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CHEMICAL FIRE AND EXPLOSION HAZARDS AT SEAPORTS: A REVIEW
OF HUMAN - CAUSES, CONSEQUENCES AND PREVENTION STRATEGIES
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Purpose. Seaports serve as critical centers for global trade and transportation; however,
they are also prone to significant risks of chemical fire and explosion accidents. The purpose of
this paper is to examine the human-related causes, consequences, and prevention strategies as-
sociated with these hazards at seaports, while addressing their potential to cause severe casual-
ties, environmental harm, economic losses, and social disruption.

Methods. This study is based on an analysis of major historical and recent incidents of
chemical fires and explosions at seaports. Through this review, the paper evaluates the contrib-
uting human factors, the resulting impacts, and the strategies employed to mitigate such risks,
while also exploring challenges and opportunities for enhancing safety management of hazard-
ous chemicals.

Findings. The findings highlight that chemical fire and explosion accidents at seaports
lead to significant consequences, including loss of life, environmental damage, and economic
and social setbacks. The paper identifies key prevention strategies and discusses the need for
improved safety management practices. In conclusion the recommendations for future research
and practical measures to strengthen the handling and safety of hazardous chemicals at seaports
are offered.

Application field of research. Safety management of hazardous chemicals in seaports.

Keywords: chemical fire, chemical explosion, seaport, hazard, risk, prevention, Human
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1. Introduction

Seaports are complex systems that involve various activities, such as loading, unloading,
storage, handling, and transportation of cargoes, especially hazardous chemicals. According to
the International Maritime Organization (IMO), hazardous chemicals are substances that are
flammable, explosive, toxic, corrosive, or reactive, and may pose a threat to human health, safety,
property, or the environment [1]. The global trade of hazardous chemicals has increased signifi-
cantly in recent years, due to the growing demand for energy, raw materials, and consumer prod-
ucts. According to the United Nations Conference on Trade and Development (UNCTAD), the
volume of hazardous chemicals transported by sea reached 3.1 billion tons in 2019, accounting
for 11.4% of the total seaborne trade [2]. However, the increasing trade and handling of hazard-
ous chemicals also increase the potential for chemical fire and explosion accidents at seaports.
Chemical fire and explosion accidents are defined as unplanned or uncontrolled events that in-
volve the ignition, combustion, detonation, or deflagration of hazardous chemicals, resulting in
heat, flame, pressure, shock wave, sound, or gas release [3; 4]. These accidents can have devas-
tating effects on human lives, health, property, environment, and society. For example, the Tian-
jin Port fire and explosion accident in China in 2015 killed 165 people, injured 798 people, and
caused direct economic losses of 6.87 billion yuan [5]. The Beirut Port explosion in Lebanon in
2020 killed more than 200 people, injured more than 6000 people, and displaced more than
300,000 people [6]. In these accidents, human factors are often considered the main cause of the
incident. Therefore, it is essential to understand the human-causes, consequences, and prevention
strategies of chemical fire and explosion hazards at seaports, and to improve the safety manage-
ment of hazardous chemicals at seaports. This paper aims to provide a comprehensive review of
the literature on this topic, and to identify the gaps and challenges for future research and prac-
tice. The paper is organized as follows: Section 2 analyzes the human-causes of chemical fire
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and explosion accidents at seaports, based on the application of the Human Factor Analysis and
Classification System model (HFACS model). Section 3 summarizes the main consequences of
chemical fire and explosion accidents at seaports, in terms of human, environmental, economic,
and social impacts. Section 4 discusses the prevention strategies for improving the safety man-
agement of hazardous chemicals at seaports.

