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In safety analysis, one of important parameters is core damage as this occasion can cause
fission products to release. In that regard, all possible sequences afterward must be
analyzed in order to ensure that all events have been considered, because each sequence
has different consequence. The objective of this research is to determine the probability
of event sequences after core damage so safety level of AP1000 could be known. The
AP1000 reactor is chosen as the research object because currently many units are under
construction. In this research the accident sequences were analyzed by using event tree,
and the probability of top event was calculated by fault tree analysis. Meanwhile, the
failure rates of component or operator action were collected from IAEA documents and also
published documents of the AP1000 from Westinghouse Inc. The analysis results show that
probability of event sequences which causes fission product release is ranging from 10
to 1026 and the total probability is 3, 48 x 102 Based on this analysis, it can be concluded
that the AP1000 has high safety level because the probability of event sequences leading
to fission product release is small. Moreover, if these results are joined with core damage
probability then probability of fission product release would be less than 10.
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Safety is the main priority in nuclear facilities, especially in power and research reactors.
Therefore safety analysis to the nuclear facility design must be carried out rigorously as
contained in the government regulation of Indonesia no. 54 year 2012 concerning safety
and security for nuclear installation.

Based on fundamental safety principles [1], the general safety objective is to protect
individuals, society, and environment from harm by establishing and maintaining in
nuclear facilities effective defenses against radiological hazards. To achieve these
objectives appropriate specific safety requirement is necessary and technically have three
implementations. The first is to prevent accidents and to mitigate the consequences of any
accidents that possibly will occur. The second is to ensure all possible accident is taken into
account in the design with any risk would be minor. The third implementation is to ensure
that probability of accidents with serious radiological consequences is extremely low.

There are three aspects of lessons that could be taken from the Fukushima accident
[2-4]. First, it is important to develop each likely postulated initiating event in the nuclear
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reactor. It would be easy to mitigate when a hypothetical event is occurred. Second, nuclear
reactor which is used as energy source (Nuclear Power Plant, NPP) has complex characteristic,
therefore safety design shall be provided since the beginning rather than after the accident
happen. Third, all risk possibility and mitigation method shall be generally known in advance.

The fission product release to environment is a consequence of reactor existence that
must get a careful attention. Fission product could be released to environment in two stages:
(1) core damage and (2) containment system fail to function after the core damage happen.
Therefore, these two parameters can be used as reference to find out the safety level of a
light water reactor. The smaller occurrence probability means the higher level of reactor safety.
There are three levels of the probabilistic safety assessment (PSA) where each has purpose
in the safety analysis. Level 1 PSA is to determine core damage probability, so that it can be
known the reliability level of safety system. Level 2 PSA is to establish the probability of fission
product release, therefore it can find out reliability level of stage or system that issued to
prevent the fission product release to the environment. Whereas level 3 PSA is to calculate risk
that is accepted by public and other societal if accident happen.

The AP1000 (Advanced Passive Pressurized Water Reactor 1000) is a two-loop3400 MWt
pressurized water reactor (PWR) which is included as generation Ill* and use passive system as
core cooling system to prevent core damage. This reactor type is being built in some countries
currently.

Several research activities related with PSA have been carried out i.e. to determine failure
probability of non-safety system to prevent severe accident [5], probabilistic analysis to
modify the system [6], and analysis of system failure scenario to determine severe accident
probability of AP1000 [7]. As continuation of the research to determine the failure probability
of AP1000 safety system, the purpose of this paper is to analyze event sequences after core
damage in AP1000 by using probabilistic method. Based on this analysis, it will be known
safety level of the AP1000. The analysis is done by using event tree and each probability of top
event is calculated by using fault tree analysis. Failure rate of component used in calculation
is based on AP1000 data that is published by Westinghouse and data from IAEA Tecdoc [8-12].

To ensure that nuclear power plant is designed and operated with safe and secure, therefore it is
needed safety analysis before the reactor was built as mandated on Government Regulation of
Indonesia no. 2 year 2014 regarding licensing for nuclear installation and nuclear material utilization.

Probabilistic safety assessment is one of the methods that was used to the safety analysis.
Within the scope of this analysis includes determining fission product release to environment if
design basis accident (DBA) was occurred. It caused core damage as well as potentially release
fission product. This analysis is known as level 2 PSA. The analysis is assumed that systems are
included level 3 DiD (Defence in Depth) which is to overcome DBA failed. In fact, design basis
accident and core damage is very small possibility.

