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ABSTRACT 

Ship fires and explosions often bring about dire consequences. In addition to causing damage to people and 

property, explosions can lead to damage to the marine environment. However, each operating ship has many 

potential risks of fire and explosion: such as gas cylinders, electrical equipment, transportation of flammable items 

such as gasoline, oil, gas. In the face of such permanent threats, ships need to be equipped with fire protection 

equipment to actively respond promptly in situations of fire and explosion. Vessels operating on international 

routes must install fire protection equipment in accordance with IMO regulations and ships operating on domestic 

routes must comply with national requirements. This article focuses on analyzing and investigating first the causes 

of fires and explosions in shipping operations of a fleet. In addition, the stringent IMO requirements to prevent 

fire hazards on board are also revealed. Finally, advanced fire-fighting systems on ships is proposed so that they 

can be applied to international fleets to ensure safety in maritime transport. 
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INTRODUCTION 

The global shipping industry is witnessing a boom as economic globalization gains speed and the world economic 

integration trend intensifies in recent years. According to the Review of Maritime Transport 2020 [1], about 90 

percent of global trade in terms of the weight of goods is undertaken by shipping, so shipping plays an 

irreplaceable role in the global economy [2]. Safe and green development is an important trend of the international 

shipping industry. Particularly, shipping has long been regarded as a complex and high-risk activity, and maritime 

accidents often lead to heavy casualties and cargo and property loss, as well as severe environmental pollution 

[3][4]. The greater the role that shipping plays in international trade, the greater the impact on the world economy 

from the loss arising from maritime accidents [5]. Therefore, shipping safety has become an increasingly 

important topic [6][7][8] that will be helpful in guiding the management of maritime traffic safety and 

consequently reduce life and property loss [9]. Moreover, studies on the methods for reducing maritime 

environment pollution [10][11][12][13], advanced technologies for marine diesel engine to improve the efficiency 

and to reduce CO2 emissions such as the modern injection strategies or the use of renewable energy [14-26] are 

also paid much attention to.  

According to the Lloyd’s List Intelligence Casualty Statistics, from 1998 to July 2018, a total of 3976 total-loss 

marine accidents of ships of 100 gross tonnage or above occurred globally, killing or injuring a total of 15,738 

people. With the improvement in navigation technologies and the high attention paid to maritime safety and 

environmental protection by various governments, total-loss marine accidents have fallen [27], yet the fatality rate 

of such accidents remains high. Most of the current studies on accidents in the maritime sector primarily focus on 

ship collision accidents, and risk prediction of such mishaps. This paper expands the scope of accident factors, 

and adopts a partial proportional odds logistic model for statistics and analysis on the total-loss marine accidents 

in the past 20 years to verify the feasibility of historical data. Apart from the ship collision factor, this paper also 

collates 10 other key factors for the severity of marine accidents, identifying the correlations between the factors 

and the extent of casualties in total-loss marine accidents, and predicting the probability of injury or death [28].  
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Ship fire accident is one of the most severe accidents that threaten marine transportation safety, leading to ship 

loss, cargo damage, environmental pollution, human injury or even death [29].The actual number of fire and 

explosion accidents could be much higher than the published statistics because of underreporting issues of 

maritime accidents [30][31]. It is often found that the number of fatalities from fire and explosion accidents in 

shipping is comparatively higher than that of other types of accidents. Fire and explosion usually occur 

unexpectedly which provides little evacuation time for passengers or crew members. Although navigation safety 

has continuously improved with recent developments in fire prevention and rescue technology, disastrous ship 

fire accidents still occur [32]. On 6 January 2018, MV. SANCHI collided with MV. CF CRYSTAL approximately 

160 miles east of the Yangtze River, and this collision caused the cargo holds of the two vessels to catch fire, 

which results in 3 casualties and 29 missing. On 6 March 2018, MV. Maersk Honam suffered a severe fire accident 

in the cargo hold, four lives were lost, and the combustion of condensate cargo produced a lot of nitrogen oxides, 

sulfur oxides, and other toxic smoke [33][34].   

