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Multi-hazard accidents in process industries, which can cause more severe consequences compared to individual
accidents, have gained growing attention from administrators and scholars in recent years. With the development
of process industries and the expansion of the urban area, high-risk zones may emerge in densely populated
areas. Accurate risk assessment of the multi-hazard accidents in process industries is essential for protecting
properties, human life, and the environment. This study reviews past studies on the risk assessment of three types
of multi-hazard accidents in process industries: Natech events, domino effects, and concurrent hazards. The
development trends of risk assessment of multi-hazard accidents are analyzed and the research gasps of past
research are identified. Based on the identified gaps in previous research, future perspectives on multi-hazard
research in process industries are discussed. To improve the assessment methods for multi-hazard risks, more
advanced basic models and applicative risk analysis methods are required. Considering multi-hazard interactions
and other factors are also important for process plants against multi hazards. This study can potentially
contribute to developing better risk assessment models of multi-hazard accidents and therefore safer and resilient

process industries.

1. Introduction

The term “multi-hazard” has been widely used in government doc-
uments and academic literature. It is defined by United Nations Office
for Disaster Risk Reduction (UNDRR) as “an approach that considers
more than one hazard in a given place and the interrelations between
these hazards, including their simultaneous or cumulative occurrence
and their potential interactions” (UNDRR, 2015). The concept of
multi-hazard is closely related to natural hazards in many documents
such as the United Nations’ Agenda 21 for sustainable development
(United Nations, 1992), Hyogo Framework for Action (UNDRR, 2005),
and Sendai Framework for Disaster Risk Reduction (UNDRR, 2015).
Nevertheless, with the development of process industries, multi-hazard
risks have also received attention in the research on technological ac-
cidents (Chen et al., 2019; Qin et al., 2020).

Due to the flammable, explosive and toxic properties of hazardous
chemicals, fires, explosions, and toxic releases are three major accidents
in process industries (Papadakis and Amendola, 1997). The research on
multi-hazard accidents in process industries considers the causality,
concurrence and interaction of the major accidents and natural hazards,

which can be divided into three categories: Natech events, domino ef-
fects, and concurrent hazards (Wang et al., 2020). In this study, the three
types of multi-hazard accidents focus on different accident phenomena
respectively. Natech events refer to “natural hazard triggering techno-
logical accidents” (Cruz et al., 2006). Domino effects refer to the phe-
nomenon in which one technological accident causes one or more
technological accidents (Abdolhamidzadeh et al., 2011). Concurrent
hazards refer to simultaneous hazards, which can be the same type or
different types of natural hazards or technological accidents, and the
interactions between them (Cutter, 2018).

Due to climate change and industrial development, there is an
increasing trend in the frequency of multi-hazard accidents in process
industries (Cruz and Suarez-Paba, 2019; Ricci et al., 2021). Several se-
vere multi-hazard accidents happened in the last decade. For instance,
the Great East Japan Earthquake in 2011 triggered typical Natech
events, producing significant impacts on people and the environment
(Krausmann and Cruz, 2013). The explosion accidents that occurred in
Tianjin, China, 2015 (Fu et al.,, 2016), and Beirut, Lebanon, 2020
(Valsamos et al., 2021), were both typical domino effects triggered by
uncontrollable fire accidents. Besides, the damage of the multi-hazard
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accidents in process industries is considered to be more severe than
single accidents, because multi-hazard accidents usually involve multi-
ple installations and can affect larger areas (Gehl and D’Ayala, 2016).
Another reason is that the interactions in multi-hazard accidents (e.g.,
synergistic effects and coupling effects) can amplify the consequences of
accidents and result in unanticipated damages (He and Weng, 2020a).