2. Human-causes of chemical fire and explosion accidents at seaports

Chemical fire and explosion accidents at seaports are complex and dynamic events that
involve multiple factors and interactions at different levels of the seaport system. To identify and
analyze the causes of these accidents, it is necessary to adopt a system-based approach that con-
siders the seaport system as a whole, rather than focusing on individual components or events.
A system-based approach can reveal the underlying causes and mechanisms of accidents, and
provide a holistic view of the safety performance and resilience of the seaport system. In this
section, we apply a system-based accident model, namely, the Human Factor Analysis and Classi-
fication System model (HFACS model), to analyze the causes of chemical fire and explosion acci-
dents at seaports. This model is selected because it is widely used and recognized in the literature,
and it has many strengths in terms of the emphasis, structure, classification, and representation of
the accident causes [7]. We use the Tianjin Port fire and explosion accident as a case study to illus-
trate the application of this model.

HFACS model is a taxonomy of human error that was originally developed for aviation
accidents, and later adapted for other domains, including maritime accidents [8]. HFACS classifies
the human error into four levels: unsafe acts, preconditions for unsafe acts, unsafe supervision, and
organizational influences. Each level has several subcategories that describe the specific types of
human error. Figure 1 shows the HFACS framework and the subcategories.

Lin Zhou et al. applied HFACS to the Tianjin Port fire and explosion accident, they applied
HFACS to the Tianjin Port fire accident, and they identified human errors at each of the following
levels [9]:

— Unsafe acts: The direct cause of the accident was the improper handling of calcium carbide
by the Ruihai workers, who used water to cool down the overheated containers, which triggered a
chemical reaction that produced acetylene gas, which ignited and exploded [10]. In addition, con-
tainers containing nitrocellulose and ammonium nitrate caught fire and exploded, which is also
believed to have led to the severity of this explosion [11]. This was an example of skill-based error,
which is a failure of attention or technique during the execution of a routine task. Another example
of skill-based error was the failure of the firefighters to identify the hazardous chemicals and to use
appropriate firefighting methods, which exacerbated the fire and explosion. This was also related
to the violation of safety rules by the firefighters, who did not follow the standard operating proce-
dures and did not wait for the arrival of the chemical experts. Moreover, the Ruihai managers com-
mitted decision errors, which are failures of judgment or reasoning during the planning or evaluation
of a task. For instance, they decided to store and handle hazardous chemicals without proper li-
censes, permits, or safety measures, and they did not report the accident to the authorities or evac-
uate the personnel in time.

— Preconditions for unsafe acts: The preconditions for unsafe acts are the environmental,
personal, and technological factors that affect the performance of the human operators. In the Tian-
jin Port accident, the environmental factors included the high temperature, humidity, and wind
speed, which increased the risk of chemical reaction, ignition, and propagation of the fire and ex-
plosion [12]. The personal factors included the lack of knowledge, training, experience, and aware-
ness of the Ruihai workers and the firefighters, who did not recognize the hazards and risks of the
chemicals, and did not know how to handle and respond to them. The technological factors included
the inadequate design, maintenance, and protection of the containers, warehouses, and vehicles that
stored and transported the chemicals, which increased the likelihood of leakage, corrosion, and
damage of the chemicals.
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Figure 1: HFACS framework and subcategories

— Unsafe supervision: The unsafe supervision refers to the failures of the supervisors or
managers to provide adequate guidance, oversight, feedback, or support to the human operators. In
the Tianjin Port accident, the unsafe supervision included the inadequate supervision of the Ruihai
managers, who did not enforce the safety rules and regulations, did not conduct regular inspections
and audits, did not provide sufficient training and education, and did not establish effective com-
munication and coordination with the workers, the firefighters, and the authorities [13]. The unsafe
supervision also included the negligence of the port authorities, who did not monitor and control
the activities and operations of the Ruihai company, did not verify and inspect the licenses and
permits of the Ruihai company, did not detect and correct the violations and non-compliances in
the activity of the Ruihai company, and did not supervise and assist the emergency response and
rescue of the accident.