The important insight in the level 2 PSA is to identify path of the radioactive materials
released form fuel to containment that might disperse into the environment [13, 14]. Important
results that will be obtained in this analysis is to prevent the accident propagation, mitigation
action that is required and physical barrier that is provided. Therefore, the purpose of an
evaluation of power reactor after core damage is to identify adequacy and availability these
aspects. The probability of release to environment is depending on the quantity of core melt
and effort to mitigation action that is done in the containment also the integrity of containment.
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In the level 2 PSA is used containment event tree (CET) that is to describe accident
propagation or an occurrence. The aim of analysis is to identify accident sequence which is to
lead against the loss of confinement function.

AP1000 is PWR generation llI* type which all core cooling systems use passive system
(passive core cooling system, PXS). These system consist of the accumulator, the core makeup
tank (CMT), the passive residual heat removal system (PRHR), the automatic depressurization
system (ADS), the In-containment refueling water storage tank (IRWST) and the passive
containment cooling system (PCS). These systems are category of level 3 DiD that is to prevent
design basis accident. Except for PCS was still needed to mitigate after core damage that is to
minimize consequence [15].

The accumulator is used to inject water to the reactor core when the core pressure is low,
e.g. in the event of large loss of coolant accident (LLOCA) condition. The CMT is functioned to
inject water if small loss of coolant accident (SLOCA) is occurred, also other events when the
core pressure is still high. The PRHR is used to remove decay and residual heat in the reactor
and is operated passively. The IRWST is provided as heat sink from the PRHR. The ADS is to
control pressure of the level 3 DiD systems except for the accumulator and the PCS, so these
systems is operating optimally. The PCS has a function as ultimate heat sink which is operated
passively. These systems diagram are illustrated in Fig. 1.
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Figure 1: Diagram of AP1000 [15].

With the proper functioning of these systems, core damage is not happened caused design
basis accident. However, AP1000 is strictly designed to mitigate core damage. Because core
damage is significance parameter for safety level on the light water reactor. To mitigate after
core damage, the operator can flood the reactor cavity as shown in Fig. 2. Water which is used for
this process from IRWST. This condition will cause the lower portion of the reactor vessel become
submerged. Based on an insulating structure that around the reactor vessel will configurate the
water stream to reach the vessel. The water will flow around the bottom vessel head and up
the vessel insulation wall annulus. In this event, to vent resulting steam from cooling the bottom
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vessel from the reactor cavity, so that the reactor vessel become depressurization. This cooling
process is sufficient to prevent molten core debris in the lower head caused of melting the
steel vessel wall and spilling to containment. Retaining the debris in the reactor vessel provide
protection the containment integrity. This process prevent severe accident phenomena, such as
ex-vessel steam explosion and core-concrete interaction with molten core material.
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Figure 2: Cooling Phenomena on the Reactor Core Damage [16].

on the probabilistic safety assessment consider all event combination if all cooling event
on the reactor vessel was failed. However based on the probabilistic theory, probability of this
eventis very small. Nevertheless, shall be done analysis because it have seriously consequence.
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Figure 3: Analysis Stages for Calculation of Event Sequence Probability.
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Analysis is carried out by constructing CET. The core melt event is assumed, several top
events is selected as event sequence or event propagation by using analysis of system.
The top events which is selected is to mitigate radioactive material release. Furthermore,
each probability of top event is determined by using fault tree analysis. Data of component
failure is adopted AP1000 data which was published and IAEA generic data [8-12]. Finally, the
total probability of event sequences are calculated. Scope of event sequence analysis that
is considered is based on standard mitigation system of PWR. Simply methodology diagram
which is done shown in Fig. 3.

The analysis of system has been done and based on Fukushima accident learning, then
mitigation stages which are to prevent radioactive materials release are constructed. There
are ten stages that is depressurization after unflooding core (PT), Containment Isolation (IP),
Reactor Cavity Flooding (PK), Core Flooding (PR), Debris drop to Cavity (DK), Containment
Cooling by PCS (PC), Steam Release by Venting (PV), Containment Integrity (IS), Hydrogen
Control (PH), and Fire/Explosion Control (PL). To use these top events, then it is constructed
event tree as illustrated in Fig. 4. As shown in Fig. 4, there are 21 event sequences, The fission
product release is not occurred in the event sequence no. 1 because all mitigations is success.
The event sequence no.1 is event which is expected on the safety of power reactor. In this
event, core damage is occurred but fission product is remain in the containment.

PCS is important system as shown in Fig. 4, if PCS is success, then is not needed venting
and containment integrity, because cooling process is continuity, so the core damage process
are not sustained. In this event would be more better if hydrogen control is success, so that it
is not required fire/explosion control (event sequence no. 1, 6, 10, and 15). The PCS system is
similar with containment spray (CS) on the PWR generation Il that is to cool the containment
and to deposition fission product. The difference is PCS including passive system so it can be
operated without electric power supply, whereas CS is active system.