These accidents are further divided into different categories in order to compare the number of fatalities and 

number of accidents in maritime transportation. This indicates that fire and explosion still pose a risk to maritime 

transportation despite technological progress. In order to avoid fire and explosion accidents, a comprehensive 

review of all contributing factors is essential. The main objective of this paper is to ascertain the critical factors 

of ship fire accidents at a fine-grained to provide a more detailed and specific layer to discuss the cause of the 

accident. Additionally, in this study, potential preventative or mitigation measures are discussed for each type of 

contributing factor. Identifying sources of flammable materials and replacing them with less hazardous materials 

may play a positive role in mitigating fire and explosion risks in ship. Finally, the application of state-of-the-art 

warning and prediction technologies on ships' fire and explosion hazards will also be discussed. 

CAUSES OF FIRE AND EXPLOSIVE ON VESSELS 

The shipping sector is confronted with more and more challenging safety issues with the rapid development of 

the global economy. Over the past decade, the shipping industry has introduced a series of safety enhancing 

measures such as new regulations and rules or new forms of team training, yet, despite all these efforts, maritime 

transport accidents remain a major concern [35]. Therefore, many scholars have studied various aspects of 

maritime accidents to enhance maritime safety. Most of researches shows that identifying interrelationships 

among various causal factors of a broad accident category helps to explore the underlying causes. Thus, in order 

to identify causal and root causes, contributing factors that were responsible for past fire and explosion accidents 

in shipping are considered. This can provide different real scenarios of fire and explosion events and help identify 

real causes and their potential mitigation approaches. This shows that the four causal factors and several 

underlying causes of fire and explosion accidents are identified using past accidents information and that general 

preventative measures are proposed qualitatively. 

Human error 

A study by [36] showed human error contributed to a total of 96 out of 100 marine accidents. Similar results were 

reported in [37] where within the period 1991–2001, 80–85% of the maritime accidents were due to human error, 

50% were initiated by human error and 30% associated with human error.  A study by [38], stated that human 

error is related to technology, environment, organisation, work practice and group. A research in [39] postulated 

two types of human error causation namely internal causes leading to endogenous error and external causes 

leading to exogenous error. Authors in [40] stated that the maritime system is a people system where people 

interact with technology, environment, and organisational factors. Human factor depends on individual factors 

such as competency, health, stress and strength, workplace environment (such as site design, ease of use and 

working condition) and management (procedures, supervision and communications) under which he or she works. 

The study by  [41] argued that skill-based errors, and personnel related factors such as coordination, 

communication, and planning are the primary causes of shipping accidents in first and second levels respectively. 

Moreover, inadequate supervision and failure to correct problems, and inadequate organisational processes are 

the root causes of shipping accidents in third and fourth levels of HFACS. Among several causes of human error, 

deficient maintenance is one of the major causes of fire and explosion [42][43]. This includes inadequate hazard 

analysis, violation of hot work and confined space entry permit guidelines. Moreover, tight economic conditions 

may increase the probability of risk-taking and may put enormous pressure on one's working conditions. Ambient 
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environmental considerations also include appropriate design of living spaces that assist in recovery from fatigue 

[44]. 

Mechanical failure 

Fire and explosion accidents initiated by mechanical failures have resulted in catastrophic consequences in the 

past. According to the Allianz Global Corporate and Specialty [45] report, mechanical failure was the fifth highest 

reason for ship losses from 2007 to 2016. Authors in [36] outlined that common causes of mechanical failure in a 

component or system are misuse, assembly errors, manufacturing defects, improper or inadequate maintenance, 

design errors/deficiencies, improper material or poor selection of materials, improper heat treatments, unforeseen 

operating conditions, inadequate quality assurance, inadequate environmental protection/control and casting 

discontinuities. It is crucial to investigate the most vulnerable areas of any vessel or ship for mechanical failures. 

