮( ) = …⋮ ⋮ ⋮ ⋮    ⋮  (12)

2.3.3. Membership Function Defuzzification 

At the defuzzification stage, the vector  shown in Equation (13) is generated.  is a vector 
of basic event failure probabilities produced by the decoding membership function using the area 
defuzzification technique (ADT) [24]. ADT is a technique for defuzzifying fuzzy numbers into single 
values. Figure 4 explained more about ADT. If Ã = (a, b, c, d) is a normal trapezoidal fuzzy number, 
which then becomes a normal triangle fuzzy number because of b = c, then ADT is calculated using 
Equation (14). 

 
Figure 4. Area defuzzification technique [24]. 

= ⋮ = ( ( ))⋮( ( ))  (13)

where =  (4 + + ). (14)

2.3.4. Basic Event Failure Probability Generation 

In 1988, Onisawa explained the concept of ‘error possibility’ instead of the error rate in human 
reliability and its application in FTA [35]. Onisawa’s proposed logarithmic function is describes in 
Equation (15) to fit the very small error possibility. = 11 +  log 1  (15)

where e is analogous to the failure possibility score, Em is the fuzzy failure rate, and K is a constant 
with a value of 0.435. 

Figure 4. Area defuzzification technique [24].

2.3.4. Basic Event Failure Probability Generation

In 1988, Onisawa explained the concept of ‘error possibility’ instead of the error rate in human
reliability and its application in FTA [35]. Onisawa’s proposed logarithmic function is describes in
Equation (15) to fit the very small error possibility.

e =
1

1 +
[
K × log

(
1

Em

)]3 (15)
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where e is analogous to the failure possibility score, Em is the fuzzy failure rate, and K is a constant
with a value of 0.435.

By inserting vector RB
S into Onisawa’s logarithmic function in Equation (15), a vector of failure

probabilities (RB) is generated in Equation (16). The result of this stage is failure probabilities that are
similar to the failure probabilities of historical failure data [24].

RB =


Rb1

...
Rbl

 =


f (Rb1
S )

...
f (Rbl

S )

 (16)

2.4. Stage 4: Top Event Probability Generation

By applying failure probabilities that were generated at Stage 3, we can calculate the top event
probability. The basic event values obtained from the calculation with the fuzzy approach are used as
inputs in the calculation of the probability of failure of the top event, which is done using Boolean
algebra. The failure probability of an input event arising from two or more independent input events
combined by a Boolean OR-gate is calculated using Equation (17), and that of an input event arising
from events combined by a Boolean AND-gate is calculated using Equation (18).

P(A0) = 1−
n∏

i=1

{
1− P(Ai)

}
(17)

P(A0) =
n∏

i=1

P(Ai) (18)

where P(Ai) is the failure probability of the input event Ai and n is the number of input events at the
Boolean gate [36].

2.5. Stage 5: Risk Analysis by ETA

Risk analysis in the primary cooling system was performed by ETA. The event tree diagram was
developed. The incidence scenario of available safety systems was based on postulated initiating
internal events obtained from the results of risk identification in the RSG-GAS primary cooling system.
Failure event probability was determined for the initial event and every pivotal event. Then, the risk
value was calculated for each sequence in the event tree diagram. The consequence of every sequence
was determined.

2.6. Stage 6: Analysis of Results

The results of calculations with ETA are compared with acceptance criteria. From this, the condition
of the RSG-GAS in terms of the reliability aspects of its primary cooling systems can be seen.

3. Results and Discussion

3.1. Preliminaries Stage

A fault tree for the primary cooling system of RSG-GAS was developed by Tyas, and it is listed in
the Appendix A [33]. Eight fault trees describe the possible failure of the primary cooling system of
RSG-GAS, i.e., (1) failure of the reactor scram activated by the pool water level signal, (2) failure of the
reactor scram activated by the mass flow rate signal, (3) failure of the reactor scram activated by the
outlet temperature signal of the primary heat exchanger, (4) failure of the reactor scram activated by
the position signal of the primary isolation valve, (5) failure of secondary system isolation, (6) failure
of primary system isolation, (7) failure of the primary cooler natural circulation, and (8) failure of pool
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cooling. Based on these fault trees, there are 23 basic events (B1–B23) underlying the occurrence of a
failure in the primary cooling system of the RSG-GAS. The basic events are summarized in Table 3.

Table 3. Basic events data of the RSG-GAS primary cooling system [33].

Basic Event Code Description
Value of Failure

Probability
(Generic Data)