— Organizational influences: The organizational influences are the policies, procedures, cul-
ture, and structure of the organization that affect the behavior and performance of the human oper-
ators. In the Tianjin Port accident, the organizational influences included the lack of clear and con-
sistent policies and procedures for the management of hazardous chemicals at seaports, which cre-
ated confusion and inconsistency among the different stakeholders, such as the Ruihai company,
the port authorities, the firefighting department, and the environmental protection agency [13]. The
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organizational influences also included the poor safety culture and structure of the Ruihai company,
which prioritized profit over safety, tolerated violations and non-compliances, and lacked account-
ability and transparency.

The HFACS analysis can help to identify and classify the human errors that contributed to
the accident, and to reveal the causal relationships and interactions among the different levels of
human error. However, the HFACS analysis also has some limitations, such as the difficulty of
applying the predefined categories to complex and dynamic situations, the lack of consideration of
the physical and technical aspects of the system, and the lack of graphical representation of the
accident causation [8; 9; 13]. Therefore, to have a more general view of the cause of the incident, it
is necessary to consider non-human factors as well, however, in this article, we will only consider
subjective factors related to human beings, who is considered the cause of the incident at Tianjin
port and other seaports in general.

3. The main consequences of chemical fire and explosion accidents at seaports, in terms
of human, environmental, economic, and social impacts

A chemical incident often has many consequences for people, the environment and the econ-
omy, especially if the chemical incident occurs at seaports. This has been proven through statistics
on damage in incidents that occurred at Tianjin port - China and Beirut port - Lebanon. These con-
sequences are summarized below:

3.1. Human Impacts. The human impacts of chemical fire and explosion accidents at sea-
ports include the following aspects:

Fatalities and injuries: The most direct and obvious impact of chemical fire and explosion
accidents at seaports is the loss of human lives and the physical harm to the survivors. The severity
of the injuries depends on the type, amount and location of the hazardous materials involved, the
intensity and duration of the fire and explosion, the distance and exposure of the victims, and the
availability and effectiveness of the emergency response and medical care. The injuries may range
from minor burns and cuts to severe trauma, organ damage, and poisoning. Some of the injuries
may have long-term or permanent effects, such as disability, chronic pain, and psychological dis-
tress [13].

Health risks: The health risks of chemical fire and explosion accidents at seaports are mainly
caused by the inhalation, ingestion or contact with the toxic substances and pollutants released dur-
ing and after the accidents. These substances and pollutants may include particulated matter, carbon
monoxide, nitrogen oxides, sulfur dioxide, volatile organic compounds, heavy metals, dioxins, fu-
rans, and cyanides. The health effects may vary depending on the nature, concentration and duration
of the exposure, as well as the susceptibility and health status of the exposed population. The health
effects may include respiratory irritation, asthma, bronchitis, pneumonia, cardiovascular diseases,
cancer, neurological disorders, reproductive problems, and genetic mutations [13].

Psychological impacts: The psychological impacts of chemical fire and explosion accidents
at seaports are related to the emotional and mental reactions of the affected individuals and com-
munities. The psychological impacts may include fear, anxiety, stress, depression, post-traumatic
stress disorder, grief, anger, guilt, and loss of trust. The psychological impacts may affect the well-
being, behavior, and social functioning of the affected individuals and communities, and may re-
quire long-term counseling and support [13].

3.2. Environmental Impacts. The environmental impacts of chemical fire and explosion
accidents at seaports include the following aspects:

Air pollution: The air pollution of chemical fire and explosion accidents at seaports is caused
by the emission of smoke, dust, and gases from the fire and explosion, as well as the dispersion and
deposition of the toxic substances and pollutants in the atmosphere. The air pollution may affect the
local and regional air quality, and may contribute to the global climate change. The air pollution
may also pose health risks to the exposed population and wildlife, and may damage the vegetation
and crops [14; 15].
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Water pollution: The water pollution of chemical fire and explosion accidents at seaports is
caused by the runoff, leaching, and infiltration of the toxic substances and pollutants from the fire
and explosion site into the surface water and groundwater. The water pollution may affect the qual-
ity and availability of the water resources, and may contaminate the aquatic ecosystems and the
food chain. The water pollution may also pose health risks to the exposed population and wildlife,
and may damage the aquatic biodiversity and productivity [14; 15].