Another factor responsible for mechanical failure is that of an unsafe act such as failure to use the correct tool and 

procedure, negligence and inadequate supervision. Authors in [35] determined that the fire began on one of the 

generators after one of its fuel oil pipe fittings failed, resulting in sprays of fuel oil onto a hot surface on the 

generator. 

The investigation found that the compression fitting that failed had been used to connect a replacement pressure 

gauge that had a different pipe connection fitting size to that of the original pressure gauge. It is evident that 

human factor is one of the major contributing factors for mechanical failures that lead to fire and explosion in 

marine vessels. Use of damaged filter or mechanical seals has been seen as another contributing factor for 

mechanical failure. Several mechanical failures occurred due to inadequate maintenances such as failure to follow 

procedure, inadequate inspection and deficient risk assessment during maintenance. The bolts fractured due to 

cyclic loads and fatigue and investigation found that there were no engine manufacturer's guidelines for 

maintenance or inspection. Beside these aforementioned factors, there are other factors responsible for mechanical 

failures including malfunction of automatic controllers, failure of components in safety system and use of 

defective components [46]. On marine vessels and offshore structures, corrosion is a leading factor for mechanical 

failures due to environmental conditions. According to the causes of accidents, it is evident that mechanical failure 

may not be a standalone cause of a fire and or explosion in a marine vessel, rather it is associated with other 

contributing factors such as human error, harsh operating and environmental conditions, inadequate maintenance 

and mechanical fatigue 

Thermal reaction 

In the shipping industry, reaction or auto-ignition of loaded Hazardous and Noxious Substances (HNS) is a 

contributing factor for some fire and explosion accidents. According to [46] report, container vessels can 

sometimes carry as much as 10–40% volume of hazardous goods. Shippers of dangerous goods on board ship are 

required to pack and mark the goods in accordance with the International Maritime Dangerous Goods (IMDG) 

Code [46] and to provide necessary shipping documents and declaration that the dangerous goods are in all 

respects in proper condition for carriage. Despite these guidelines and application of codes, fire and explosion has 

been reported while shipping dangerous and noxious goods due to chemical reactions or auto-ignition of goods 

[47]. The main contributing factors for reaction or auto-ignition of loaded goods are defective packaging and 

incorrect stowage. The root causes of these are difficulty in chemical hazard identification and human error 

because of the complex nature of chemistry and the multitude of chemical regulations and their organisations 

relevant to their packing, storage and shipping [47]. Based on circumstantial evidence, [48] pointed out that the 

fire probably originated from the container containing methyl ethyl ketone peroxide.  

Some chemicals such as calcium hypochlorite are prone to thermal runaway, a phenomenon in which the heat 

naturally produced by the chemical serves to heat itself further, thus generating more heat. Additionally, defective 

packaging, such as loose lids on steel drums and loosely tied or damaged bulky bags can expose HNS goods to 

hazardous conditions and transporting them in large packages, such as bulky bags, increases the risk of auto-

ignition and flammability. A study in [48] stated, after analysing the physical and chemical properties of all the 

items of cargo in cargo hatch 4 of the damaged container, the most likely cause of the fire was either a release of 

car care products or leakage of dimethylaminoethanol from a tank container, which in turn reacted with 

surrounding items of cargo generating heat and ignition. Past shipping accidents confirm that the root causes of 
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chemical reactions that lead to fire and explosion are mainly thermal runaway, auto-ignition and leakage due to 

defective packaging and incorrect stowage preceded by human and organisational errors, and inadequate safety 

analysis. This indicates that despite availability of regulatory requirements, databases/tables, codes and signage 

for chemical storage and handling, thermal reaction is still a major contributing factor to accidents in shipping. 

This demands a need for detailed study of properties of chemicals and the precautions that should be taken to 

avoid devastating losses. 