Reference Source

B1 ROAD6 Control rod insertion fails 7.68 × 10−5 PSA Greek RR

B2 ELECTR Six contact system fails 2.28 × 10−6 PSA Greek RR

B3 AL-F Alarm fails 4.32 × 10−2 TECDOC 478

B4 D-F Detector fails 2.16 × 10−3 TECDOC 478

B5 T-F Transmitter fails 2.16 × 10−3 TECDOC 478

B6 B-F Buffer fails 2.16 × 10−3 TECDOC 478

B7 OP Operator error 1.00 × 10−2 PSA Greek RR

B8 SGN-F Signal fails 2.50 × 10−4 TECDOC 478

B9 DSP-F Display fails 2.16 × 10−3 TECDOC 478

B10 VLV-S1 Valve JE-01-AA-01 fails (stuck) 5.76 × 10−4 PSA Greek RR

B11 VLV-S2 Valve JE-01-AA-02 fails (stuck) 5.76 × 10−4 PSA Greek RR

B12 VLV-S18 Valve JE-01-AA-18 fails (stuck) 5.76 × 10−4 PSA Greek RR

B13 VLV-S19 Valve JE-01-AA-19 fails (stuck) 5.76 × 10−4 PSA Greek RR

B14 VLV-S14 Valve PA-01-AA-14 fails (stuck) 5.76 × 10−4 PSA Greek RR

B15 VLV-S16 Valve PA-01-AA-16 fails (stuck) 5.76 × 10−4 PSA Greek RR

B16 FLAP-S Natural circulation flap fails (stuck) 5.76 × 10−4 PSA Greek RR

B17 FAIL-W Pressure different error 1.00 × 10−2 PSA Greek RR

B18 MP-F Pump fails to start 4.80 × 10−4 TECDOC 478

B19 MP-FAS Pump fails after start 2.98 × 10−3 TECDOC 478

B20 BF-F Blower fails to start 1.20 × 10−3 TECDOC 478

B21 BF-FAS Blower fails after start 1.20 × 10−3 TECDOC 478

B22 HE-P Heat exchanger clogged 2.74 × 10−3 TECDOC 478

B23 HE-R Heat exchanger leaked 1.44 × 10−3 TECDOC 478

Questionnaires were designed as a tool of assessment for the experts on the failure probability for
basic events identified in Table 3. Each expert answers the question, “What is the failure possibility of
each basic event (B1 to B23)?” by selecting the answer as a form of linguistic qualitative assessment
(very low/VL, low/L, reasonably low/RL, moderate/M, reasonably high/RH, high/H, or very high/H).

The experts who are involved in the assessment process were selected by using methods that
have been used and described by Kumaraningrum et al. [34]. This paper describes the selection of
experts as correspondents in the assessment through the development of a personnel involvement
matrix on risk factors. Through the implementation of the proposed approach, 5 groups of experts
were selected. The 5 groups consisted of (1) the head of division (reactor maintenance division,
reactor operation division, and occupational and operation safety division); (2) the head of subdivision
(mechanical system subdivision, electrical system subdivision, instrumentation, control subdivision,
operation reactor subdivision, and operation safety subdivision); (3) the supervisor of the reactor and
the supervisor of maintenance; (4) the operator of the reactor and the maintenance technician; and (5)
the radiation protection officer and the staff of the operation safety subdivision.



Energies 2020, 13, 1975 11 of 29

3.2. Expert Evaluation

Seven experts have been confirmed to be enough and are a reasonable number for fault tree analysis
by fuzzy approach in the nuclear reactor [24,28]. There were 9 experts (E1 to E9), representing each
group selected, who provided an evaluation of the basic events. Hence, wider views from the personnel
related to the reactor utilization could be collected. The results of the experts’ judgment are expressed
as the Ql matrix (19) and an expert’s weighting (W), as shown in Table 4.

Table 4. Experts weighting.

Experts
Code

Score Weighting
Factor (W)Criteria 1 Criteria 2 Criteria 3 Criteria 4 Weighting Score

E1 5 5 4 0 14 0.141414141

E2 2 5 3 0 10 0.101010101

E3 4 5 3 1 13 0.131313131

E4 4 5 3 0 12 0.121212121

E5 2 5 3 0 10 0.101010101

E6 3 5 3 0 11 0.111111111

E7 3 5 3 0 11 0.111111111

E8 4 3 4 0 11 0.111111111

E9 1 2 4 0 7 0.070707071

Total 99 1

Each expert has their respective weighting factor, although some experts have the same value
as other experts, ranging from 0.070707071 to 0.141414141. The greater value of the weighting factor
indicates that the expert is more credible.

Ql =



VL RH RH L VL VL L L RL
VL M M M L L M M RL
L H VH M L RL M M RL
L H VH M RL RL RH M M
L RH VH M RL RL M M RL
L RH VH M RL RL M RL RL
L RH VH L RL RL L VH RL
L H H RL L RL M M M
L H VH RL RL RL M M M

VL RH H L L L VL L RL
VL RH H L L L VL L RL
VL RH H L L L VL L RL
VL RH H L L L VL L RL
L RH H RL L L L L RL
L H H RL L L L L RL

VL RH H L VL VL VL RL RL
VL RH VH L RL RL L RL RH
L M H M L RL RH RL RL
L RL VH RL L RL RH M RL
L RL VH L L L RL M RL
L RL VH RL L M RL M RL

VL H VH L L L VL M RH
VL H VH RL VL VL VL L RL



(19)
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The Ql matrix is a matrix containing the results of the experts’ assessments. From this matrix,
we can see that the results of the evaluation from expert number 1 (E1) are in the first column, the results
of E2 are in the second column, and so on.

3.3. FFTA Application

The failure possibility fuzzification stage produces the Qn matrix shown in Equation (20) of
the Ql matrix shown in Equation (19). The basic event final membership function generation stage
produces the MB matrix by multiplying the Qn matrix with W. From this multiplication result, we get
the values of a, b, and d, which are the final membership functions of the basic events. For example,
the probabilities for basic events B1, B20, and B23 are generated as follows:

Qn =



(0.00; 0.04; 0.08) (0.63; 0.73; 0.83) (0.63; 0.73; 0.83) (0.07; 0.13; 0.19) (0.00; 0.04; 0.08) (0.00; 0.04; 0.08) (0.07; 0.13; 0.19) (0.07; 0.13; 0.19) (0.17; 0.27; 0.37)
(0.00; 0.04; 0.08) (0.35; 0.50; 0.65) (0.35; 0.50; 0.65) (0.35; 0.50; 0.65) (0.07; 0.13; 0.19) (0.07; 0.13; 0.19) (0.35; 0.50; 0.65) (0.35; 0.50; 0.65) (0.17; 0.27; 0.37)
(0.07; 0.13; 0.19) (0.81; 0.87; 0.93) (0.92; 0.96; 1.00) (0.35; 0.50; 0.65) (0.07; 0.13; 0.19) (0.17; 0.27; 0.37) (0.35; 0.50; 0.65) (0.35; 0.50; 0.65) (0.17; 0.27; 0.37)
(0.07; 0.13; 0.19) (0.81; 0.87; 0.93) (0.92; 0.96; 1.00) (0.35; 0.50; 0.65) (0.17; 0.27; 0.37) (0.17; 0.27; 0.37) (0.63; 0.73; 0.83) (0.35; 0.50; 0.65) (0.35; 0.50; 0.65)
(0.07; 0.13; 0.19) (0.63; 0.73; 0.83) (0.92; 0.96; 1.00) (0.35; 0.50; 0.65) (0.17; 0.27; 0.37) (0.17; 0.27; 0.37) (0.35; 0.50; 0.65) (0.35; 0.50; 0.65) (0.17; 0.27; 0.37)
(0.07; 0.13; 0.19) (0.63; 0.73; 0.83) (0.92; 0.96; 1.00) (0.35; 0.50; 0.65) (0.17; 0.27; 0.37) (0.17; 0.27; 0.37) (0.35; 0.50; 0.65) (0.17; 0.27; 0.37) (0.17; 0.27; 0.37)
(0.07; 0.13; 0.19) (0.63; 0.73; 0.83) (0.92; 0.96; 1.00) (0.07; 0.13; 0.19) (0.17; 0.27; 0.37) (0.17; 0.27; 0.37) (0.07; 0.13; 0.19) (0.92; 0.96; 1.00) (0.17; 0.27; 0.37)
(0.07; 0.13; 0.19) (0.81; 0.87; 0.93) (0.81; 0.87; 0.93) (0.17; 0.27; 0.37) (0.07; 0.13; 0.19) (0.17; 0.27; 0.37) (0.35; 0.50; 0.65) (0.35; 0.50; 0.65) (0.35; 0.50; 0.65)
(0.07; 0.13; 0.19) (0.81; 0.87; 0.93) (0.92; 0.96; 1.00) (0.17; 0.27; 0.37) (0.17; 0.27; 0.37) (0.17; 0.27; 0.37) (0.35; 0.50; 0.65) (0.35; 0.50; 0.65) (0.35; 0.50; 0.65)
(0.00; 0.04; 0.08) (0.63; 0.73; 0.83) (0.81; 0.87; 0.93) (0.07; 0.13; 0.19) (0.07; 0.13; 0.19) (0.07; 0.13; 0.19) (0.00; 0.04; 0.08) (0.07; 0.13; 0.19) (0.17; 0.27; 0.37)
(0.00; 0.04; 0.08) (0.63; 0.73; 0.83) (0.81; 0.87; 0.93) (0.07; 0.13; 0.19) (0.07; 0.13; 0.19) (0.07; 0.13; 0.19) (0.00; 0.04; 0.08) (0.07; 0.13; 0.19) (0.17; 0.27; 0.37)
(0.00; 0.04; 0.08) (0.63; 0.73; 0.83) (0.81; 0.87; 0.93) (0.07; 0.13; 0.19) (0.07; 0.13; 0.19) (0.07; 0.13; 0.19) (0.00; 0.04; 0.08) (0.07; 0.13; 0.19) (0.17; 0.27; 0.37)
(0.00; 0.04; 0.08) (0.63; 0.73; 0.83) (0.81; 0.87; 0.93) (0.07; 0.13; 0.19) (0.07; 0.13; 0.19) (0.07; 0.13; 0.19) (0.00; 0.04; 0.08) (0.07; 0.13; 0.19) (0.17; 0.27; 0.37)
(0.07; 0.13; 0.19) (0.63; 0.73; 0.83) (0.81; 0.87; 0.93) (0.17; 0.27; 0.37) (0.07; 0.13; 0.19) (0.07; 0.13; 0.19) (0.07; 0.13; 0.19) (0.07; 0.13; 0.19) (0.17; 0.27; 0.37)
(0.07; 0.13; 0.19) (0.81; 0.87; 0.93) (0.81; 0.87; 0.93) (0.17; 0.27; 0.37) (0.07; 0.13; 0.19) (0.07; 0.13; 0.19) (0.07; 0.13; 0.19) (0.07; 0.13; 0.19) (0.17; 0.27; 0.37)
(0.00; 0.04; 0.08) (0.63; 0.73; 0.83) (0.81; 0.87; 0.93) (0.07; 0.13; 0.19) (0.00; 0.04; 0.08) (0.00; 0.04; 0.08) (0.00; 0.04; 0.08) (0.17; 0.27; 0.37) (0.17; 0.27; 0.37)
(0.00; 0.04; 0.08) (0.63; 0.73; 0.83) (0.92; 0.96; 1.00) (0.07; 0.13; 0.19) (0.17; 0.27; 0.37) (0.17; 0.27; 0.37) (0.07; 0.13; 0.19) (0.17; 0.27; 0.37) (0.63; 0.73; 0.83)
(0.07; 0.13; 0.19) (0.35; 0.50; 0.65) (0.81; 0.87; 0.93) (0.35; 0.50; 0.65) (0.07; 0.13; 0.19) (0.17; 0.27; 0.37) (0.63; 0.73; 0.83) (0.17; 0.27; 0.37) (0.17; 0.27; 0.37)
(0.07; 0.13; 0.19) (0.17; 0.27; 0.37) (0.92; 0.96; 1.00) (0.17; 0.27; 0.37) (0.07; 0.13; 0.19) (0.17; 0.27; 0.37) (0.63; 0.73; 0.83) (0.35; 0.50; 0.65) (0.17; 0.27; 0.37)
(0.07; 0.13; 0.19) (0.17; 0.27; 0.37) (0.92; 0.96; 1.00) (0.07; 0.13; 0.19) (0.07; 0.13; 0.19) (0.07; 0.13; 0.19) (0.17; 0.27; 0.37) (0.35; 0.50; 0.65) (0.17; 0.27; 0.37)
(0.07; 0.13; 0.19) (0.17; 0.27; 0.37) (0.92; 0.96; 1.00) (0.17; 0.27; 0.37) (0.07; 0.13; 0.19) (0.35; 0.50; 0.65) (0.17; 0.27; 0.37) (0.35; 0.50; 0.65) (0.17; 0.27; 0.37)
(0.00; 0.04; 0.08) (0.81; 0.87; 0.93) (0.92; 0.96; 1.00) (0.07; 0.13; 0.19) (0.07; 0.13; 0.19) (0.07; 0.13; 0.19) (0.00; 0.04; 0.08) (0.35; 0.50; 0.65) (0.63; 0.73; 0.83)
(0.00; 0.04; 0.08) (0.81; 0.87; 0.93) (0.92; 0.96; 1.00) (0.17; 0.27; 0.37) (0.00; 0.04; 0.08) (0.00; 0.04; 0.08) (0.00; 0.04; 0.08) (0.07; 0.13; 0.19) (0.17; 0.27; 0.37)