Besides, industrial development may make the consequences of
multi-hazard accidents more severe due to the adverse effects of large-
scale industrial agglomeration areas and centralized industrial clusters
(Reniers et al., 2009; Zhang and Chen, 2013). Moreover, with the ur-
banization in developing countries such as China and India, the indus-
trial development may result in the emergence of high-risk zones in
densely populated areas (Reniers, 2010). To overcome these challenges,
multi-hazard risk assessment and management tools are necessary for
accident prevention and land-use planning in urban and industrial areas.

There is an urgent need to pay attention to the multi-hazard risk
assessment in process industries, which is the consensus of administra-
tors and scholars worldwide (Amin et al., 2019; Zhang and Glezakou,
2021). In the past few decades, public policies and academic research
have paid attention to this issue and made it a hot topic. However, the
multi-hazard risk is still an emerging concept and thus some gaps remain
in government documents and academic literature. This paper aims to
review the cutting-edge research results of the multi-hazard risk
assessment in process industries and identify the gaps that may be
addressed in future research. Moreover, based on the identified gaps of
previous research, this paper proposes perspectives for future research
on multi-hazard risks in process industries.

2. Multi-hazard risk assessment methods

In recent decades, the publications of several reference books on
process safety have given scholars a clear understanding of the mecha-
nisms, frequency, and consequences of major accidents: fires, explo-
sions, and toxic releases. The “color books” published by the
Netherlands Organization of Applied Scientific Research (TNO) sys-
tematically introduced the damage analysis, probability determination,
and quantitative risk assessment (QRA) methods for process industries
(TNO, 1992; TNO, 1997; TNO, 1999; TNO, 2005). The U.S. Center for
Chemical Process Safety (CCPS) published the guidance for chemical
process QRA and updated the contents according to the development of
the process industry (CCPS, 2000; CCPS, 2007). The reference book
published by Assael and Kakosimos (2010) concentrated on the effects
and consequences analysis and reviewed the risk analysis methods for
major accidents. More recently, the Society of Fire Protection Engineers
(SFPE) published a handbook, focusing on fire-induced major accidents
(SFPE, 2016).

Compared to major accidents, the research on multi-hazard acci-
dents in process industries is relatively preliminary (He and Weng,
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2020b). However, according to a survey of 207 accidents, 55% of pro-
cess industry accidents have multi-hazard characteristics (Zhang and
Chen, 2013). There is still plenty of scope for research on the risks of
multi-hazard accidents in process industries. In the following
sub-sections, multi-hazard risk assessment methods for process in-
dustries are reviewed from three aspects: Natech events, domino effects,
and concurrent hazards. The focuses of the research on the different
types of multi-hazard accidents are shown in Fig. 1. Natech events and
domino effects always focus on the causal (triggering) relationship of
different hazards while concurrent hazards highlight the interactions of
concurrent hazards (with or without causal relationships).

2.1. Natech event

The concept of Natech events was first proposed by Showalter and
Myers (1994) and quickly gained attention from governments and
scholars. Several Natech event prevention projects have been launched
in recent years. HAZUS was launched by the U.S. Federal Emergency
Management Agency (FEMA) and has been applied worldwide (FEMA,
1997; Remo and Pinter, 2012). Project ARMONIA was launched by the
European Commission and aimed to apply multi-hazard mapping to
assess the physical, social, economic, and functional damage of the
natural hazards (European Commission, 2004). Other global projects
were Natech I and Natech II projects, initiated by the Organization for
Economic Cooperation and Development (Krausmann and Baranzini,
2012).

With the inspiration of the prevention projects, scholars have con-
ducted academic research on risk assessment methods for Natech events,
which has experienced a development process from qualitative to semi-
quantitative to quantitative (Mesa-Gomez et al., 2020). Salzano et al.
(2013) developed a qualitative methodology for risk assessment of the
Natech events based on an analytical hierarchy process method. A
Bow-tie diagram (El Hajj et al., 2015) was also applied to conduct the
qualitative risk assessment considering natural hazards and vulnera-
bility. A well-known semi-quantitative risk assessment method named
RAPID-N (Girgin and Krausmann, 2012, 2013) aimed to conduct quick
assessment and mapping of the Natech risks. In terms of the quantitative
risk assessment, Bayesian network (BN) (Khakzad and Van Gelder,
2018) and Monte Carlo simulation (MCS) (Alessandri et al., 2018) were
used to calculate the probabilities of Natech events and their escalations.
Additionally, a geographic information system was a tool widely used in
data analysis, mapping, and risk assessment of the Natech events (Soto
and Renard, 2015; Ancione et al., 2016).

