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Abstract: Safety assessment is a critical aspect in the design of nuclear power plants (NPPs).
The results of this assessment can be applied to improve NPP operational safety. This study
aimed to review the implementation of NPP safety assessment approaches and their limitations.
Challenges and strategies to develop and propose new approaches to address these limitations
are also discussed to stimulate further research. The results show that the existing research
on this topic is still limited to human error studies, fire risk evaluations, time trend analyses,
and computational efficiency. This study also found that initiating event (IE) identification
methodologies, computational algorithm optimization, and model validation techniques must
be developed in the future to improve NPP safety assessment approaches. This study confirms
that the customization of models and methods, the strengthening of time trend analysis, the
development of models and tools for validation and verification processes, and capacity building
are strategic for achieving an effective safety assessment. The strategies proposed in this study
are expected to provide researchers with new insights to overcome the limitations and challenges
of existing safety approaches. Since Indonesia does not currently have any commercial nuclear
power plants, models for development, time-trend analysis, and verification and validation must
integrate Indonesia’s operational experience, IAEA guidance, and international best practices.
External events and fire hazards should be given special consideration because of their relatively
higher likelihood and potential impact. Indonesia’s extensive experience in operating research
reactors offers good capacity-building.

Keywords: Nuclear power plants; Research trends; Strategies; Safety assessment; Systematic
review

1. Introduction

Lessons learned from past operational experiences, particularly major accidents, have pro-
foundly shaped nuclear power plant (NPP) technologies. A massive earthquake and the subse-
quent tsunami triggered the Fukushima Daiichi accident in March 2011. The accident exposed
unforeseen vulnerabilities in existing NPP designs and safety analysis methodologies, particu-
larly concerning external hazards and their cascading effects, highlighting the need for a more
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comprehensive and robust approach to safety assessment (Susyadi et al., 2024; H. Xu and
Zhang, 2021; Furuta and Kanno, 2017). Prior to the Fukushima Daiichi accident, the focus of
safety analysis often revolved around IE and design-basis accidents, with less emphasis on severe
beyond-design-basis scenarios or multi-unit events (Susyadi et al., 2024; Srinivasan and Selman,
2015).

The identification of IE in NPP safety assessment serves as the basis for determining ap-
propriate safety measures, ensuring the proper functioning of safety systems, and ultimately
preventing core damage (Coleman et al., 2023; Y. H. Lee, 2019). IE can be caused by system and
component failures, internal hazard (i.e., fire-induced accident), external hazards, human failure,
or a combination of these (Foerster et al., 2022). Although often well-studied, internal events,
such as those originating from the spent fuel pool (SFP) (Afshar et al., 2021), which contains a
substantial amount of radioactive inventory and decay heat, can still pose significant risks. Hu-
man errors, which frequently occur during routine testing, maintenance activities, or operational
procedures, are another significant source of IE (Vechgama et al., 2021). Natural phenomena,
such as earthquakes, floods, extreme weather conditions (e.g., hurricanes, tornadoes), or even
human-induced external events (e.g., aircraft impacts, nearby industrial accidents), can lead to
specific severe consequences, such as the failure of critical safety systems, such as emergency
diesel generators (Mandelli et al., 2019).

Beyond mere identification, the accurate estimation of IE frequency is paramount for a
realistic PSA. This often requires the application of time trend analysis to obtain optimized IE
frequencies, as the impact on risk understanding can vary significantly depending on changes
in IE frequency trend time (J. Choi and Seok, 2021; H. Kim et al., 2020). Relying solely on
static generic data might not fully capture design, operational practices, or maintenance regime
improvements. The estimation of IE frequency can be significantly improved by leveraging his-
torical operational data and applying advanced time trend analysis methods, leading to a more
accurate understanding of risk and consequently enhancing the safety of nuclear installations
(Jeong et al., 2019). The general discussion surrounding the importance of IE identification
within NPP safety analysis therefore extends to encompass the dynamic nature of event fre-
quencies and the need for adaptation (Feng et al., 2023; T. Kim, 2018).

The light-water reactor (LWR) is the most widely used type of nuclear reactor globally, with
two primary designs: pressurized water reactors (PWRs) and boiling water reactors (BWRs)
(International Atomic Energy Agency, 2024b). LWRs rely on water to remove heat from the
reactor core and maintain safe operation (Breeze, 2017). A significant vulnerability of LWRs
is their reliance on the continuous cooling of the reactor core (Rossiter and Peakman, 2024).
If cooling is lost, such as during a loss-of-coolant accident (LOCA), the core can overheat,
potentially leading to severe core damage or even a meltdown. In contrast, high-temperature
gas-cooled reactors (HTGRs) are designed to inherently avoid the risk of large LOCA and core
melting (Nishimura et al., 2024). The heat generated by the fuel is transferred to the helium
coolant through conduction and convection. He then circulates through the reactor core and
carries the heat to the primary heat exchanger or steam generator (Avramenko et al., 2021).

HTGRs exhibit excellent safety and reliability (Trianti et al., 2023), primarily due to fea-
tures such as the strong negative temperature coefficient of reactivity, the high heat capacity of
the graphite core, the robust tri-structural isotropic (TRISO)-coated fuel particles, and helium
coolant (Purba and Sony Tjahyani, 2019). This combination of features allows HTGRs to main-
tain a stable and controlled reaction, even in an emergency. This high level of inherent safety is
so significant that it leads to the possibility of operating HTGRs in close proximity to industrial
facilities or even near residential areas (Kowal and Potempski, 2024). However, despite these
compelling advantages, the commercial operational experience of HTGRs remains relatively low
(Deswandri et al., 2024). This limited experience necessitates a more rigorous focus on several
research areas, including active and passive safety systems, DSA, PSA, integrated PSA and
DSA, and multi-unit and multi-hazard risk assessment (Zio, 2024).

The continuous evolution of NPP design and technology demands a parallel advancement
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in safety assessment methodologies. Safety assessment is essential in NPP design processes. It
can be used to evaluate and predict the weaknesses of the NPP safety system design. Hence,
the results of this safety assessment can be applied to improve the operation safety of NPPs by
redesigning or replacing critical components within the NPP safety systems. Therefore, evaluat-
ing existing NPP safety assessment approaches and how those approaches will be implemented
in the Indonesian NPP development program is very important.

This study conducted a review to provide a comprehensive understanding of the current
state of knowledge on nuclear safety assessment and highlight the strengths and limitations of
existing research on this topic. The remainder of this paper is organized as follows: Section 2
outlines the methodology adopted for this review. Section 3 presents and discusses the results,
encompassing a review of the research scope, followed by the identification of research gaps.
Section 4: Discussion on challenges, perspectives, and future in the development of safety as-
sessment approaches. Section 5 Discussion of the outlook and challenges for Indonesian NPPs.
Finally, Section 6 provides the conclusions of this comprehensive review.