Electric fault 

Faults in electrical systems can be classified into a few groups such as poor electrical connections, short or open 

circuits, overloads, load imbalance and improper equipment installation [49]. Most commonly, an electrical fault 

on a ship causes three types of incident, being electrical shock, electrical fires and electrical failures. Electrical 

fire is a serious hazard aboard any ship and is most likely caused by faulty or improperly maintained electrical 

equipment. Electrical faults or malfunctions have resulted in several residential, industrial and shipping accidents 

in the past [46]. A research project on 165 fires on board the DNV fleet from 1992 to 1997 found that 9% of fires 

originated from electrical components  [40]. Electrical faults or malfunctions have caused a number of fire 

accidents on marine vessels. For instance, on December 11th, 2015 a fire broke out in the electrical control room 

aboard the freighter Alpena 2016 and resulted in damage costs of 4 million dollars [50]. In some fire and explosion 

accidents that occurred on shipping vessels, investigations could not conclusively find actual causes of accidents 

and thus, only provided likely or possible causes based on circumstances [51].  

Additional possible conceivable causes included negligent or malicious arson, inadequate wiring revealed by cable 

loops protruding from the protective sheath, traces of corrosion on cables, cable connections of inconsistent 

strength, existing damage to cables due to welding operations, damage due to abrasion caused by metal cables, 

forcibly bent cables inside the insulation, damage to the insulation due to overheating and traces of several earlier 

fires on deck. Investigation of fire accidents can be complex and not as clear cut as other forms of investigation 

[39]. This is due to the possibility of omission of traces of evidence because of extinguishing works, smoke build-

up, prolonged burning or fire damage, and the complex nature of fire scenarios. In this study, it is found that about 

9% fire and explosion accidents have unknown causes or definite contributing factors, and their underlying causes 

were not identified during investigation. Most physical evidence leading to fire and explosion is often damaged 

and destroyed during the accident [37]. This shows that investigation of fire and explosion accidents requires 

special attention and may need more effective approaches. 

REGULATIONS AND SAFETY RULES 

The IMO's Guidelines on implementation of the International Safety Management (ISM) Code [52] is intended to 

be an international standard on safe operation and management of ships. The code mandates a Safety Management 

System (SMS). The main, but not sole, focuses of the Code is the control of hazards where possible, accounting 

for human factors, and the prevention of incidents through improved safety management and operations 

(Categories 2 and 3 respectively). The ISM code also covers emergency preparedness which can contribute from 

the moments of ignition through to damage limitation, which covers Categories 4–6. This shows a broad focus of 

the ISM Code from Category 2–6 (in Figure 1). Regarding guidelines available in reference to specific 

technologies in relation to fire safety, the IMO Fire Safety Systems (FSS) Code [52] was put in place to advise on 

strategies of incorporating fire detection and protection systems. This is another indicator of where safety rules 

and regulations focus, specifically on detection at the right of centre of the bowtie. The document discusses 

application of technologies used in the mitigation of ignition, principally falling under Category 5. 
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Figure 1. Focus on fire prevention or mitigation 

Functional safety guidance can be applied in preventative efforts for applications such as ship engine rooms, 

despite being primarily focused in the process sector [52]. This guidance focuses primarily on the reliability and 

design of safety instrumented systems which can be used to detect accident precursors and prevent failures. This 

is of relevance in engine room fire prevention with machinery failures presenting a notable precursor to fire. This 

guidance focuses within Category 3, although does branch into probability of incident detection which moves into 

Category 4. The document also provides guidance on the elimination of systematic failures during design, and the 

importance of risk assessment in the elimination or control of hazards. This provides us guidance focused in 

Category 2. The IMO [52] also provide guidelines on evacuation analysis on passenger ships which, although 

relating to a multitude of safety issues, presents a significant mitigation function in the case of a fire - the removal 

of humans who could The guidance provided by ClassNK focuses very much on fire control.  