Most of the studies on Natech events focused on specific types of
natural hazards. Lightning, floods, and earthquake gained most of the
attention in previous studies on the Natech events (Mesa-Gomez et al.,
2020). Misuri et al. (2020) presented a QRA method for
lightning-triggered Natech events based on a probit approach and a
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Fig. 1. The focuses of the research on the different types of multi-hazard accidents in process industries.
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combinatorial analysis. Antonioni et al. (2015) proposed a QRA method
for flood-triggered Natech events using new equipment vulnerability
models. The Natech events initiated by earthquakes were also studied by
Bursi et al. (2018) using a performance-based earthquake engineering
procedure. The QRA models and methods for these three natural hazards
account for 54% of the publications on quantitative Natech event
research (Mesa-Gomez et al., 2020), as shown in Fig. 2.

Besides, review papers also provided an overview of the research on
Natech events. Cruz (Cruz et al., 2004; Cruz and Okada, 2008; Cruz,
2012) published a series of review papers to show the development of
the Natech event research in recent decades. Mesa-Gomez (Mesa-Gomez
et al., 2020, 2021) reviewed the risk assessment methods for Natech
events and presented recommendations for future research. A reference
book published by Krausmann et al. (2016) systematically reviewed the
risk reduction methods for Natech events. Other review papers (e.g.,
published by Steinberg et al. (2008), Ricci et al. (2021), and Misuri and
Cozzani (2021)) also provided understandings of the Natech event
research.

2.2. Domino effect

Domino effects were first systematically studied by Bagster and Pit-
blado (1991). As the most common multi-hazard accident in process
industries, domino effects have also driven governments to formulate
accident prevention strategies (He and Weng, 2020b). The European
Commission issued the Seveso Directive in which the assessment of
domino hazards was required in process plants (OJEU, 1982). Subse-
quently, Seveso-II Directive and Seveso-III Directive were issued to
emphasize the domino risks in process industries (OJEU, 1996; OJEU,
2012). The CCPS recommended that multiple safety barriers and layers
should be established in process plants to prevent domino effects (CCPS,
2019).

Similarly, risk assessment of the domino effects also has gone
through a development process from vague to precise (Swuste et al.,
2019). Matrix-based (Ni et al., 2010) and index-based methods (Khan
and Abbasi, 1998a) were the representatives of qualitative and
semi-quantitative risk assessment methods. Other methods such as
HAZOP analysis (Khan and Abbasi, 1997), layer of protection analysis
(Markowski and Kotynia, 2011), and “What-If" analysis (Assael and
Kakosimos, 2010) were also widely used as semi-quantitative hazard
identification and risk assessment methods.

With an in-depth understanding of the domino process, various QRA
methods for domino effects have been proposed since 2000. Khan pro-
posed maximum credible accident analysis and developed a QRA soft-
ware DOMIFFECT, considering the consequence and frequency of the
domino effects in risk assessment (Khan and Abbasi, 1998b). Cozzani

= Earthquake
= Flood
Lightning
Tsunami
= Volcanic eruption
= Landslide
® The others