2. Methodology

NPP design and safety technology changes, as well as several nuclear accidents, have influ-
enced the assessment of nuclear safety. Numerous studies have examined this issue. This study
offers a detailed review of the current knowledge on nuclear safety assessment and identifies
gaps in the current research, aiming to help shape strategies and future research directions. The
methodology in this study consists of three steps: 1) review of the research scope and gaps, 2) de-
velopment of concepts related to challenges, perspectives, and future, and 3) recommendations
regarding the outlook and challenges for Indonesia’s NPPs. Figure 1 illustrates the research
methodology. This review used two AI software tools, i.e., AI-Covidence and AI-SciSpace. AI
technologies have grown to an industry level that improves performance, enhances efficiencies,
and creates new markets (Berawi, 2020). Covidence was used to streamline and expedite the
primary screening of relevant literature and facilitate efficient data extraction (Gusenbauer and
Gauster, 2025; Harrison et al., 2020). Simultaneously, SciSpace was employed to critically review
RQs identified in the literature and synthesize and present the findings of previous research in
a coherent narrative form (Silva and Wickramaarachchi, 2025). The preferred reporting items
for systematic reviews and meta-analyses (PRISMA) are shown in the supplementary file of this
paper (Figure S1).

Figure 1 Research methodology

The first step begins with a review of the research scopes and gaps. Various database
sources were selected to conduct a comprehensive review. Many databases produce unique
results (Asrol, 2024) due to differences in indexing, search algorithms, and data coverage. This
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study used several databases, including Scopus, Dimensions, Web of Science, ProQuest, Emerald,
IEEE, and Lens. These databases were selected based on their relevance to the research topic
and their ability to provide comprehensive coverage of the field. Specific inclusion and exclusion
criteria (keyword, year, language, and document type) were established to ensure transparency
and rigor, as shown in the supplementary file of this paper (Table S1). Keyword selection
greatly influences search results. Keyword selection was gradually carried out, from general to
specific terms related to NPP safety assessment. Keyword selection also includes synonyms and
abbreviations to minimize keyword sensitivity. Furthermore, the search strings mainly focused
on the ”nuclear power plant*” OR ”nuclear reactor*” OR ”npp” and ”safety analysis*” OR ”risk
assessment*”. The supplementary file of this paper shows the number of available literature
search results (Table S2). A total of 83 articles were analyzed based on the predetermined RQs.
These RQs are defined to examine various aspects, such as exploring data, methods, trends,
and gaps. The aspects of review in the existing research on NPP safety assessment in this
study are research scopes, methodologies and types, and research gaps. This identification is
important to provide information on existing methods and their developments related to nuclear
safety assessment. Meanwhile, finding existing gaps expands on what is already known, and this
process is a critical part of the scientific process (Hassan et al., 2025; Mengist et al., 2020).

The second step is the development of concepts related to challenges, perspectives, and
recommendations of strategies for achieving an effective safety assessment. The identified re-
search gaps represent critical challenges that must be addressed to advance the field. These
gaps highlight areas where existing knowledge and methodologies remain insufficient, thus re-
quiring targeted efforts to develop more robust frameworks, analytical tools, and evidence-based
strategies. Correspondingly, new strategies are developed to fill these existing gaps and ensure
that future research can generate more comprehensive, reliable, and applicable insights. The
final step recommends how these strategies should be executed in Indonesia. This discussion
incorporates past operating experience, the diverse geographic conditions of the country, and
additional relevant variables. Drawing on historical case studies and logistical data, the plan an-
ticipates potential challenges such as supply chain disruptions and regional regulatory differences.
The analysis also acknowledges that limited infrastructure in remote areas may impede rapid
deployment, which could temper enthusiasm for swift implementation. However, proponents
argue that over time, strategic investment in local capacity building will offset these obstacles.
The intended outcome of this review is to deliver actionable recommendations to all relevant
stakeholders, including government agencies, private investors, and community representatives.

3. Results

3.1 Research scopes: methodologies and reactor types

NPP safety assessment methodologies, such as PSA, are commonly used to evaluate risks
and failure scenarios (Coleman et al., 2023). PSA involves identifying potential disaster scenar-
ios, their consequences, and their probabilities, providing important information for decision-
making in the design, operation, and maintenance of nuclear facilities. PSA is essential to reflect
NPP risks quantitatively, address limitations, and improve safety (M. C. Kim, 2023). The peri-
odic safety review (PSR) uses PSA to identify weaknesses and recommend safety improvements
for research reactors such as AGN-201K (Ahmed et al., 2020). Plant operating state (POS)
analysis is critical for multi-unit NPPs, requiring a PSA framework to understand and manage
safety levels (Liu et al., 2022).

PSA involves ETA and FTA to broadcast safety systems and core failure frequencies (Purba
et al., 2020). FTA is an analysis method that focuses on identifying system failure. The method
is highly effective for identifying weak points in systems, especially when critical failures must
be prevented. FTA helps in outlining the various possible causes of failure, thereby allowing for
more effective preventive measures. To calculate the core damage frequencies (CDFs) of Thai
Research Reactor-1/Modification 1 (Vechgama et al., 2021).
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Accidents such as the Windscale, Three Mile Island, Chernobyl, and Fukushima-Daiichi af-
fected the development of PSA (Lye et al., 2024). This led to the implementation of PSA-based
methods such as ETA and FTA. The Chernobyl accident further emphasized the importance of
robust safety measures. Regulatory bodies such as the NRC began defining safety goals and rec-
ognizing the need for PSA. More recently, multi-unit PSA gained attention after the Fukushima
Daiichi accident. These accidents magnified the need for an approach that views safety as an
outcome of interaction between individuals, technology, and organizations (International Atomic
Energy Agency, 2020; Rzentkowski, 2016). Figure 2 illustrates the interaction between humans
(e.g., behavior, attention, and training), technology (e.g., design, tools, and techniques), and
organizations (e.g., policies, culture, programs, and procedures). A holistic safety approach
considers the role of the entire system in managing safety.