Soil pollution: The soil pollution of chemical fire and explosion accidents at seaports is
caused by the deposition, accumulation, and penetration of the toxic substances and pollutants from
the fire and explosion site into the soil. The soil pollution may affect the quality and fertility of the
soil, and may contaminate the terrestrial ecosystems and the food chain. The soil pollution may also
pose health risks to the exposed population and wildlife, and may damage the terrestrial biodiversity
and productivity [14; 15].

Waste generation: The waste generation of chemical fire and explosion accidents at seaports
is caused by the destruction and demolition of the buildings, vehicles, containers, and other materi-
als involved in the fire and explosion. The waste generation may increase the volume and complex-
ity of the solid waste, and may require special handling and disposal due to the presence of hazard-
ous substances and pollutants. The waste generation may also pose health and environmental risks
during the collection, transportation, and disposal of the waste [14; 15].

3.3. Economic Impacts. The economic impacts of chemical fire and explosion accidents at
seaports include the following aspects:

Property damage: The property damage of chemical fire and explosion accidents at seaports
is caused by the physical destruction and contamination of the buildings, vehicles, containers, and
other materials involved in the fire and explosion. The property damage may result in direct losses
and costs for the owners, operators, insurers, and users of the property, and may affect the function-
ality and value of the property [16].

Business interruption: The business interruption of chemical fire and explosion accidents at
seaports is caused by the disruption and delay of the operations and activities of the seaports and
the related industries and sectors. The business interruption may result in indirect losses and costs
for the seaports and the related industries and sectors, and may affect the supply chain, trade, and
competitiveness of the economy [16].

Recovery and restoration: The recovery and restoration of chemical fire and explosion ac-
cidents at seaports is caused by the need and demand for the emergency response, rescue, relief,
cleanup, remediation, reconstruction, and compensation of the fire and explosion site and the af-
fected areas. The recovery and restoration may result in additional costs and expenditures for the
government, the seaports, the related industries and sectors, and the affected population and com-
munities, and may affect the budget, allocation, and distribution of the public and private resources
[16].

3.4. Social Impacts. The social impacts of chemical fire and explosion accidents at seaports
include the following aspects:

Displacement and relocation: The displacement and relocation of chemical fire and explo-
sion accidents at seaports is caused by the need and desire for the evacuation, resettlement, and
migration of the affected population and communities from the fire and explosion site and the af-
fected areas. The displacement and relocation may result in the loss of home, livelihood, and social
network for the affected population and communities, and may affect the demographic, cultural,
and political composition of the society [17; 18].

Social unrest and conflict: The social unrest and conflict of chemical fire and explosion
accidents at seaports is caused by the dissatisfaction, frustration, and anger of the affected popula-
tion and communities towards the government, the seaports, the related industries and sectors, and
the other stakeholders involved in the fire and explosion. The social unrest and conflict may result
in the protest, demonstration, violence, and litigation of the affected population and communities,
and may affect the stability, security, and justice of the society [17; 18].
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Social cohesion and solidarity: The social cohesion and solidarity in the event of chemical
fire and explosion accidents at seaports is caused by the sympathy, support, and cooperation of the
unaffected population and communities towards the affected population and communities. The so-
cial cohesion and solidarity may result in the donation, volunteer, and assistance of the unaffected
population and communities, and may enhance the resilience, recovery, and harmony of the society
[17; 18].