(20)

MB =


µb1(x)
µb20(x)
µb23(x)

 (21)

MB =


(0.00; 0.04; 0.08) (0.63; 0.73; 0.83) (0.63; 0.73; 0.83) (0.07; 0.13; 0.19) (0.00; 0.04; 0.08) (0.00; 0.04; 0.08) (0.07; 0.13; 0.19) (0.07; 0.13; 0.19) (0.17; 0.27; 0.37)
(0.07; 0.13; 0.19) (0.17; 0.27; 0.37) (0.92; 0.96; 1.00) (0.07; 0.13; 0.19) (0.07; 0.13; 0.19) (0.07; 0.13; 0.19) (0.17; 0.27; 0.37) (0.35; 0.50; 0.65) (0.17; 0.27; 0.37)
(0.00; 0.04; 0.08) (0.81; 0.87; 0.93) (0.92; 0.96; 1.00) (0.17; 0.27; 0.37) (0.00; 0.04; 0.08) (0.00; 0.04; 0.08) (0.00; 0.04; 0.08) (0.07; 0.13; 0.19) (0.17; 0.27; 0.37)





0.141414141
0.101010101
0.131313131
0.121212121
0.101010101
0.111111111
0.111111111
0.111111111
0.070707071


(22)

MB =


(0.18; 0.25; 0.31)
(0.24; 0.32; 0.40)
(0.24; 0.30; 0.35)

 (23)

The result of the membership function defuzzification stage is the RB
S vector, which is calculated

by Equations (15) and (16). Then, the result is used as the input at the basic event failure generation
stage. Table 5 summarizes the failure probabilities generated by the FFTA application for all the basic
events mentioned in Table 3.

Rb1
S

Rb20
S

Rb23
S

 =


ADT(0.18; 0.25; 0.31)
ADT (0.24; 0.32; 0.40)
ADT(0.24; 0.30; 0.35)

 =


1
18 (4× 0.18 + 0.25 + 0.31)
1

18 (4× 0.24 + 0.32 + 0.40)
1

18 (4× 0.24 + 0.30 + 0.35)

 (24)


Rb1

S
Rb20

S
Rb23

S

 =


1

10[
1−0.071650

0.071650 ]
1/3
×2.301

1

10[
1−0.093451

0.093451 ]
1/3
×2.301

1

10[
1−0.090303

0.090303 ]
1/3
×2.301

 =


3.94× 10−6

1.24× 10−5

1.07× 10−5

 (25)
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Table 5. Data generated by the fuzzy fault tree analysis (FFTA) application.

Basic Events Final Membership
Functions

Failure Possibility
Score Failure Probabilities

B1 (0.18; 0.25; 0.31) 0.071650 3.94 × 10−6

B2 (0.23; 0.34; 0.45) 0.094764 1.31 × 10−5

B3 (0.37; 0.47; 0.56) 0.139495 6.03 × 10−5

B4 (0.42; 0.52; 0.62) 0.157811 9.53 × 10−5

B5 (0.36; 0.47; 0.57) 0.138148 5.81 × 10−5

B6 (0.34; 0.44; 0.54) 0.130556 4.69 × 10−5

B7 (0.36; 0.43; 0.50) 0.132054 4.90 × 10−5

B8 (0.35; 0.44; 0.54) 0.131667 4.84 × 10−5

B9 (0.37; 0.47; 0.57) 0.140084 6.12 × 10−5

B10 (0.21; 0.27; 0.34) 0.081347 6.88 × 10−6

B11 (0.21; 0.27; 0.34) 0.081347 6.88 × 10−6

B12 (0.21; 0.27; 0.34) 0.081347 6.88 × 10−6

B13 (0.21; 0.27; 0.34) 0.081347 6.88 × 10−6

B14 (0.24; 0.31; 0.39) 0.092929 1.21 × 10−5

B15 (0.26; 0.33; 0.40) 0.098316 1.53 × 10−5

B16 (0.21; 0.27; 0.33) 0.080135 6.45 × 10−6

B17 (0.30; 0.37; 0.45) 0.112458 2.62 × 10−5

B18 (0.32; 0.42; 0.49) 0.121762 3.58 × 10−5

B19 (0.32; 0.40; 0.49) 0.119781 3.36 × 10−5

B20 (0.24; 0.32; 0.40) 0.093451 1.24 × 10−5

B21 (0.28; 0.38; 0.47) 0.110337 2.43 × 10−5

B22 (0.31; 0.37; 0.44) 0.113990 2.77 × 10−5

B23 (0.24; 0.30; 0.35) 0.090303 1.07 × 10−5

3.4. Top Event Probability Generation

The probability of a top event is calculated by Boolean algebra. The failure probability of the basic
events, obtained from the fuzzy calculations (Table 5), is used. The result of the top event probability
calculation is summarized in Table 6. The top event probability generation is described as follows.

The repeated events and non-minimal cut sets must be simplified by the concept of minimal cut
set, before the calculation of the top event probability [37]. In this way, a reliable FTA result can be
produced. A minimal cut set is a cut set that has been reduced into the minimum number of fault
events [37].

Following the idempotent law of Boolean algebra, the fault tree of reactor scram activated by pool
water level signal (Fault tree 1, FT-1) is simplified in Figure 5. Based on the fault tree simplification of
FT-1, the top event probability of FT-1 is calculated using Equation (17).