Figure 2 Interaction amongst human, technology, and organizational factors (Australian
Radiation Protection and Nuclear Safety Agency (Australian Radiation Protection and

Nuclear Safety Agency (ARPANSA), 2025))

Some primary methodologies for identifying IE include engineering evaluation, reference
list, deductive analysis, and operational experience. These methodologies reflect the multidis-
ciplinary approaches used in developing IE identification methods to ensure NPP operational
safety. Previous studies have proposed methodologies, such as master logic diagrams (MLDs),
to identify IEs in NPPs, including HTGRs (Hamza et al., 2024; Purba, 2018). For new NPPs,
the methods for IE identification must be determined because of the diversity of reactor types.
IEs were identified based on the design, characteristics of the specific reactor, engineering con-
struction, and practical operation experience (Zhou et al., 2023). To augment the IE database of
Xe-100 HTGRs, 4 approaches used are MLD, heat balance fault tree, failure modes and effects
analysis, and contemporary and historical sources (Hamza et al., 2024).

HRA plays a critical role in ensuring the safety of nuclear reactors (Xiao et al., 2025).
HRA was performed to support PSAs (J. Kim et al., 2025). In addition, a novel approach
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was developed to evaluate the dependencies between human failure events in multi-unit event
scenarios (Arigi, Park, and Kim, 2020; Arigi, Park, et al., 2020). Integration of human factors
into the reliability analysis has also been explored as a potential source of uncertainty in the PSA
(Foerster et al., 2022). The dynamic effects of different human action timings on the calculation
of CDFs have been considered (Najafi et al., 2022).

One of the key aspects of PSA is the consideration of uncertainties inherent in the data
used for quantitative analysis (Purba et al., 2020). Addressing sources of uncertainty can en-
hance the PSA results. In PSA, two kinds of uncertainties exist: parametric uncertainty and
model uncertainty (H. Kim et al., 2020). For the accidental events where some sequences occur
randomly or at uncertain times, the integrated safety assessment (ISA) provides an adequate
method to perform a general uncertainty assessment (Paŕıs et al., 2019). To provide reliable
failure rate data, bayesian updating has been approached by combining the generic data and
plant-specific data (Vechgama et al., 2021;Vechgama et al., 2020).

In addition, time trend analysis is essential for estimating the industry-average IE frequency,
which impacts risk insights in NPPs, such as OPR-1000 (D. S. Kim et al., 2020). The plant
state may be changing rapidly; thus, the ability to project the consequences of a severe accident
in the early stages is limited. An online operator support tool (OST) has been proposed as a
real-time tool to help operators predict the consequences (J. H. Lee et al., 2020).

The comparison between the PSA and DSA methods is presented in Table 1. Each method
has different objectives, inputs, outputs, strengths, and weaknesses. Although they differ, both
can be integrated to provide a more comprehensive safety assessment. In general, the basic
methodology of PSA and DSA can be widely applied to all types of reactors, including emerging
SMRs. However, specific SMR designs may provide different safety assessment analyses. For
example, large LOCA, which is often analyzed probabilistically and deterministically as a design-
based major accident in PWRs, is often not postulated in SMR designs. This is mainly due to
its design, where the pressure vessel, steam generator, and connection are integral parts of the
pressure vessel. The compact nature, simplified operation, and enhanced passive safety of SMR
can significantly change the probability and consequences of these events compared to larger
and more complex conventional NPP. Reduced reliance on active safety systems can change the
human-system interface and, consequently, the scope of HRA. Similarly, the modularity and
smaller footprint of SMRs may impact their vulnerability to certain external hazards or internal
triggering events.

Despite the promising potential of SMR and their future widespread adoption, research
focused on assessing their safety remains limited. This gap is concerning given the technology’s
expected future use. Therefore, extensive research is urgently needed to develop and validate
specific safety assessment methodologies, refine the IE list, and address uncertainties unique to
SMR design to ensure their safe operation.

The implication of the approach proposed in this study is the determination of initiating
events specific to reactor types. Since each initiating event can affect the failure probability of
an individual safety system, the DSA and PSA results for a specific reactor type will also be
improved.

3.2 Research gaps

Significant progress has been seen in research into safety assessment and IE identification
methods for NPPs. However, formidable issues persist, particularly with respect to non-light-
water reactors (non-LWRs), such as HTGRs. These innovative designs, despite their promising
safety features, grapple with limited operational experience, necessitating a highly systematic
approach to develop a comprehensive list of potential IEs. Although various techniques, such
as engineering evaluations, are employed to identify these events, acquiring valid and sufficient
data for innovative designs is an inherent limitation (Zhou et al., 2023). This data scarcity can
hinder robust safety assessments, highlighting the difficulties in obtaining reliable information for
innovative designs lacking extensive operational history. As explained in Section 3.1 and Table
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S3 in the supplementary file, surprisingly, research into safety assessment for new NPP designs,
including studies focused on IE identification, remains limited. The International Atomic Energy
Agency (IAEA) has indeed provided valuable lists of IEs for various PWR, BWR, and even
research reactor types (Tyas et al., 2017; Hsiao et al., 2010; International Atomic Energy Agency,
1993). Yet, a comparable, comprehensive list for HTGRs is conspicuously absent. Consequently,
obtaining a complete and accurate IE list for HTGRs is a particularly demanding endeavor, given
their unique operational characteristics and the relative novelty of their large-scale deployment.

Table 1 Comparison between PSA and DSA
Criteria Deterministic Safety Analysis (DSA) Probabilistic Safety Assessment (PSA)

Objective Demonstrate that the facility can
withstand events without exceeding

regulatory safety limits (International
Atomic Energy Agency, 2019)

Evaluate all major factors contributing
to radiation risks associated with a

facility (International Atomic Energy
Agency, 2024b)

Approach Based on predefined initiating events
and conservative assumptions about
system performance and operator

actions. (de Vasconcelos et al., 2019)

Considers a comprehensive range of
initiating events, equipment failures,
and human errors using realistic or
best-estimate data (de Vasconcelos

et al., 2019)
Input Design basis accidents, safety system

design parameters, conservative
boundary conditions, and acceptance
criteria.(de Vasconcelos et al., 2019)

Initiating event frequencies, system
success/failure logic models, reliability

data of components and systems,
human error probabilities

(de Vasconcelos et al., 2019)
Output Confirmation of compliance with safety

limits and demonstration that safety
functions can be fulfilled under

postulated conditions (Autoridad
Regulatoria Nuclear, 2025)

Core damage frequency (CDF), large
early release frequency (LERF), and

minimal cut set (International Atomic
Energy Agency, 2024a; Coleman et al.,

2023)
Strength Provides clear safety margins and

deterministic justification of plant
safety; ensures compliance with

regulatory requirements (de Vasconcelos
et al., 2019)

Enables comprehensive risk insights;
Prioritization of safety improvements;

supports risk-informed decision-making
(de Vasconcelos et al., 2019)

Weakness Limited to postulated events, may not
capture complex failure or

low-probability events (de Vasconcelos
et al., 2019)

Results are data-dependent,
interpretation may require expert

Judgment(de Vasconcelos et al., 2019)