Fig. 2. The ratios of different types of natural hazards in the quantitative
Natech event research (date from Mesa-Gomez et al., 2020).
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et al. (2005) proposed a QRA method for domino effects by using probit
models in consequence, damage, and escalation assessment. In recent
years, Khakzad (Khakzad et al., 2011, 2013) and Abdolhamidzadeh et al.
(2010) focused on calculating the likelihood of domino escalation pro-
cess and proposed BN-based and MCS-based QRA methods respectively.
More methods such as event tree analysis (Chen F. et al., 2020), fault
tree analysis (Khan and Abbasi, 1999), graph theory metrics (Khakzad
et al., 2017a; Chen et al., 2018), game theory (Zhang et al., 2018), and
Petri-net (Zhou and Reniers, 2018a), expanded the application of
mathematical and physical models in the QRA methods for domino ef-
fects. Moreover, the application of fuzzy set theory brought out several
QRA methods for the domino effects, such as fuzzy Bayesian network
(Guo et al., 2021), fuzzy Petri-net (Zhou and Reniers, 2017), and Cho-
quet integral (He and Weng, 2021).

With the development of domino effect research, the development
trend of risk assessment methods becomes clear. Quantitative, dynamic,
and realistic risk assessment can be regarded as three development
trends. Subjective evaluation has also become a development trend for
improving risk assessment methods with the application of fuzzy set
theory. The development trends are shown in Fig. 3.

For a better understanding of the development of the risk assessment
methods for domino effects, scholars published several reference books
and review papers. The reference book published by Reniers and Coz-
zani (2013) systematically reviewed the modeling, prevention, and
managing of domino effects. Khan et al. (2015) elaborately illustrated
the development of the risk assessment methods for domino effects from
qualitative to quantitative. Necci et al. (2015) and Chen C. et al. (2020)
presented the state-of-the-art of the domino effect risk assessment and
pointed out the gaps in previous research. Li et al. (2017) conducted a
bibliometric analysis on the publications and summarized the hot topics
on domino effects.

2.3. Concurrent hazards

Concurrent hazards refer to the concurrence of the same type or
different types of technological accidents or natural hazards. Fig. 4 ex-
plains the concept and classification of concurrent hazards. Different
from Natech events and domino effects, the past research on concurrent
hazards focuses more on the interactions between hazards rather than
the hazard itself. The interactions not only exist in concurrent natural
hazards and technological accidents internally but also externally be-
tween the natural hazards and technological accidents.

The classification of the interactions in concurrent hazards can refer
to the combined effects of the impact of chemicals on human bodies
proposed by the European Food Safety Authority (EFSA, 2013): linear
superposition, magnification, and reduction. Similarly, Wang (Wang
et al, 2020) divided the interactions into three categories:
non-influential hazards, mutually exclusive hazards, and mutually
amplified hazards. A collaborative group in the U.K. conducted in-depth
research on the concurrent hazard relationships and divided them into
three categories: increasing/decreasing the probability, coinciding spa-
tially/temporally, exacerbate/alleviate (Gill and Malamud, 2014).

Except for the classification, due to the complexity and uncertainty
of the interactions between hazards, other research results on the con-
current hazards are preliminary, intuitively reflected in the application
of terminology. Table 1 non-inclusively shows the terms used by
scholars to describe the interactions.

The interactions in concurrent natural hazards have been studied by
many scholars. Gill and Malamud (2014) identified 90 possible in-
teractions between 21 different natural hazards. More specifically,
Huggel et al. (2004) investigated the synergic effects of ice avalanches
and mobilized periglacial debris on lake outbursts. Other scholars
revealed that the building covered by snow or volcanic ash was more
vulnerable in an earthquake (Lee and Rosowsky, 2006; Zuccaro et al.,
2008). Although most studies on concurrent natural hazards did not
involve technological accidents, the concepts and methods in these
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studies can be used for reference in process safety research.

Compared to the natural hazards, studies focusing on the interactions
in concurrent technological accidents are few. He and Weng (2020a)
proposed the coupling effects and tried to reveal the mechanisms of the
interactions in the physical effects of technological accidents. Landucci
et al. (2016) and Chen et al. (2018) focused on the synergistic effects on
emergency response. Ding et al. investigated the synergistic effects by
evaluating the collaborative interactions of concurrent technological
accidents. The vulnerability of installations was also studied as one kind
of interaction in concurrent technological hazards (Khakzad et al.,
2016).