PTE1 = 1−
{
(1− PB1)(1− PB2)(1− PB4)(1− PB5)(1− PB6)(1− PB3)(1− PB7)

}
= 3.2664× 10−4 (26)
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Table 6. The probability of the top event.

No. Fault Tree Event Top Event Probability

1. FT-1 Reactor scram failure activated by pool water-level signal 3.2664 × 10−4

2. FT-2 Reactor scram failure activated by mass flow rate signal 3.2664 × 10−4

3. FT-3 Reactor scram failure activated by outlet temperature
signal of primary heat exchanger 3.2664 × 10−4

4. FT-4 Reactor scram failure activated by position signal of
primary isolation valve 3.2664 × 10−4

5. FT-5 Secondary system isolation failure 3.589 × 10−4

6. FT-6 Primary system isolation failure 3.589 × 10−4

7. FT-7 Primary cooler natural circulation failure 3.265 × 10−5

8. FT-8 Pool cooling failure 2.425 × 10−4

1 
 

 

 

 

 

 

 

 

 

 

 

Figure 5. Simplified of FT-1.

Using the same method as in the FT-1 calculation (26), the top event probability of a reactor scram
activated by the mass flow rate signal (FT-2), the reactor scram activated by the outlet temperature
signal of the primary heat exchanger (FT-3), and the reactor scram activated by the position signal of
primary isolation valve (FT-4) are each equal to 3.2664 × 10−4.

To generate the top event probability of secondary system isolation, the idempotent law of Boolean
algebra is applied to the fault tree of secondary system isolation (FT-5), simplified and shown in
Figure 6. Thus, the probability of a top event in FT-5 is first calculated by calculating the probability of
an intermediate event (isolation valve fails) using Equation (18), and then the top event probability of
FT-5 is calculated using Equation (17).

PIE = (PB14)(PB15) = 1.85× 10−10 (27)

PTE5 = 1−
{
(1− PIE)(1− PB4)(1− PB5)(1− PB6)(1− PB8)(1− PB9)(1− PB7)

}
= 3.589× 10−4 (28)

The fault tree of secondary system isolation (FT-6) is simplified and shown in Figure 7 by applying
the idempotent law of Boolean algebra. The probability for FT-6 is first calculated by calculating the
probability of two intermediate events using Equation (18), and the result is 4.73 × 10−11. Then, the top
event probability for FT-6 calculated using Equation (17) is equal to 3.589 × 10−4.

The fault tree of the primary cooler natural circulation (FT-7) is as shown in Figure 8. The top
event probability for FT-7 calculated using Equation (17) is equal to 3.265 × 10−5.

Since the idempotent law of Boolean algebra is applied to the fault tree of pool cooling (FT-8),
the fault tree simplification of FT-8 can be arranged as shown in Figure 9. Then, the top event probability
of FT-8 calculated using Equation (17) is equal to 2.425 × 10−4.
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3.5. Risk Analysis by ETA

To evaluate the final value of the CDF, a corresponding event tree (ET) associated with different
initiators must be constructed. An ET is developed by the order of safety systems that were functioning
at the time the initial event appeared.

In this study, there are 5 postulated initiating events that could occur in the primary RSG-GAS
cooling system (Table 7). The development of the event tree (ET) is based on these 5 initial events
(ET1 through ET5). The initial event frequency used in the calculations of ET1 through ET5 is taken
from the IAEA [38] and presented in Table 8.

Table 7. Internal initial events of the RSG-GAS primary cooling system [34].

No Accidents Initiating Events Triggers

1
Loss of coolant
accident (LOCA)

Leakage of the primary
cooling pipe in the area after
isolation valve (LOCA 1)

Aging phenomena, such as
corrosion, fatigue, and fracture

Rupture of pump casing due
to impeller failure (LOCA 2)

Aging phenomena, such as
corrosion, fatigue, and fracture

Leakage of heat
exchanger (LOCA 3)

Aging phenomena, such as
corrosion, fatigue, and fracture

2
Loss of coolant flow
accident (LOFA)

Failure of the primary
pump (LOFA 1)

Lack of maintenance
and inspection

Reduced primary coolant
flow due to valve
failure (LOFA 2)

Lack of maintenance
and inspection

Table 8. Initiator frequency data of event tree [38].

Initiator Event Tree Frequency (Per Year)

LOCA 1 ET1 1.2 × 10−4

LOCA 2 ET2 1.2 × 10−4

LOCA 3 ET3 1.2 × 10−4

LOFA 1 ET4 1.0 × 10−5

LOFA 2 ET5 1.0 × 10−5

3.5.1. LOCA 1

LOCA 1 is a loss of coolant due to leakage of the primary cooling pipe after the isolation valve. If there
is a leak in the area after the isolation valve, and the pond water level drops below 12.25 m ± 0.05 m,
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the reactor protection system will shut down the reactor, the primary isolation valve will shut down
automatically, and the pump will be extinguished. The next step is to open the natural isolation valve
automatically because of the effect of gravity when the primary system flow rate falls below 15%. Then,
the cooling stream through the core reverses its direction (to stream upward), and the discharge of decay
heat from the core to the pond water occurs through natural convection. The heat retrieval by the primary
system will stop. However, the decay heat of the substance continues. For that, the heat recovery function
is transferred to the pool cooling system. The probability of each sequence in the ETA diagram was
calculated using Equation (18); for example, the probability of sequence 1.2 is shown as follows, and the
calculation results for all sequences can be seen in the LOCA 1 event tree in Figure 10.

PS−1.2 = (PInitiator)(PFT1-success)(PFT6-success)(PFT7-success)(PFT8-failure) = 2.90791× 10−8 (29)
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3.5.2. LOCA 2

LOCA 2 is a loss of coolant caused by the breaking of the pump casing due to impeller failure.
This incident is unlikely, but it must be considered. The breaking of the pump casing due to impeller
failure results in a decrease in the mass flow rate of the pump. The mass flow rate signal will turn off

the reactor when the mass flow rate of ≤90% ± 5% of the total flow rate of 860 kg/s. The isolation valve
closes, and the disposal heat dissipates in a pool cooler by natural circulation. The tree incidence of
coolant loss due to the breaking of the pump casing can be seen in Figure 11.