Tools /
Software

Thermal-hydraulic and deterministic
simulations: RELAP5, MELCOR,
GOTHIC (Autoridad Regulatoria
Nuclear, 2025; Araujo et al., 2020)

Event tree/fault tree modeling and risk
quantification: RiskSpectrum,

SAPHIRE, CAFTA (Berchtold and
Eraerds, 2023; Alrammah, 2022)

Some fire-induced accident impacts may not be adequately covered by internal events.
This oversight is a serious concern because fires represent a dynamic and destructive threat
capable of initiating complex accident sequences. To truly capture these risks, additional fire
scenario logic must be developed and integrated into PSA models (Kang, 2020; Jung and Kang,
2020; Kang and Jung, 2018). Internal fires are conventionally modeled separately from the
internal IE. Although this segmented approach has been a staple in nuclear safety, its application
demands an exceptionally high degree of accurate judgment from the fire PSA engineers. It also
necessitates a labor-intensive and precise task of directly correlating diverse fire scenarios with
the pre-selected internal IE. This heavy reliance on expert subjective interpretation and manual
mapping introduces inherent susceptibility to fire PSA model errors. Such inaccuracies can lead
to an underestimation of fire risk, potentially compromising the plant’s overall safety envelope.
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Table 2 Reactor type and related references analyzed
Reactor Type References

Pressurized Water Reactor
(PWR)

J. Zhang et al., 2024; M. Zhang et al., 2024; Yu et al., 2024; Yang et al., 2024;
Vrbanic and Basic, 2024; J. Sun et al., 2024; Roma et al., 2024; Queral et al.,
2024; Mikhalycheva and Trifonov, 2024; Mendizabal et al., 2024; Martorell et
al., 2024; Lim et al., 2024; M. C. Kim, 2024; Kral and Krhounkova, 2024; Heo
and Kwon, 2024; E. Choi et al., 2024; BinKhadim and Zubair, 2024; M. C.
Kim, 2023; Feng et al., 2023; Fahmy and Selim, 2023; Trianti et al., 2023
Zubair, 2022; Z. Xu et al., 2022; Foerster et al., 2022; Amirsoltani et al., 2022;
B. Zhang et al., 2021; D. Sun et al., 2021; Song and Kim, 2021; Lu et al., 2021;
Kamyab et al., 2021; Afshar et al., 2021; Purba et al., 2020; J. H. Lee et al.,
2020; B. Kim and No, 2019; T. Kim, 2018; Esfandiari et al., 2018

Boiling Water Reactor (BWR) M. Zhang et al., 2024; J. Zhang et al., 2024; Martorell et al., 2024; Lim et al.,
2024; E. Choi et al., 2024; M. C. Kim, 2023; Foerster et al., 2022; Song and
Kim, 2021; Lu et al., 2021; Baek and Heo, 2021

Small Modular Reactor (SMR) M. Zhang et al., 2024; Yu et al., 2024; Yang et al., 2024; Xianbo et al., 2024;
Queral et al., 2024; Nagatsuka et al., 2024; Martorell et al., 2024; Lim et al.,
2024; Kral and Krhounkova, 2024; Kowal and Potempski, 2024; Hamza et al.,
2024; E. Choi et al., 2024; Zhou et al., 2023; Song and Kim, 2021; So and Kim,
2021; Lu et al., 2021; Purba, 2018

Research Reactor Tyas et al., 2024; Martorell et al., 2024; Abrefah and Ameyaw, 2024; Khakim
et al., 2024; Vechgama et al., 2021; Lu et al., 2021; Y. H. Lee, 2021; Y. H. Lee
and Jang, 2021; Ameyaw et al., 2021; Vechgama et al., 2020; Ahmed et al.,
2020; Y. H. Lee, 2019; Maskin et al., 2018; Ameyaw et al., 2018

Other M. Sun et al., 2023; Bogalecka and Dabrowska, 2023; Kassem et al., 2020

Furthermore, a pervasive issue in both safety assessment and IE identification is the lack
of comprehensive studies specifically focused on fire risk evaluation. This deficiency threatens
the safety of the reactor. There is an urgent and undeniable need for more in-depth research
into fire risk, extending beyond isolated events to encompass the intricate web of interactions.
This includes understanding the complexity of how internal plant conditions, external hazards
(such as seismic events or extreme weather), and fire events interact and cascade. Such perilous
combinations can trigger multiple simultaneous IEs, overwhelming safety systems, and challeng-
ing accident management strategies. The current dearth of research in this crucial area leaves a
dangerous void, potentially leading to insufficient preparation and inadequate mitigation mea-
sures, even despite foreseeable fire incidents and their complex synergistic effects. Without a
more holistic and integrated understanding of fire risk, NPPs remain vulnerable to scenarios
that threaten their safety and operational integrity.

An IE, which can set an NPP on an abnormal path toward an accident, is rarely a simple
occurrence. It often stems from a complex interplay of factors, including component or sys-
tem failures, external causes, human causes, or a combination of these (Kang and Jung, 2018).
The devastating Fukushima Daiichi accident in March 2011 serves as a stark and tragic illus-
tration of this complexity, involving a catastrophic sequence of events triggered by an external
natural hazard (earthquake and tsunami) that rapidly escalated due to the subsequent failure
of critical systems and, crucially, the limitations in human response under extreme stress and
unforeseen conditions across multiple units on a single site. Indeed, the significance of human
factors in nuclear safety cannot be overstated. Based on operating experience, NUREG-1275
reported that human error was the dominant contributing factor to the frequency of loss of
cooling/significant inventory loss events. While numerous studies have delved into the profound
interaction of human error with reactor safety, much of this research has traditionally focused on
analyzing human errors in the context of safety system failures, situations where human actions
(or inactions) directly impede the proper functioning of safety critical equipment designed to
mitigate an accident. However, recognizing that humans can also be a direct source of hazards
that initiate an event, rather than merely contributing to the failure of a mitigating system, is
a critical area requiring further exploration. This is an important distinction, emphasizing that
human actions, whether through procedural deviations, maintenance errors, or operational over-
sights, can themselves be the root cause of an IE. Given the pivotal role humans play in reactor
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operation and overall safety, understanding this aspect of human-induced IEs is paramount for
comprehensive risk assessment.

Furthermore, increasing attention is being paid to HRA in multi-unit NPP sites. The
complexity of multi-unit sites requires the identification of multiple human actions that could
occur within the same accident sequence or ”cutset” (a minimal combination of failures that leads
to system failure). This necessitates not only identifying these interconnected human actions
but also accurately calculating the JHEP for such scenarios. This advanced level of HRA is
crucial for realistically assessing the risk profile of multi-unit sites, where a single HE could
potentially have cascading effects across several reactors, amplifying the consequences of an IE.
Future demands include the development of sophisticated HRA models that can account for
dependencies between human actions, shared stressors, and common cause failures that might
affect operators across different units.