The interactions between concurrent technological accidents and
natural hazards are usually neglected in the multi-hazard risk assess-
ment in process industries. In a limited number of references, wind was
considered to be an important environmental factor that could interact
with technological accidents, such as fires (Rossa and Fernandes, 2018;
Wegrzynski and Lipecki, 2018) and toxic releases (Qian et al., 2019).
Howes et al. (2013) proposed that the toxic releases in a flood-triggered
Natech event would contaminate the flood waters and pose impacts to
people and the environment. Necci et al. (2018) proposed that the

emergency response in Natech events could be hampered due to the
concurrence of technological accidents and natural hazards.

3. Future perspectives

Although a lot of effort has been made in the research on multi-
hazard risks in process industries, gaps still exist in the previous
studies. This section aims to propose perspectives on future research
based on the gaps in previous research on the multi-hazard risk assess-
ment in process industries. The development trend of the research in-
clines to the following aspects: advanced basic models, applicative risk
assessment methods, determination of the interactions, and consider-
ation of other factors.

3.1. Advanced basic models

Consequence analysis models, escalation probability models, and
damage analysis models are the basic models in the risk assessment of
process accidents (Cozzani et al., 2005). Although the research on pro-
cess accidents is being improved, the development of the research on
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Table 1
The terms used by scholars to describe the interactions in concurrent hazards.
Terms Scholars Definitions
Coinciding European Commission The cumulative impact of all of
hazards (2011) the various impacts occurring at

Synergic effect

Tarvainen et al. (2006),
Omidvar and Kivi (2016)

the same time or shortly
following each other.

One hazard is a cause of
influences on other hazards.

Synergistic Zhou and Reniers (2018b), The collaboration of concurrent
effect Chen et al. (2018), Ding primary and secondary accidents
et al. (2020) to trigger another accident in a
tertiary unit and so forth.
Compound Alexander and Fairbridge Several elements acting together
hazard (1999) above their respective damage
threshold.
Combined EFSA (2013) Cumulative risk caused by the
effects exposure to multiple hazards.
Superimposed Chen et al. (2018) The influence of the current
effect hazard can be superimposed on
another hazard.
Cumulative Stelzenmiiller et al. (2018), The combined effects of human
effect Stelzenmiiller et al. (2020) activities and natural processes

Joint effect

Coupling effect

Berrington de Gonzalez
and Cox (2005), Kim et al.
(2017)

Kappes et al. (2012), He
and Weng (2020a)

on the environment.

Additive and multiplicative
effects of two risk factors on a
binary outcome.

Hazards influence each other,
resulting in amplified/reduced

consequences.

advanced basic models is relatively stagnant. For instance, the point
source model and solid flame model of fires, TNT-equivalent model of
explosions, and Gaussian diffusion model of toxic releases are the
mainstream consequence analysis models for the risk assessment of
process accidents (Casal, 2017). These models are simplified and
empirical which cannot inclusively consider the multi-factor influences
in multi-hazard scenarios. Methods that can consider the propagation
process of the accidents in actual scenarios are expected in the conse-
quence analysis of process accidents, like computational fluid dynamics
(Giannissi et al., 2013; Sun and Guo, 2013). In terms of the escalation
probability and damage analysis models, previous research is relatively
preliminary, such as the models of fragment impact and toxic damage.
Although tentative research has been conducted (Sun et al., 2015,
2016), corresponding results still lack practicality in risk assessment.