Energies 2020, 13, 1975 18 of 29
Energies 2020, 13, x FOR PEER REVIEW   18 of 30 

 

Figure 11. Event tree of LOCA 2. 

3.5.3. LOCA 3 

LOCA 3 is a loss of coolant due to the leakage of heat exchangers. In the heat exchanger, the 
primary water flows over the tube and the secondary water flows over the shell. The assumption of 
leakage occurs in the tube while the pump is still working. Leakage of these tubes will result in the 
primary cooling water contaminating the secondary water. At the upper limit of 5 × 10−3 Ci/m3, the 
radiation detection alarm on the secondary circuit will sound and activate the secondary valve to 
close automatically. Closing this valve means that the secondary cooling system is isolated and its 
heat cannot be discharged into the environment. As a result, the primary coolant temperature will 
rise. If the primary outlet temperature is higher than 44 °C, then the reactor protection system will 
become active, so the reactor will be extinguished and heat dissipation is carried out by the pool 
cooling system. The result of the calculation of the loss of coolant due to leakage of the heat exchanger 
can be seen in Figure 12. 

Figure 11. Event tree of LOCA 2.

3.5.3. LOCA 3

LOCA 3 is a loss of coolant due to the leakage of heat exchangers. In the heat exchanger,
the primary water flows over the tube and the secondary water flows over the shell. The assumption
of leakage occurs in the tube while the pump is still working. Leakage of these tubes will result in
the primary cooling water contaminating the secondary water. At the upper limit of 5 × 10−3 Ci/m3,
the radiation detection alarm on the secondary circuit will sound and activate the secondary valve to
close automatically. Closing this valve means that the secondary cooling system is isolated and its heat
cannot be discharged into the environment. As a result, the primary coolant temperature will rise.
If the primary outlet temperature is higher than 44 ◦C, then the reactor protection system will become
active, so the reactor will be extinguished and heat dissipation is carried out by the pool cooling system.
The result of the calculation of the loss of coolant due to leakage of the heat exchanger can be seen in
Figure 12.

3.5.4. LOFA 1

LOFA 1 is a coolant flow loss due to the failure of the primary pump. Sudden primary pump
failure is very unlikely because pump performance (flow, flow rate, temperature, and rotational speed)
is always monitored during operation. However, it is still possible. The failure of the pump due to the
loss of electricity is ignored under these conditions.

In the event of failure of the primary pump, the flywheel from the primary pump works so that
the cooling is still running. In conditions of mass flow rate ≤ 90% ± 5% of the total flow rate of 860 kg/s,
the reactor will be extinguished. Further heat dissipation will be done naturally by the pool cooling
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system. The tree incidence of loss of coolant flow due to failure of the primary pump can be seen in
Figure 13.Energies 2020, 13, x FOR PEER REVIEW   19 of 30 
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3.5.5. LOFA 2

LOFA 2 is a loss of coolant flow due to valve failure. The primary isolation valve serves to maintain
the integrity of the reactor pool when a leak occurs. If the primary cooling system leaks, the inlet and
outlet valves will close. However, the sudden closing of the valves while the reactor is still operating
can cause accidents due to reduced coolant flow in the reactor core. It is assumed that this failure only
occurs on valve AA01. The primary isolation valve signal is installed in the reactor protection system,
so if this signal is on, at a threshold of 3◦ of rotation, the reactor will scram. Furthermore, the residual
heat will be discharged through a pool cooling system that works naturally in the presence of a natural
circulation valve. The event tree of the primary isolation valve failure can be seen in Figure 14.

3.6. Analysis of Results

The sequence of events 1.1, 2.1, 3.1, 4.1, and 5.1 are shown in Figures 10–14 under normal
conditions. Under these conditions, if the initial incident of the accident arises, the safety system can
work normally by its function, so that no further accidents occur. In other sequences of events, there are
safety systems that fail in performing their functions. The maximum probability of event according
to the ETA result is 4.304 × 10−8/year. However, based on the results of the ETA, the risk probability
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value in the primary cooling system of RSG-GAS is below the CDF value set by the IAEA (10−5/year).
Thus, it can be concluded that the reactor is safe to operate.

This can be achieved because the maintenance program of RSG-GAS has run well, the workers
have been working following applicable procedures, and they also have personnel certification.
This personnel certification is issued by The Nuclear Energy Regulatory Agency of Indonesia
(Badan Pengawas Tenaga Nuklir, BAPETEN) in the form of a work permit application to the maintenance
staff (supervisor of maintenance and maintenance technician), supervisor of reactor, operator of the
reactor, nuclear radiation protection officer, and safeguard officer.

It is important to notice that this proposed approach should be applied in the PSA by FTA when
basic events do not have their corresponding historical failure data. Expert judgment is the only mean
to collect basic event occurrence likelihoods. On the other hand, when all basic events have their
corresponding historical failure data to statistically evaluate their reliability, conventional FTA should
be applied.Energies 2020, 13, x FOR PEER REVIEW   20 of 30 
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4. Conclusions

FFTA can be used as an alternative PSA method, especially if component failure data are not
available or are insufficient. The risk value of the primary cooling system of RSG-GAS complies with
the IAEA-specified CDF limit, i.e., not greater than 10−5/year of reactor operation. The ETA method
used to obtain the probability of each event gives a maximum value of 4.304 × 10−8/year. So, it can be
stated that the reactor is safe to operate.
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Appendix A

Eight fault trees describe the failure that may occur in the primary cooling system of the RSG-GAS,
as follows.