The identification of potential IEs with the derivation of rigorous frequency formulas is
essential for the development of PSA (M. C. Kim, 2023). This initial step is not merely proce-
dural; it directly dictates the entire risk evaluation’s accuracy and reliability, informing critical
safety decisions and regulatory oversight. However, the field faces significant forward-looking
issues as nuclear technology evolves and operational complexities increase. The very nature of
the input data for PSAs presents a formidable complexity: key parameters, such as equipment
failure rates, human error probabilities, and IE frequencies, are inherently functions of time.
This means that they are dynamic variables that can evolve throughout a plant’s operational
lifecycle due to factors such as aging, cumulative operational stress, evolving maintenance prac-
tices, and the accumulation of new operating experience. Each nuclear plant possesses its own
unique operational history, specific equipment configurations, and distinct maintenance records,
generating a wealth of plant-specific data.

While a sophisticated mathematical approach offers a powerful avenue to intelligently com-
bine generic industry data with these unique plant-specific datasets, a critical flaw persists in
many current analyses: the underestimation or outright neglect of the importance of time trends.
Failure to integrate these time-dependent dynamics inevitably leads to incomplete or inaccurate
risk estimation. This is not just a statistical inaccuracy; it deprives safety analysts, plant oper-
ators, and regulatory bodies of crucial insights into how risk evolves over the plant’s operational
lifespan. Understanding these dynamic risk profiles is essential for proactive safety manage-
ment, allowing for optimized maintenance scheduling, timely upgrades of critical components,
and informed decision-making regarding license renewals or operational extensions. Therefore,
the future trajectory of PSA methodologies must prioritize the sophisticated integration of time-
dependent data and advanced mathematical techniques to capture the dynamic, evolving nature
of nuclear plant risk.

Risk possesses both predictable and unpredictable aspects, and this inherent duality directly
affects the validity of safety analysis-derived values. The accident scenarios and their mitigation
must be simulated. This is especially true when considering complex interactions and unforeseen
event sequences that could influence the analyses. In the context of safety analysis, computa-
tional efficiency is often not discussed in depth. Although the focus frequently remains on model
accuracy and completeness, the ability to perform rapid and accurate analysis in emergency sce-
narios is critical. In a crisis, timely information derived from complex simulations can be the
difference between effective mitigation and escalating consequences. Overlooking computational
efficiency can lead to delays in understanding unfolding events, thereby hindering informed
decision-making in high-stress situations. Therefore, pushing the boundaries of computational
power and algorithmic optimization within safety analysis is not merely a convenience but a
fundamental requirement for enhancing real-time response capabilities.

Ultimately, understanding risk means acknowledging that ”more things can happen than
will happen,” and that uncertainty is an intrinsic component. This uncertainty is not a weakness
but rather a powerful impetus for continuous improvement. It actively drives the refinement of
PSA methods, pushing the boundaries of modeling techniques to ensure a comprehensive safety



International Journal of Technology 17(1) 42-68 (2026) 51

analysis of NPPs. Experimental validation is indispensable to further solidify this understand-
ing and enhance our predictive capabilities. This involves conducting controlled experiments
that replicate complex physical phenomena relevant to accident scenarios. By comparing simu-
lation outputs with actual experimental data, we can significantly improve the accuracy of our
models, deepen our understanding of these phenomena, and ultimately achieve a more robust
and reliable prediction of plant behavior under various conditions. This iterative process of
modeling, simulating, and experimentally validating is vital for building confidence in our safety
assessments and for continuous learning in the pursuit of enhanced nuclear safety.

Based on the above explanation, the research gaps between the research results and the
identified data are as follows:

• IE identification for the new NPP. While the IAEA has released IE lists for various PWR,
BWR, and research reactor types, a comparable list for HTGRs is absent. Obtaining
a comprehensive IE list for these innovative designs remains highly challenging due to
limited operational data.

• Lack of discussion on the impact of human reliability. The impact of human errors
on the operational safety of nuclear reactors has been insufficiently addressed. This
area warrants further investigation because human factors play a critical role in reactor
operation and safety.

• The critical need for enhanced fire risk integration in nuclear safety assessment. Com-
prehensive studies focused on fire risk have a critical deficiency, which poses a serious
threat to reactor safety. This lack of research can lead to inadequate preparation and
mitigation measures against complex fire scenarios.

• Imperative of time trend analysis in risk estimation Many analyses overlook the impor-
tance of time trends, which can provide important insights into the evolution of risk.

• Lack of discussion regarding the validation of results and computational efficiency in
safety assessment. Although computational efficiency and the validation of safety anal-
ysis results are underexplored, they are critical factors in enabling rapid and accurate
analysis in emergency scenarios.

4. Challenges, perspective and future

4.1 Challenges

The identified research gaps are integral components of the Level 1 PSA framework for in-
ternal IEs, as shown in Figure 3. This framework outlines the interconnected analyses necessary
to evaluate the safety of complex systems, such as NPPs. The initial step is pivotal, starting
with the IE analysis, which meticulously identifies and characterizes potential events that could
trigger an accident. This process involves identifying and characterizing accidents, determining
their frequencies, and compiling a foundational list of potential IEs. The IE analysis provides
a comprehensive understanding of potential IEs, which serves as a foundation for accident se-
quence analysis. In this analysis, the progression of events following an initiator is modeled,
considering the successful or failed operation of safety systems and human interventions. The
IE analysis is a critical component of the Level 1 PSA because it provides essential information
for the subsequent accident sequence analysis, making it a crucial step in the overall evaluation
process.
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Figure 3 Level 1 PSA framework for internal IE (International Atomic Energy Agency, 2024a)

The HRA specifically addresses human interventions by evaluating the likelihood of hu-
man errors impacting system safety. This analysis considers the context of human actions and
provides crucial human error probabilities that inform the system analysis, highlighting the sig-
nificant role of human performance in overall system safety. The HRA is related to three key
analyses: IE, accident sequence, and system analyses. Data and common cause failure (CCF)
analysis, which gathers and processes reliability data for all relevant systems and components,
underpin the integrity of these analyses. This includes the critical consideration of common
cause failures, which can simultaneously affect multiple components.

The CCF analysis collects and analyzes operational data, historical records, and expert
judgments to determine the failure probabilities of individual components and systems and the
likelihood of common cause failures. This comprehensive approach ensures that all relevant
factors are considered when assessing the reliability of complex systems. The reliability param-
eters derived from this analysis are essential inputs to both the accident sequence and system
analyses. System analysis focuses on modeling the behavior and reliability of individual safety
systems. Here, FTAs are used to determine their failure probabilities while also considering
the influence of human actions. System analysis typically employs a structured and systematic
approach to evaluate potential failure modes and their associated probabilities.