The same gap exists in the research on Natech events. According to a
dataset of 9100 Natech events, meteorological events were found to
account for 86% of the case of Natech scenarios, such as storms and
extreme temperature (Ricci et al., 2021). However, previous research
and established models of Natech events mainly focused on earthquakes
and floods (Mesa-Gomez et al., 2020). Moreover, the establishments of
Natech event models also are complex and uncertain, which is one of the
challenges that restrict the research on Natech event risk assessment. To
overcome these challenges, inclusive and precise basic models of Natech
events are needed, including the models of different types of natural
hazards and the models of escalation processes in Natech scenarios. In
recent years, scholars have made progress in studying the advanced
basic models of Natech events, especially the models of escalation pro-
cesses, such as the damage analysis of the installations in floods (Zeng
et al., 2021), storms (Bernier et al., 2019), and earthquakes (Huang
et al., 2020).

3.2. Applicative risk assessment methods

One of the challenges in multi-hazard risk assessment for process
industries is the gap between academic research and practical applica-
tion. The causes of this gap are various. The first is the practicability of
the risk assessment methods. Some precise methods, such as the BN-
based and MCS-based QRA methods, can accurately simulate the
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multi-hazard process but are time-consuming when dealing with com-
plex multi-hazard scenarios (Chen et al., 2018). On the contrary, other
methods, such as the matrix-based and index-based methods, aiming at
reducing the complexity of calculation, will introduce uncertainty into
the risk assessment when adopting the simplifications (Khan et al.,
2015). To overcome this limitation, risk assessment methods that can
balance the accuracy and computing capacity are expected.

Second, the multi-hazard risk assessment methods for process in-
dustries are developing from static analysis to dynamic analysis. The
spatial-temporal evolution of multi-hazard scenarios is one of the
characteristics of the Natech and domino events, which was often
neglected in the previous risk assessment methods (Ding et al., 2020).
Recently, a dynamic BN-based method was presented to simulate the
propagation of multi-hazard processes (Khakzad et al., 2017b). The
MCS-based method was optimized to be applicable in the dynamic risk
assessment (Rad et al., 2014). Although some studies have been con-
ducted aiming at filling this gap, more attention is still needed.

A paradigm shift in the multi-hazard risk assessment of process in-
dustries is needed. One of the alternatives is applying the subjective
evaluations from experienced experts when it is challenged to improve
the accuracy of the risk assessment methods. Fuzzy theory has been
widely used in the studies on finance and information science (Wang,
2016; Havens and Anderson, 2019), which is also appropriate to handle
the uncertain risk assessment in process industries. The development of
multi-hazard risk assessment methods based on the fuzzy theory is worth
looking forward to.

3.3. Determination of the interactions

As shown in Table 1, the multi-hazard interactions have been defined
by multiple terms. Each term has a unique definition and its own focus.
The application of various terms indicates that the interactions between
hazards are a hot topic in multi-hazard research. However, it also shows
that the previous research is unsystematic. Unifying the terminology is
one of the urgent goals for the research on multi-hazard interactions. It is
not only conducive to improving the sustainability of the research but
also conducive to the communication of the research results. The focus
of the research on multi-hazard interactions also requires discussion and
consensus to improve the efficiency of research.

Moreover, most of the terms in Table 1 focus on linear interactions
between hazards, such as linear superposition or collaboration. Few
terms describe the mechanisms and principles of the multi-hazard in-
teractions, which are mostly recognized to be nonlinear (Kameshwar
and Padgett, 2014). The determination of the nonlinear interactions in
concurrent hazards can improve the accuracy of risk assessment. Future
research can classify the multi-hazard interactions in more detail, and
conduct mechanism analysis from specific aspects, such as the vulner-
ability of installations and human bodies, and the emergency response.

Finally, the multi-hazard risks in the process industry were divided
into different categories and studied separately in most of the references.
The classification of multi-hazard risks makes the multi-hazard research
more specific, but meanwhile, it also brings barriers to the cross-
category multi-hazard research. It is expected that inclusive multi-
hazard risk assessment methods can be presented, such as the research
on domino effects which considers the interactions of concurrent tech-
nological accidents, and the research on Natech events which considers
the interactions of concurrent natural hazards and technological acci-
dents. Similar attempts have been made by some scholars (Cozzani et al.,
2014; Misuri et al., 2020). It is also expected that an inclusive system for
cross-category multi-hazard risk assessment research can be developed
in the future such as database, software, or experimental platforms.