The guidance presented on integrated fire control systems focuses on detection of fire, and ventilation systems to 

control smoke – Category 5 recommendations. The document, however, does discuss countermeasures to prevent 

ignition from releases of flammable materials, falling under Category 4. be harmed. This guidance therefore falls 

within category 6, relating to the reduction of losses. ClassNK also presents guidance on fire protection systems, 

of which reference is provided to the IMO guidelines on the maintenance and inspection of fire protection systems 

and appliances (MSC.1/Circ.1432 and MSC.1/Circ.1516) which are stated as ClassNK's minimum guidelines. 

American Bureau of Shipping (ABS) presents guidance on the extinguishment of a fire and presents various 

classifications of fire for consideration when designing the overall protection system. 

ADVANCED FIRE-FIGHTING TECHNOLOGIES 

Fire-fighting foam system 

 

Figure 1.  Typical line diagram of foam fire-fighting system 
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The foam fire extinguishing system, when activated, spits out a foam covering the surface of the gasoline, 

separating the flammable liquid from the air and the fire, thereby extinguishing the fire. Due to its effective 

properties, and because it reduces the amount of water needed, foam systems are now widely used [53]. Reducing 

the amount of fire extinguishing agent required to extinguish the fire means minimizing damage to equipment and 

utensils, reducing environmental pollution caused by spraying water, especially in hazardous substances [54]. 

With high expansion foam, there is hardly any damage to the cargo, and within a short time the whole warehouse 

is back to normal [55]. The foam system is applied in special places with a high risk of fire and explosion, carefully 

selected, appropriate installation of foam concentrates, foam mixing systems, foam spraying equipment, and 

effective coordination between the components in a fire extinguishing system is required [56]. 

Foam system should include provision to minimize the danger when foam is applied to the liquids above 100°C, 

energized electrical equipment or reactive materials. Since all foams are aqueous solutions, where liquid fuel 

temperatures exceed 100°C they may be ineffective and, particularly where the fuel depth is considerable (e.g., 

tanks) may be dangerous in use [57]. The foam and drainage of the water from the foam can cool the flammable 

liquid but boiling of this water may cause frothing or slop-over of the burning liquid particularly crude oil [58]. 

Boil-Over, which may occur even where foam is not applied, is a more severe and hazardous event. Large-scale 

expulsion of the burning contents of a tank is caused by the sudden and rapid boiling of water in the base of the 

tank or suspended in the fuel. It is caused by the eventual contact of the upper layer of liquid fuel in the tank, 

heated to above 100°C by the fire, with the water layer [59].  

Particular care should be taken when applying foam to high viscosity liquids, such as burning asphalt or heavy 

oil, above 100°C. Because foams are made from aqueous solutions they may be dangerous to use on materials 

that react violently with water, such as sodium or potassium, and should not be used where they are present. A 

similar danger is presented by some other metals, such as zirconium or magnesium, but only when they are 

burning. Low-expansion foam is a conductor and should not be used on energized electrical equipment; in this 

situation, it would be a danger to personnel. 

CO2 fire-fighting system 

CO2 is a clean, non-rust gas that extinguishes fire by diluting the mixture of air & CO2 to a ratio below the limit 

that can sustain the combustion [60][61]. This system is applicable in areas where using other fire extinguishing 

agents can damage machinery, equipment, as the sprayed gas can cause suffocation to the people present in the 

area [62]. So the system always spends a delay with the alarm signal to warn before spraying the gas, so that 

humans can escape the danger zone in time [63]. Firefighting systems using CO2 are widely used to ensure 

firefighting of cargo, rooms, train cabins, boiler rooms and engine room areas [32]. 