4. The prevention strategies for improving the safety management of hazardous chem-
icals at seaports

The management of hazardous chemicals at seaports involves a complex system of actors,
activities, and regulations, such as shippers, carriers, port authorities, terminal operators, customs,
emergency responders, environmental agencies, and international conventions. The main chal-
lenges for ensuring the safety of hazardous chemicals at seaports include: the diversity and volume
of hazardous chemicals handled at seaports, which require adequate identification, classification,
labeling, packaging, documentation, and segregation; the potential for accidents, spills, leaks, fires,
explosions, or terrorist attacks involving hazardous chemicals, which can result in serious conse-
quences for human health, the environment, and the economy; the lack of awareness, training, and
coordination among the different stakeholders involved in the management of hazardous chemicals
at seaports, which can lead to errors, violations, or gaps in the implementation of safety measures.

To address these challenges, the following prevention strategies are recommended for im-
proving the safety management of hazardous chemicals at seaports:

— Adopting and enforcing a comprehensive and dynamic web-based management infor-
mation system (MIS) for hazardous chemicals, which can provide real-time data on the types, quan-
tities, locations, and movements of hazardous chemicals at seaports, as well as facilitate the ex-
change of information and communication among the relevant parties [19].

— Implementing the OECD Guiding Principles for Chemical Accident Prevention, Prepar-
edness and Response, which set out general guidance for the safe planning and operation of facilities
where there are hazardous substances, as well as the mitigation of adverse effects through effective
emergency preparedness, land-use planning, and accident response [20].

— Promoting the use of environmentally preferable purchasing policies and periodic chemi-
cal inventories to reduce the amount and variety of hazardous chemicals handled at seaports, as well
as to identify and eliminate obsolete, unwanted, or banned chemicals [21].

— Providing regular and adequate training for all personnel involved in the management of
hazardous chemicals at seaports, covering topics such as chemical hazards, safety data sheets, per-
sonal protective equipment, emergency procedures, and waste disposal [22].

— Enhancing the cooperation and coordination among the different stakeholders involved in
the management of hazardous chemicals at seaports, through the establishment of joint committees,
working groups, or networks, as well as the organization of drills, exercises, or audits.

By implementing these prevention strategies, the safety management of hazardous chemi-
cals at seaports can be improved, thereby protecting human health and the environment, as well as
ensuring the smooth and efficient operation of seaports.

5. Conclusions and recommendation

Seaports are essential to global trade and transportation, but they also face significant risks
of chemical fire and explosion hazards due to the handling and storage of toxic chemicals. These
hazards may be caused by human factors, such as errors, negligence, violations or vandalism, or by
natural factors, such as earthquakes, storms or lightning. The consequences of the risk of chemical
fires and explosions at seaports can be devastating for human health, the environment and the econ-
omy as they can lead to casualties, environmental pollution, economic losses and impacts negative
to society. To prevent or minimize these dangers, some recommendations are given as follows.
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— Implementing a comprehensive and dynamic web-based management information system
(MIS) for hazardous chemicals that can provide real-time data and facilitate communication and
communication. communication between relevant parties.

— Applying the OECD Guiding Principles on preventing, preparing and responding to chem-
ical accidents, which provide general guidance on the planning and safe operation of facilities with
hazardous chemicals, as well as minimize adverse impacts through effective emergency prepared-
ness, land use planning, and accident response.

— Reducing the quantity and type of hazardous chemicals handled at seaports by adopting
environmentally friendly purchasing policies and periodic chemical inventories as well as identify-
ing and eliminating obsolete chemicals, unwanted or prohibited.

— Regular and complete training for all staff involved in the management of hazardous
chemicals at seaports, including topics such as chemical hazards, safety data sheets, personal pro-
tective equipment, regulations emergency procedures and waste treatment.