3.4. Consideration of other factors

Besides improving the risk assessment methods, it is also important
to consider the influences of other factors in the multi-hazard research in
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process industries. Risk assessment methods will encounter many chal-
lenges in practical applications, one of which is on-site cooperation and
information exchange. The contradiction between financial benefits and
safety investment in process industries makes the risk assessment
methods that have high requirements for cooperation and information
collection lack of practicability (Reniers et al., 2012; Swuste et al., 2019;
Wu et al., 2020). Accurate and concise risk assessment methods are
expected by both administrators and process industry companies. The
introduction of subjective evaluation and the application of fuzzy theory
is one of the new ideas for improving the risk assessment methods.

Most of the risk assessment methods are based on individual risk and
social risk, which focus on the potential harm to human bodies from
multi-hazard accidents in process industries. However, with the recog-
nition of the importance of environmental protection, especially after
the formulation of the framework of the Global Pact for the Environment
(United Nations, 2017), flora, fauna, and environment are the factors
that have gained growing concern in the risk assessment of process in-
dustries. Moreover, with the overlap of industrial and urban areas,
economic loss and infrastructure damage should also be considered in
the risk assessment. The diversification of risk criteria is one of the
future goals for multi-hazard research in process industries.

4. Concluding remarks

With the recognition of the complexity and uncertainty of the trig-
gering factors and propagation processes of the multi-hazard accidents
in process industries, growing attention has been paid to the research of
multi-hazard risk assessment and management. Nevertheless, as a new
topic on process safety raised in recent decades, the multi-hazard
research in process industries is relatively in a preliminary stage. To
provide researchers and other readers with a general image of the
existing knowledge on multi-hazard risk assessment in process in-
dustries, this paper reviews previous research on this topic, identifies the
gaps in the past research, and provides perspectives on future research.

Compared to the research on the major accidents in process in-
dustries, the multi-hazard research is relatively few and preliminary.
The research objects of the risk assessment of Natech events are found to
be uneven and concentrated on earthquakes, floods, and lightning; The
development trends of the risk assessment methods for domino effects
are classified into four categories: quantification, dynamic, reality, and
fuzzification; The research on concurrent hazards, which mainly focuses
on the interactions between hazards, is found to be preliminary and
unsystematic.

Based on the identified gaps in previous research, four future needs
of the multi-hazard research in process industries are discussed. First,
more advanced basic models of the technological accidents and natural
hazards are expected, such as the models of fragment impact and toxic
damage. The computational fluid dynamics methods suitable for multi-
hazard analysis are also expected. Second, the risk assessment methods
are expected to find a balance between accuracy and complexity. Precise
risk assessment methods can be time-consuming at the same time.
Practical risk assessment methods can be the combination of precise
simulations and subjective evaluations. Third, the research on multi-
hazard interactions needs to be more systematic and go deeper into
the analysis of mechanisms and principles. The terms and concepts of
multi-hazard interactions should be unified. The research on nonlinear
multi-hazard interactions should attract more attention. Finally, risk
assessment methods need to consider more factors. The practicability of
risk assessment methods can be questionable in actual process in-
dustries. The presentation of new risk assessment methods requires on-
site investigation in advance.

The multi-hazard risk is an important research topic in process safety
research. There are extensive research results of multi-hazard accidents.
Providing a detailed and systematic review of the research on each type
of multi-hazard risk is difficult in a short paper. Therefore, this paper
tries to provide an overview of the research on multi-hazard risk
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assessment in process industries and provides perspectives on future
research. This work can provide insights for future research on multi-
hazard risk assessment and contribute to the safety and sustainability
of process industries.
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