CD|PT|IP [PE|PR |[DK[PC|PV[IS |PH[PL ] Seq

(S

34062

4
| 5
6
" SETEM
8 —
9
10
— i 113604
8.00E-05 =
12 M 4.00€-05
13 174E05
L 14 1.00e-05
B 6.36E-06 570806
16
- H H 199606
18
p [
20
u MR B PR DK P AN 5 P R
Figure 4: Containment Event Tree. Figure 5: Probability of Top Events.
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If PCS failed and then temperature will rise. In this event, pressure will increase or will be
possibility produced hydrogen, then venting shall operate. If this mitigation is success, then
it is not needed containment integrity, hydrogen control, and fire/explosion control (event
sequence no. 4 and 13). If venting system is fail, then prevention of fission product release is
depended on containment integrity, hydrogen control and explosion control (event sequence
no.s, 6,7, 8,14, 15, 16 and 17).

Result of event tree analysis also show if debris is not entered to reactor cavity, then PCS,
hydrogen control and explosion control become not function (event sequence no 9 and 18), so
it have possibility to be released fission product to environment.

Fig. 4 also show three probability of top events shall be very small that is depressurization,
containment isolation, reactor cavity flooding (sequence no. 19, 20 and 21). In this case, there
are not other event that can mitigate if these systems failed. If it be compared with PWR
generation Il, reactor cavity only seen at the PWR generation llI*. This system is to contain
debris or core melting.

By using fault tree analysis, probability of top event is shown in Figure 5. Failure probability
of top events is enough small that is 10 to 10°¢ because each probability of system will be
multiplied with the other system or actions, so become the event sequence.

Calculation of event sequence probability is presented in Table 1. Table 1 show that the
probability of event is generally small that is 102 to 1072, It means mitigation system of AP1000
could confine fission product after core damage occurred.

Probability of each sequence is not linear with quantity of fission product release or
consequence. It means large probability of event sequence do not always release large
quantity of fission product, so also on the contrary.

Probability of event sequence no. 2 is largest that is 3.40 x 10, but quantity of the fission
product released is small. In this case, all top events which assumed is success, only the
hydrogen control fail. However the explosion/fire control is not occurred because fire control
is success so that quantity of fission product release is small.

Probability of event sequence no. 17 is smallest that is 4.77 x 10%. Nevertheless if
observed on this sequence, there are failure for six top events (PR, PC, PV, IS, PH and PL), then
quantity of the fission product release is large. In this event, because of core unflooding so
core damage is occurred. Hereafter, it is followed failure of PCS. It means core is not happened
cooling process, so possibility core damage continued. Moreover, this condition is initiated
with failure of venting system, then pressure and temperature increased and core damage
become seriously. In this scenario, containment integrity also fail, and amount of hydrogen that
is produced from core damage phenomena is increasing because hydrogen control also fail.
In this event, it will initiate fire or explosion occurrence because fire or explosion control also
fail. To determine quantity of each sequence is required comprehensively analysis especially
deterministic analysis.

Table 1 and Fig. 4 show probability of three event sequences (no. 19, 20 and 21) that are
1074 to 10°%. These sequences require attention that are PT, IP and PK. If three top events is
happened, then the other top events are not significantly function to prevent continually core
damage and it might happen fission product release with large quantity.

Based on Table 1, quantitative of fission product release can be distinguished three levels
that are minor, intermediate and major. For example, event sequence no. 2 as minor level,
event sequence no. 4 as intermediate level and event sequence no. 17 as major level. To clasify
all event sequences, it is required deterministic analysis with including physical phenomena
for each sequence.
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TaBLE 1: Probability of Event Sequence.

No. Sequence Probability
1 9,65 X 107"
2 3,40 X 102
3 6,76 x 108
4 1,13 X104
5 3,09 X107
6 1,20 X 103
7 4,20 X 107
8 8,37 X107
9 9,99 X 10°¢
10 5,50 X 10
11 1,94 X 107
12 3,85 X108
13 6,44 X 107
14 1,76 X 107
15 6,81 x10™
16 2,40 X 10°%°
17 4,77 X 1072
18 5,70 X 10"
19 6,36 X 10
20 8,00 X 105
21 5,87 X104

The total probability which have consequence (minor, intermediate and major) is 3.48 x 107,
if the event sequence no. 1 is omitted because no consequence. Hereinafter, If the probability
of sequence no. 2 is compared with the total probability, then contribution of event sequence
no. 2 is 97.69 % to the total probability. It means the contribution of other event sequences is
very small. If the event sequence no. 19, 20 and 21 are assumed as important event sequences,
then contribution of these event is enough small that is 1.94 % to the total probability. However
on the probabilistic analysis, the event sequence which has small probability is not ignored,
because each the event sequence has different consequences.