1. Reactor scram failure activated by pool water-level signal
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Figure A1. Fault tree of reactor scram failure activated by pool water-level signal. Note: 1 = reactor 
fail to scram. 2 = control rods insertion fail (B1). 3 = contact 6 system fail (B2). 4 = no signal. 5 = no 
scram manually. 6 = no scram from automatic system. 7 = the operator does not receive an alarm. 8 = 
operator fail (B7). 9 = detector system of JAA-01 CL 811 and 821 fail. 10 = detector system of JAA-01 
CL 831 and 821 fail. 11 = detector system of JAA-01 CL 811 and 831 fail. 12 = detector system fail. 13 = 
alarm fail (B3). 14 = detector system of JAA-01 CL 811 fail. 15 = detector system of JAA-01 CL 821 fail. 
16 = detector system of JAA-01 CL 831 fail. 17 = detector fail (B4). 18 = transmitter fail (B5). 19 = buffer 
fail (B6). 

  

Figure A1. Fault tree of reactor scram failure activated by pool water-level signal. Note: 1 = reactor fail
to scram. 2 = control rods insertion fail (B1). 3 = contact 6 system fail (B2). 4 = no signal. 5 = no scram
manually. 6 = no scram from automatic system. 7 = the operator does not receive an alarm. 8 = operator
fail (B7). 9 = detector system of JAA-01 CL 811 and 821 fail. 10 = detector system of JAA-01 CL 831 and
821 fail. 11 = detector system of JAA-01 CL 811 and 831 fail. 12 = detector system fail. 13 = alarm fail (B3).
14 = detector system of JAA-01 CL 811 fail. 15 = detector system of JAA-01 CL 821 fail. 16 = detector
system of JAA-01 CL 831 fail. 17 = detector fail (B4). 18 = transmitter fail (B5). 19 = buffer fail (B6).
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2. Reactor scram failure activated by mass flow rate signal
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Figure A2. Fault tree of reactor scram failure activated by mass flow rate signal. Note: 1 = reactor fail 
to scram. 2 = control rods insertion fail (B1). 3 = contact 6 system fail (B2). 4 = no signal. 5 = no scram 
manually. 6 = no scram from automatic system. 7 = the operator does not receive an alarm. 8 = operator 
fail (B7). 9 = detector system of JAA-01 CL 811 and 821 fail. 10 = detector system of JAA-01 CL 831 and 
821 fail. 11 = detector system of JAA-01 CL 811 and 831 fail. 12 = detector system fail. 13 = alarm fail 
(B3). 14 = detector system of JAA-01 CL 811 fail. 15 = detector system of JAA-01 CL 821 fail. 16 = 
detector system of JAA-01 CL 831 fail. 17 = detector fail (B4). 18 = transmitter fail (B5). 19 = buffer fail 
(B6). 

  

Figure A2. Fault tree of reactor scram failure activated by mass flow rate signal. Note: 1 = reactor fail
to scram. 2 = control rods insertion fail (B1). 3 = contact 6 system fail (B2). 4 = no signal. 5 = no scram
manually. 6 = no scram from automatic system. 7 = the operator does not receive an alarm. 8 = operator
fail (B7). 9 = detector system of JAA-01 CL 811 and 821 fail. 10 = detector system of JAA-01 CL 831 and
821 fail. 11 = detector system of JAA-01 CL 811 and 831 fail. 12 = detector system fail. 13 = alarm fail (B3).
14 = detector system of JAA-01 CL 811 fail. 15 = detector system of JAA-01 CL 821 fail. 16 = detector
system of JAA-01 CL 831 fail. 17 = detector fail (B4). 18 = transmitter fail (B5). 19 = buffer fail (B6).



Energies 2020, 13, 1975 24 of 29

3. Reactor scram failure activated by outlet temperature signal of primary heat exchanger
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Figure A3. Fault tree of reactor scram failure activated by the outlet temperature signal of the primary 
heat exchanger. Note: 1 = reactor fail to scram. 2 = control rods insertion fail (B1). 3 = contact 6 system 
fail (B2). 4 = no signal. 5 = no scram manually. 6 = no scram from automatic system. 7 = the operator 
does not receive an alarm. 8 = operator fail (B7). 9 = detector system of JAA-01 CL 811 and 821 fail. 10 
= detector system of JAA-01 CL 831 and 821 fail. 11 = detector system of JAA-01 CL 811 and 831 fail. 
12 = detector system fail. 13 = alarm fail (B3). 14 = detector system of JAA-01 CL 811 fail. 15 = detector 
system of JAA-01 CL 821 fail. 16 = detector system of JAA-01 CL 831 fail. 17 = detector fail (B4). 18 = 
transmitter fail (B5). 19 = buffer fail (B6). 

  

Figure A3. Fault tree of reactor scram failure activated by the outlet temperature signal of the primary
heat exchanger. Note: 1 = reactor fail to scram. 2 = control rods insertion fail (B1). 3 = contact 6 system fail
(B2). 4 = no signal. 5 = no scram manually. 6 = no scram from automatic system. 7 = the operator does not
receive an alarm. 8 = operator fail (B7). 9 = detector system of JAA-01 CL 811 and 821 fail. 10 = detector
system of JAA-01 CL 831 and 821 fail. 11 = detector system of JAA-01 CL 811 and 831 fail. 12 = detector
system fail. 13 = alarm fail (B3). 14 = detector system of JAA-01 CL 811 fail. 15 = detector system of
JAA-01 CL 821 fail. 16 = detector system of JAA-01 CL 831 fail. 17 = detector fail (B4). 18 = transmitter fail
(B5). 19 = buffer fail (B6).
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4. Reactor scram failure activated by position signal of primary isolation valve
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Figure A4. Fault tree of reactor scram failure activated by the position signal of the primary isolation 
valve. Note: 1 = reactor fail to scram. 2 = control rods insertion fail (B1). 3 = contact 6 system fail (B2). 
4 = no signal. 5 = no scram manually. 6 = no scram from automatic system. 7 = the operator does not 
receive an alarm. 8 = operator fail (B7). 9 = detector system of JAA-01 CL 811 and 821 fail. 10 = detector 
system of JAA-01 CL 831 and 821 fail. 11 = detector system of JAA-01 CL 811 and 831 fail. 12 = detector 
system fail. 13 = alarm fail (B3). 14 = detector system of JAA-01 CL 811 fail. 15 = detector system of 
JAA-01 CL 821 fail. 16 = detector system of JAA-01 CL 831 fail. 17 = detector fail (B4). 18 = transmitter 
fail (B5). 19 = buffer fail (B6). 