— Enhancing cooperation and coordination between relevant parties in the management of
toxic chemicals at seaports through the establishment of joint committees and working groups.
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OITACHOCTHU XUMHYECKHUX ITOKXAPOB U B3PBIBOB B MOPCKHUX ITIOPTAX:
OB30P YEJJOBEYECKHUX ®AKTOPOB, MOCJIEJICTBUIA
U CTPATEI'MHU ITIPEJOTBPAIIEHUA

Hro Ban Ham, Hryen Xb1y Xuey, ®an Anp

L]ens. Mopckue opThl ABJISIOTCS BAXKHEUIIIMMU LIEHTPaMU MUPOBOM TOPTrOBIIY U TPAHCTIOPTHUPOBKH,
OJTHAKO OHH TIOJIBEPIKEHBI 3HAUUTEIILHBIM PUCKaM XUMUYECKHX IT0’KapOB ¥ B3PBIBOB. Llebio MaHHOM cTaThu
SIBIISIETCS. U3yUYCHUE YEIOBEUECKUX (DAKTOPOB, MOCIEICTBUH M CTPATETHi MPENOTBPAICHHUS, CBSI3AHHBIX
C OTHMH OIIACHOCTSMH B MOPCKHX TIOPTax, a TaKK€ PaCCMOTPEHHE WX MOTEHIIMAaja BBHI3BIBATH CEPhE3HBIC
JKEPTBBI, BpeJl OKpYXKaroliel cpejie, SKOHOMUIECKHE MOTEPH U CONUANBHEIC TIOTPSCCHMYSL.

Memoowi. DT0 Uccne0BaHUEe OCHOBAHO Ha aHAIHM3E KPYITHBIX UCTOPUUYSCKUX M HEJJaBHUX WHITUICH-
TOB C XUMHYECKUMU TOKapaMH U B3PBIBAMHA B MOPCKHX NOpTax. OLEHUBAIOTCS CIIOCOOCTBYIOIIUE STOMY
yenoBedeckne (pakTopbl, OCIEICTBUS U CTPATETUH, IPUMEHIEMBbIE TSI CHIKEHHS TaKHX PHCKOB, a TAKXKe
M3YYar0TCs MPOOJIEMBI M BO3MOYXHOCTH JIJISl TIOBBIIICHUS 0€30MACHOCTH YTIPABJICHUS OMACHBIMUA XUMHUE-
CKHMH BEIIECTBAMHU.

Pezynomamer. Pe3ynpTaTbl MCCIEAOBAHUS MOAYEPKUBAIOT, YTO XMMHUYECKHE IOXKaphl W B3PBIBHI
B MOPCKHX TIOPTaX MPHUBOJAAT K 3HAUYUTENBHBIM TIOCIICCTBHIM, BKJIFOYast THOENb JIF0JIEH, yiepo okpyxaro-
el cpese, a Takke K SKOHOMHUYECKUM U COIMANIBHBIM Mpo0iieMaM. B paboTe onpenenstoTcss OCHOBHBIC
cTpatervu NpoQUIAKTHKU U 00CykTaeTcs HeOOXOAUMOCTh yIIYUIIEHHST METOJIOB YIIPaBJICHHUS Oe30IacHO-
CThI0. B 3akimoueHme mpeyiararoTcsl peKOMEH AU TI0 TIPOBEICHUIO OYAYIIUX UCCIICOBAHUN 1 TPAKTHYE-
CKHX MEp 1O MOBBIIICHUIO 3(()EKTUBHOCTH OOpalleHus U O0S30MaCHOCTH OTACHBIX XMMUYECKUX BEIICCTB
B MOPCKHX ITOPTax.

Obnacmo npumenenus ucciedoeanuti. YpapiieHHe 0€30MaCHOCTHIO OMACHBIX XUMHUYCCKUX BEIIECTB
B MOPCKHX TTOPTaxX.

Knrouesvle cnosa: XMMUUECKUNA TOXKap, XMMHUYECKUM B3pPbIB, MOPCKOW MOPT, OMNACHOCTb, PHUCK,
MpeIOTBpaIlCHNE, CHCTEMA aHaJM3a U KIIACCH(UKAIINH YSIIOBEUSCKOTO (aKkTopa.

(IToctynuna B penakuuto 13 ssaBaps 2025 r.)
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