All these interconnected analyses, from identifying initial triggers and modeling accident
progression to quantifying system reliability and accounting for human error, ultimately converge
into the quantification and interpretation of results. In the final phase, the overall risk is
calculated, the primary contributors to the risk are identified, and a basis for informed decision-
making to enhance system safety is provided. The process of quantifying and interpreting results
is a complex task that requires careful consideration of various factors, including the accuracy
of the data used and the assumptions made during the analysis.
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4.2 Perspective

In determining the most effective safety assessment approach, several criteria are usually
required, such as comprehensiveness, accuracy, relevance, implementability, and field experience.
Comprehensiveness refers to the scope of the analysis in evaluating all aspects of safety, which
is crucial in identifying potential risks and failures. Accuracy is another important criterion
detailing the analysis’s precision in identifying potential risks and failures. Relevance is also a
key factor, as the analysis must be suitable for the reactor type and design. Implementability
is essential, as the results of the analysis should be readily applicable to practical actions aimed
at improving safety. Field experience is also a significant criterion because it involves how often
the analysis has succeeded in preventing or mitigating incidents in the past. Field experience
validates the effectiveness of the safety assessment approach. Figure 4 illustrates the overall
interaction of criteria to achieve an effective safety assessment evaluation. This figure provides
a visual representation of how these criteria interact to produce a comprehensive and effective
safety assessment.

Figure 4 Safety assessment criteria interaction

4.3 Future

It encompasses four key strategies to achieve an effective safety assessment evaluation.
These four key strategies are custom model and method development, time trend analysis
strengthening, model and tool validation and verification, and capacity building. Figure 5
illustrates a comprehensive approach for conducting a thorough safety assessment evaluation
regarding the solutions to the predefined research gaps.

The details of each strategy in Figure 5 are as follows:

Figure 5 Key strategic directions to achieve an effective safety assessment
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4.3.1 Custom Model and Method Development

The development of models and methods addresses specific system characteristics and de-
signs in NPPs. This requires an in-depth analysis of the system components and operational
processes. This development process can involve five steps as follows:

a. Development of identification IE methods

The objective of this step is to identify potential incident triggers and fully understand
each IE’s implications on the overall NPP system. This involves developing more detailed IE
databases and regularly updating IE analyses based on operational experiences and technological
advancements. Development methods must identify and activate key IEs that can have a major
impact on safety.

The development of reactor designs, including safety technologies, will change the list of
IEs. The development of IE identification methods for new NPPs is important because there
are no established guidelines for identifying IEs for new NPPs. An effective mitigation system
can be implemented to reduce the risks when IEs are identified. This process involves analyzing
various scenarios to determine each IE’s potential impact. To address these challenges, deductive
and inductive methodologies are combined (Ibrahim et al., 2025), quantification techniques are
improved, and the comprehensiveness and accuracy of IE analysis for all types of NPPs are
enhanced.

Combining deductive and inductive methods is a strategy to obtain complete data. De-
ductive tools, such as the MLD and FTA, provide a top-down, structured approach that breaks
down potential top events into root causes and logical pathways. Meanwhile, failure mode and
effects analysis (FMEA) and hazard and operability study (HAZOP) studies offer an inductive,
bottom-up perspective, systematically identifying component-level failures and process devia-
tions, which can then feed into the deductive models as basic events or IEs. Crucially, operational
data and event lists serve as vital inputs, providing real-world insights into component failure
probabilities and actual incident histories. Generally, these methods are used in parallel. Each
method has advantages and disadvantages. The development of a new method that overcomes
the shortcomings of existing methods is an innovation.

Improving quantification techniques aims to make risk and probability measurements more
precise and accurate. This involves using more sophisticated statistical models to predict com-
ponent failure frequencies, developing better methods for estimating data uncertainties, and
applying simulation techniques (e.g., Monte Carlo simulations) to explore various failure sce-
narios. The primary goal of this study is to reduce the margin of error in risk calculations
and provide more reliable figures for decision-making, thereby enabling the identification of the
highest-risk areas and efficient resource allocation.

b. Development of special fire risk studies

The expansion of fire risk within the PSA framework was undertaken to ensure proper
consideration of fire risk in NPP safety planning. These studies should cover a range of fire
scenarios, impacts on reactor structures, and mitigation measures.

Figure 6 illustrates the structured processes for conducting a Fire PSA as provided by the
IAEA. The process begins with data collection, including plant markdowns, cable routing and
component location information, and fire event databases. The next step is the equipment se-
lection for fire PSA, which involves examining PSA sequences of internal events, compiling a
PSA components list, and conducting cable analysis. Following these initial steps, a screening
by impact (qualitative) phase is conducted, focusing on the fire scenarios’ functional analysis.
The subsequent step is screening by impact (quantitative), where internal fire is integrated into
the overall PSA, human error probability analysis is performed, and core damage frequency is
quantified. Concurrently, a detailed fire analysis is conducted, including fire scenario analy-
sis, main control room analysis, electrical component analysis, multicompartment fire analysis,
combined hazards analysis, and a verification markdown. Finally, all these analyses converge to
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perform internal fire risk quantification. This involves calculating the frequency of core damage
and identifying its main contributors, along with uncertainty and sensitivity analyses to provide
a comprehensive understanding of fire risk.

Figure 6 Fire PSA framework (International Atomic Energy Agency, 2024a)

Cables require special attention because they are often a potential ignition source (e.g.,
due to short circuits or overheating). They also present a significant fuel load that can ignite
and spread fires in electrical spaces. Cable fire models are developed using a combination of
computational fluid dynamics (CFD) tools (such as fire dynamic simulator) to predict local
HRR and fire spread, and zone models to estimate compartment conditions and extinguishment
probabilities. However, predicting HRR and fire spread in cable bundles remains challenging,
underscoring the need for experimental validation and compliance with ISO and NFPA standards
(Dey, 2024; W. Wang et al., 2018).

c. Development of HRA

The influence of human factors can be a barrier to safety (Guglielmi et al., 2022). It is im-
portant to develop and integrate more sophisticated HRA models into the safety assessment to
better understand and mitigate this impact. HRA includes the stages of pre-initiators, initiators,
and post-initiators. Pre-initiators (pre-IEs) are human actions that typically occur during rou-
tine testing or maintenance activities, rendering equipment unavailable to perform its intended
mitigation function. Initiators are human actions that trigger an IE. Actions that cause plant
transients are implicitly accounted for in IE frequency quantification when these human actions
are the primary cause of such events. Post-IE human actions, also known as post-initiators,
refer to human errors that result in the incorrect execution of mitigating actions in response to
an IE (Martorell et al., 2024).