  

Figure A4. Fault tree of reactor scram failure activated by the position signal of the primary isolation
valve. Note: 1 = reactor fail to scram. 2 = control rods insertion fail (B1). 3 = contact 6 system fail (B2).
4 = no signal. 5 = no scram manually. 6 = no scram from automatic system. 7 = the operator does not
receive an alarm. 8 = operator fail (B7). 9 = detector system of JAA-01 CL 811 and 821 fail. 10 = detector
system of JAA-01 CL 831 and 821 fail. 11 = detector system of JAA-01 CL 811 and 831 fail. 12 = detector
system fail. 13 = alarm fail (B3). 14 = detector system of JAA-01 CL 811 fail. 15 = detector system of
JAA-01 CL 821 fail. 16 = detector system of JAA-01 CL 831 fail. 17 = detector fail (B4). 18 = transmitter fail
(B5). 19 = buffer fail (B6).
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5. Secondary system isolation failure
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Figure A5. Fault tree of secondary system isolation failure. Note: 1 = secondary system isolation
Figure. 2 = valve fails to closed automatically. 3 = valve fails to closed manually. 4 = isolation valve fail.
5 = detector system fail. 6 = signal fail (B8). 7 = display fail (B9). 8 = operator fails to operate the valve
(B7). 9 = valve PA-01-AA-14 fail/stuck (B14). 10 = valve PA-01-AA-16 fail/ stuck (B15). 11 = detector fail
(B4). 12 = transmitter fail (B5). 13 = buffer fail (B6).
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Figure A6. Fault tree of primary system isolation failure. Note: 1 = primary system isolation fail. 2 = valve
fails to close automatically. 3 = valve fails to close manually. 4 = in line isolation valve fail. 5 = out line
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isolation valve fail. 6 = detector system fail. 7 = signal fail (B8). 8 = display fail (B9). 9 = operator fail
to operate the valve (B7). 10 = valve of JE-01-AA-01 fail (B10). 11 = valve of JE-01-AA-02 fail (B11).
12 = valve of JE-01-AA-18 fail (B12). 13 = valve of JE-01-AA-19 fail (B13). 14 = detector system of
JAA-01 CL 811 and 821 fail. 15 = detector system of JAA-01 CL 831 and 821 fail. 16 = detector system
of JAA-01 CL 811 and 831 fail. 17 = detector system of JAA-01 CL 811 fail. 18 = detector system of
JAA-01 CL 821 fail. 19 = detector system of JAA-01 CL 831 fail. 20 = detector fail (B4). 21 = transmitter
fail (B5). 22 = buffer fail (B6).

7. Primary cooler natural circulation failure
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Figure A7. Fault tree of primary cooler natural circulation failure. Note: 1 = natural circulation of
primary cooler fail. 2 = circulation flap fails to open/stuck (B16). 3 = pressure difference error (B17).
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JAA-01 CL 811 and 831 fail. 17 = detector system of JAA-01 CL 811 fail. 18 = detector system of JAA-
01 CL 821 fail. 19 = detector system of JAA-01 CL 831 fail. 20 = detector fail (B4). 21 = transmitter fail 
(B5). 22 = buffer fail (B6). 

7. Primary cooler natural circulation failure 
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Figure A7. Fault tree of primary cooler natural circulation failure. Note: 1 = natural circulation of 
primary cooler fail. 2 = circulation flap fails to open/stuck (B16). 3 = pressure difference error (B17). 
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Figure A8. Fault tree of pool cooling failure. Note: 1 = pool cooling fail. 2 = JNA 10 fail. 3 = JNA 20 fail. 
4 = JNA 30 fail. 5 = pump JNA 10 AP-01 fail. 6 = blower JNA 10 BC-02 fail. 7 = heat exchanger JNA 10 
BC-01 fail. 8 = pump JNA 20 AP-01 fail. 9 = blower JNA 20 BC-02 fail. 10 = heat exchanger JNA 20 BC-
01 fail. 11 = pump JNA 30 AP-01 fail. 12 = blower JNA 30 BC-02 fail. 13 = heat exchanger JNA 30 BC-
01 fail. 14 = pump fails to start (B18). 15 = pump fails to operate after start (B19). 16 = operator fail to 
operate pump (B7). 17 = blower fail start (B20). 18 = blower fail after start (B21). 19 = operator fail to 
operate blower (B7). 20 = heat exchanger clogged (B22). 21 = heat exchanger leaked (B23). 

  

Figure A8. Fault tree of pool cooling failure. Note: 1 = pool cooling fail. 2 = JNA 10 fail. 3 = JNA 20
fail. 4 = JNA 30 fail. 5 = pump JNA 10 AP-01 fail. 6 = blower JNA 10 BC-02 fail. 7 = heat exchanger
JNA 10 BC-01 fail. 8 = pump JNA 20 AP-01 fail. 9 = blower JNA 20 BC-02 fail. 10 = heat exchanger JNA
20 BC-01 fail. 11 = pump JNA 30 AP-01 fail. 12 = blower JNA 30 BC-02 fail. 13 = heat exchanger JNA
30 BC-01 fail. 14 = pump fails to start (B18). 15 = pump fails to operate after start (B19). 16 = operator
fail to operate pump (B7). 17 = blower fail start (B20). 18 = blower fail after start (B21). 19 = operator
fail to operate blower (B7). 20 = heat exchanger clogged (B22). 21 = heat exchanger leaked (B23).
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