Analysis results show that the safety level of AP1000 is adequate high, because each
probability of the event sequence is enough small. Furthermore, this result will be smaller,
because each probability of event sequence is multiplied by core damage frequency which is
about 107. Therefore, possibility of fission product release to environment is very small which
is about 10, Based on INSAG, criteria of fission product release for power reactor generation
llI*is small than 107. This result show that the safety target of AP1000 is above IAEA criteria.

To achieve result which is more valid, it is needed more intensely research especially to
determine probability of component failure on the severe accident condition.

Based on sequence analysis after core damage, It could be conclusion that safety level of AP1000 is
adequate high because each probability of event sequence is 1072 to 1026, Furthermore, probability

Page 7



DOI 10.18502/ken.v1i1.474

(1]
(2]

(3]

(4]

(5]

(6]

(7]

(8]

[9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

ICONETS Conference Proceedings

IAEA-SSR-2/1, “Safety of Nuclear Power Plant: Design, IAEA, Vienna (2012).

Rangel L. E., Leveque F., “How Fukushima Dai-ichi core Meltdown Changed the Probability
of Nuclear Accidents?”, Safety Science, Vol.64, pp.90-98 (2014).

Labib A., Harris M. )., “Learning How to Learn from Failures: The Fukushima Nuclear
Disaster, Engineering Failure Analysis, Vol.47, Part A, pp.117-125 (2015).

Alvarenga M.A.R.B., Frutuoso e Melo PF., “Including Severe Accidents in the Design Basis
of Nuclear Power Plants: An Organizational Factors Perspective After the Fukushima
Accident”, Annals of Nuclear Energy, Vol.79, pp.68-77 (2015).

Sony Tjahyani, D. T., “Analisis Keandalan Sistem Non-Keselamatan Dalam Memperkecil
Probabilitas Kecelakaan Parah AP1000”, Prosiding Seminar Nasional Pengembangan
Energi Nuklir VI, Jakarta (2013).

Sony Tjahyani, D. T., “Analisis Probabilistik Terhadap Modifikasi Sistem Untuk Meningkatkan
Keselamatan Pada Reaktor Daya AP1000”, Prosiding Pertemuan dan Presentasi limiah
Penelitian Dasar Ilmu Pengetahuan dan Teknologi Nuklir, Yogyakarta (2013).

Sony Tjahyani, D. T, dkk., “Analisis Skenario Kegagalan Sistem Untuk Menentukan
Probabilitas Kecelakaan Parah AP1000 “ Jurnal Teknologi Reaktor Nuklir Tri Dasa Mega,
Vol.16, No.3, pp.134-148 (2014).

Volkanovski A., “Impact of Component Unavailability Uncertainty on Safety Systems
Unavailability”, Nuclear Engineering and Design, Vol.283, pp.193-201 (2015).

Hashim M., Hidekazu Y., Takeshi M., Ming Y., “Application Case Study of AP1000 Automatic
Depressurization System (ADS) for Reliability Evaluation by GO-FLOW Methodology”,
Nuclear Engineering and Design, Vol.278, pp.209-221 (2014).

Yu Y., Wang S., Niu F., “Analysis of Common Cause Failure Effect on System Reliability in
Seismic PSA, Progress in Nuclear Energy, Vol.75, pp.158-167 (2014).

Kancev D., Cepin M., Gjorgiev B., “Development and Application of a Living Probabilistic
Safety Assessment Tool: Multi-objective Multi-dimensional Optimization of Surveillance
Requirements in NPPs Considering Their Ageing”, Reliability Engineering and System
Safety, Vol.131, pp.135-147 (2014).

Kamyab S., Nematollahi M., “Performance Evaluating of the AP1000 Passive Safety
Systems for Mitigation of Small Break Loss of Coolant Accident Using Risk Assessment
tool-1l Software”, Nuclear Engineering and Design, Vol.253, pp.32-40 (2012).

Ahn S. K., Kim I. S., Oh K. M., “Deterministic and Risk-informed Approaches for Safety
Analysis of Advanced Reactors: Part 1, Deterministic Approaches”, Reliability Engineering
and System Safety”, Vol.95, pp.451-458 (2010).

IAEA-SSG-4, “Development and Application of Level 2 Probabilistic Safety Assessment for
Nuclear Power Plant”, IAEA, Vienna (2010).

Yang]., et. All., “Simulation and Analysis on 10-in. Cold Leg Small Break LOCA for AP1000”,
Annals of Nuclear Energy, Vol. 46, pp. 81-89 (2012).

Guozhi Z., Xinrong C., Xingwei S., “A Study Using RELAP5 on Capability and Instability
of Two-phase Natural circulation Flow Under Passive External Reactor Vessel Cooling”,
Annals of Nuclear Energy, Vol. 60, pp.115-126 (2013).

Page 8