The development of more sophisticated HRA models requires a comprehensive understand-
ing of human performance and factors influencing human performance, such as cognitive biases,
stresses, and fatigues. Stress potentially compounds human errors. Seven factors can cause
operator psychological stress, including interface management load, task complexity, shift work
and continuous load, and communication load (Y. Wang et al., 2025). Moreover, the interaction
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and compounding of stressors can elevate operators’ psychological and cognitive burdens. Some
approaches to stress management include providing training, fostering social support within the
workplace, and offering access to mental health professionals when necessary.

It is advisable to quantify stress using the technique for human error rate prediction
(THERP) methodology and cognitive bias diagnosis tool (CBDT), providing detailed informa-
tion on applicable procedures, steps, and testing or maintenance schedules. This could involve
training-based scenario simulations and the use of virtual reality to model operator behavior
under emergency conditions. Integrating these models into a safety analysis can help identify
potential risks and vulnerabilities in complex systems.

d. Development of dynamic models that capture time-dependent risk trends

Dynamic model development ensures that risk models remain up-to-date and reflect current
information. Such information is essential for making decisions, particularly in industries where
risks can fluctuate rapidly. For example, the nonhomogeneous Poisson process (NHPP), which
considers time-dependent failure rate values, was successfully employed to determine the mean
time between failures (MTBF) of reactor parts, such as the JE01-AP03 primary pump of the
RSG-GAS reactor (Sudadiyo, 2025). The NHPP model results show that the proposed method
can significantly improve the accuracy of MTBF estimation. Estimating MTBF can help create
a maintenance schedule, thus enabling aging management to mitigate potential failure risks.

Meanwhile, Bayesian updating methods have been employed to incorporate both generic
failure rate with specific information from existing facilities, thus enabling more accurate fail-
ure rate calculation of the reliability components. The Bayesian ‘Modal Method,” which was
developed and applied in the PSA of the Leibstadt nuclear power plant, is an effective analytical-
numerical procedure that enables the Bayesian updating of the reliability parameters of reactor
parts by updating the distribution of component failure probabilities, thus enabling the trans-
formation of the resulting distribution into PSA models (Ayoub et al., 2020). Each of these two
methodologies, i.e., NHPP models of time-dependent reliability values and Bayesian updating
of reliability parameters, naturally fits into the PSA framework by enabling data analyses of
reactor dynamics (BahooToroody et al., 2020). Integrating continuous monitoring systems to
collect time-relevant data allows for dynamic and more accurate risk model adjustments.

e. Using optimized computational algorithms and integrated tools

The use of optimized computational algorithms and integrated tool aims to accelerate safety
simulations without compromising the accuracy required for reliable safety assessment. Recent
advances in artificial intelligence (AI) have enabled the use of surrogate and reduced-order models
(ROMs) to enhance computational efficiency in nuclear safety simulations. For instance, the use
of deep artificial neural network models as surrogates has been explored to speed up thermal-
hydraulic simulations and reactor physics simulations, which achieved a similar level of accuracy
and drastically reduced computation time (Huang et al., 2023). Additionally, physics-informed
neural networks (PINNs) employing transfer learning strategies can achieve reactor transient
simulations up to two orders of magnitude faster with mean error less than 1% (Prantikos et
al., 2023). The models can then be validated by benchmarking them with existing numerical
tools or experimental datasets. These models can be validated by comparing their outputs with
high-fidelity numerical or experimental results, ensuring that the ML-based predictions remain
reliable across different operating and transient conditions.

By identifying IE methods, fire risk sources, safety-related HRA models, risk evolvement,
and optimized computational algorithms and integrated tools, safety-related models and meth-
ods specific to NPP design can be developed to improve safety system technologies.

4.3.2 Strengthening of Time Trend Analysis

To enhance operational reliability and safety, it is crucial to focus on strengthening time
trend analysis, which covers the following efforts:
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a. Integrating time trend analysis into risk and safety assessment

Integrating time trend analysis into the safety assessment process ensures that actions and
decisions are appropriately and accurately made. This includes the use of statistical and data
mining tools to identify patterns and trends related to occurrence frequency. Analytical software
and ML can be used to analyze historical and real-time data. Data from the NPP operation
are collected and analyzed to identify trends that may affect safety. Operators can gain a
deeper understanding of the data and make more informed decisions by applying these tools
and software. This process ensures the safe and efficient operation of the nuclear power plant.

b. Implement a continuous monitoring system that collects operational data in real time
and analyzes time trends to detect potential IE

Implementing a continuous monitoring system helps detect potential IEs. A continuous
monitoring system collects real-time operational data and analyzes time trends. SCADA can be
used for real-time monitoring. The collected data are continuously processed and analyzed using
predictive algorithms. The system provides real-time data to detect anomalies and potential
safety breaches, which can be used to trigger alerts and notifications to safety personnel.

c. Developing an early detection system that combines historical data and real-time moni-
toring to identify potential IEs before they become major problems

The development of an early detection system aims to anticipate the emergence of risks
and prevent them from becoming major. This system can be implemented using technologies
such as big data analytics and machine learning. Historical data provide a baseline for under-
standing normal system behavior, while real-time monitoring allows for detecting anomalies and
deviations from the expected behavior. Predictive models trained on historical data are used to
detect anomalies in real-time data, enabling proactive measures to be taken to prevent issues
from escalating.

d. Improving the data infrastructure to ensure that historical and real-time data can be
easily accessed and analyzed

Data infrastructure improvements aim to ensure that data are securely stored, accessed,
and analyzed quickly. This includes developing a centralized database and increasing data
storage and processing capacity. Implementing cloud technologies and big data platforms, such
as Hadoop and Spark, for data processing and storage is a crucial step in this process. The
infrastructure must be secure, reliable, and accessible to the safety analysis team. This ensures
that the team can efficiently access and analyze the data, which is essential for making informed
decisions.

By integrating time trend analysis into the safety assessment process, which encompasses
continuous monitoring and early detection, abnormal trends can be recognized at an early stage,
potential failures can be anticipated, and the overall reliability of safety decisions can be en-
hanced. The results will be optimal if adequate infrastructure is provided. The strengthening
time trend analysis is illustrated in Figure 7.

4.3.3 Validation and verification of the models and tools

Validation and verification of new models or methods to ensure their accuracy and reliability.
Validation and verification involve simulations, scenario-based testing, and comparison with
previous NPP operations’ empirical data. The aforementioned steps can be implemented as
solutions to develop safety assessment and IE identification methods. Furthermore, specific
methodologies, such as sensitivity analyses and worst-case scenarios, should be developed for
managing uncertainty in simulations to provide a better understanding of safety margins. The
development of these methodologies will enable the identification of potential risks and the
implementation of measures to mitigate them, ultimately leading to improved safety outcomes.
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Competent personnel must periodically conduct validation and verification in accordance with
established procedures. This is crucial to ensure that the models and methods are reliable and
can be trusted to provide accurate results.

Figure 7 Strengthening time trend analysis by using real time monitoring, early detection,
data infrastructure, and integration into the safety assessment to enhance reliability and safety

4.3.4 Capacity Building

The purpose of capacity building is to enhance safety professionals’ skills, knowledge, atti-
tudes, and behavior, enabling them to effectively assess and mitigate potential risks in nuclear
power plants. Capacity building can be conducted through training programs and joint research.
These trainings include techniques for creating and interpreting FTA/ETA and their practical
applications in the context of NPP. Training can be conducted through online courses, work-
shops, or certification programs organized by academic institutions or professional bodies in the
nuclear safety field. Implementing intensive trainings based on real scenarios and simulations
to increase operator awareness of potential errors and to train them to work in challenging
conditions is necessary (Willis, 2021). Encouraging joint research between academia, industry
and safety agencies is crucial for developing more accurate and relevant assessments. Inter-
disciplinary collaboration, combining knowledge from science, engineering, and management, is
needed to develop more efficient and scalable analysis tools that can properly handle the com-
plexity of safety simulations. Governments and international organizations, such as the IAEA,
can provide funding and support to facilitate training and joint research projects (Lam et al.,
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2022). Continuous evaluations can help identify weak points and improve operational readiness.
The aforementioned key tips and strategies can be applied to address the challenges asso-

ciated with developing a safety assessment approach. However, implementing these four main
strategies also presents several challenges. The implementation of custom models, method de-
velopment, strengthening time trend analysis, validation and verification of models and tools,
and capacity building are integrated. It is insufficient to develop a model or method without
proper validation. Managing these complexities requires a team with the necessary skills and
knowledge. These strategies cannot be successfully implemented if engineers and analysts do
not possess adequate competence, and enhancing this competence requires continuous capacity
building.

These strategies aim to reduce risks, improve operational reliability and safety, and im-
prove preparedness when dealing with triggers of potentially hazardous events. If research and
strategic steps are properly implemented, the results will meet the criteria for comprehensive-
ness, accuracy, relevancy, implementability, and field experience evaluation. Organizations can
ensure that their assessment methods are robust and effective by integrating these strategies,
providing a solid foundation for informed decision-making. This, in turn, can lead to improved
outcomes and a reduced likelihood of adverse events.

5. Outlook and challenges for Indonesia NPPs

Indonesia’s NPP development program has been included in the Electricity Supply Business
Plan (RUPTL) 2025–2034 and is recognized as one of the strategic pathways for achieving net-
zero emissions transition (Budi et al., 2024). The four strategies mentioned above can be applied
to ensure the safe operation of future NPPs. However, their implementation must first consider
the following facts and conditions specific to Indonesia:

1. Indonesia is an archipelagic country with a power system that is not yet fully intercon-
nected (Deswandri et al., 2024)

2. Geographically, Indonesia is highly prone to natural disasters (Widyangga et al., 2024)

3. Indonesia has three research reactors but no commercial nuclear power plant (NPP)
(Ratiko et al., 2020)

4. Indonesia’s tropical climate features average temperatures ranging from 25oC to 30oC.

SMRs are suitable for deployment in small or isolated regions and can be operated as
standalone units. In addition, from a probabilistic standpoint, the passive safety systems char-
acteristic of SMRs offer lower risk than PWRs in the event of an accident. However, SMR
technologies have not yet been widely commercialized. Therefore, discussions regarding the
type of reactor that would be most appropriate for Indonesia are still ongoing, with the current
options primarily focusing on PWR and SMR technologies.

Currently, Indonesia has no commercial NPPs. Consequently, no NPP operational data
(operation, maintenance, or accident data) are available. Several methods, approaches, and
data derived from the operating experience of R&D reactors can be utilized; however, they
remain insufficient for a comprehensive safety assessment. Therefore, as described in Section 4,
strategies for developing custom models and methods, strengthening time-trend analysis, and
verifying and validating models and tools must integrate Indonesia’s operational experience,
IAEA guidance, and other countries’ implementation practices. Due to their relatively high
probabilities and potentially significant consequences, external events and fire hazards should
receive particular attention (Hendrawan et al., 2025).

Indonesia’s research reactors include the G.A. Siwabessy, Kartini, and TRIGA Mark re-
actors. The TRIGA Mark, Indonesia’s first research reactor, achieved its first criticality in
1965. Although research reactors differ technologically from commercial NPPs, Indonesia’s
long-standing experience in safely operating these facilities provides a valuable foundation for
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future NPP operation. Indonesia has already developed a pool of competent and, in many
cases, certified personnel whose expertise can help minimize human error. Moreover, Indonesia
has several research institutions and universities dedicated to reactor development and nuclear
safety technologies. With the available funding sources and strong collaboration with the Inter-
national Atomic Energy Agency (IAEA) and international partners, Indonesia is well positioned
to continue strengthening its capacity-building programs.

6. Conclusions

This review successfully mapped the landscape of NPP safety assessment approaches, iden-
tifying persistent research gaps in key areas. The identified research gaps include the lack of
discussion on the impact of IE identification, human error, fire risk evaluation, time trend anal-
ysis in risk estimation, and computational efficiency in safety analysis. These gaps confirm that
risk evolves over time due to environmental changes. Developing custom models and methods,
strengthening the time trend analysis, validating and verifying models and tools, and providing
capacity building can address these gaps. The implementation of this integrated framework offers
a direct path to address the dynamic nature of risk, thereby strengthening NPPs’ future safety,
reliability, and regulatory oversight. This integrated framework can help safety analysts and
regulators develop a clearer actionable roadmap regarding nuclear safety system improvement.
Indonesia currently has no commercial NPPs. Therefore, strategies for model development,
time-trend analysis, and verification and validation must integrate Indonesia’s operational ex-
perience, IAEA guidance, and international best practices. Particular attention is needed for
external events and fire hazards due to their relatively higher likelihood and potential impact.
Indonesia’s long experience in operating research reactors provide a strong foundation for future
NPP operations and contributes to a pool of competent personnel. With support from research
institutions, universities, funding mechanisms, and international collaboration, Indonesia is well
positioned to continue strengthening its capacity-building.
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