 

Figure 3. CO2 fire extinguishing system in the engine room, purifiel room and pump room 
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Figure 3 shows a schematic diagram of a CO2 fire extinguishing system in the engine room, purifiel room and 

pump room. To discharge CO2, people use the control CO2 bottles to open the main valve to distribute CO2 and 

successive valves on other separate CO2 bottles. Control CO2 cylinders are located in a control compartment and 

are usually disconnected from the control system. In order for this control system to work, a flexible tube with a 

quick snap to the corresponding waiting mouth on the system is made to connect the control CO2 bottles into the 

system [64]. When the stopper on the control bottle is opened, the CO2 from the control bottle will come out and 

act on the main stop valve of the fire system making this valve open. The one-piston main valve is controlled by 

CO2 to push the spring tension; it will open the valve door, CO2 controller will pass a second hole in it to enter 

the row of main CO2 bottles and open the valves on these CO2 bottles. Fire extinguishing systems using CO2 are 

often combined with smoke sampling systems (Figure 4) so that fires can be detected early and in time at an 

indicator board located in the cockpit. This table contains signals indicating the different areas on board. When 

there is a fire in that area, the signboard will light up (flash and the siren will sound) to notify the on-call operator. 

 

Figure 4. Combined detection and CO2 extinguishing system 

Each cargo hold is individually connected to this fire detector by a small pipe. An exhaust fan installed in the 

ceiling of the cockpit continuously draws air in the cargo holds through the fire detector in this panel. Therefore, 

smoke from a fire in any cargo hold will be detected immediately and indicated on signal boards, sirens and 

warning lights will work to indicate where the smoke occurs on the ship. 

Inert gas fire extinguishing system 

On oil tankers, chemical tankers to prevent fires from occurring in cargo holds, inert gas systems are often 

equipped to prevent fires. Inert gas is a gas or mixture of gases that contains very little oxygen or otherwise 

insufficient oxygen to sustain a combustion, such as boiler smoke after it has been washed, cleaned and cooling. 

Flammable gases and vapors such as fuel vapors, when mixed with air in appropriate quantities in a closed volume, 

only need a very small spark to ignite very quickly, especially for fuel tanks on oil tankers [25]. That is why the 

main function of the inert gas system is to bring inert gas into the cargo tanks to dilute the air in it and the amount 

of oxygen in those compartments is not enough for fires that can occur [65]. Even in the presence of sparks, there 

is no possibility of fire or explosion. A mixture of Hydrocarbon gas and air can only explode when its composition 

is in what is called a "flammable zone", and below this area it cannot be exploded or flammable [57]. When we 

add inert gas to a mixture of Hydrocarbon gas and air, it will reduce the oxygen concentration to the non-

flammable limit. 
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Figure 5. Components and description of Inert Gas System 

In diesel fuel tankers, the exhaust gas of a Diesel engine with a relatively high oxygen content cannot be used as 

an inert gas. Therefore, people use exhaust gas from the sub-boiler. This is especially beneficial when the vessel 

is parked at the port of stock since the sub-boiler is then fed to the loading pumps and the exhaust from the sub-

boiler is used as an inert gas. However, when the ship cruise at sea, the auxiliary boiler is shut down and an 

alternative source of inert gas must be sought. A "HOLMES" type oil-fired inert gas generator is used for this 

purpose and it has also been fitted on dry cargo ships on fire duty [66]. In inert gas systems, devices that analyze 

the composition of oxygen in the exhaust gas and in inert gas are always installed. This analyzer is connected to 

an alarm circuit. When the oxygen concentration exceeds the desired value there will be an alarm. In addition, a 

portable oxygen concentration meter is also equipped to check the tanks to ensure inert gas. In contrast, this 

portable watch is also used to check the air in the safes to ensure human life when checking or cleaning the safes. 

CONCLUSIONS 

Fire and explosion accidents are reported as a common accident type in maritime transportation. The causal factors 

of fire and explosion accidents are identified and categorized as human error, thermal reaction, electrical fault, 

mechanical failures and unknown. The general causes of fire and explosion accidents in shipping show that human 

error is the most common contributing factor accounting for 48% of accidents. In most cases, it is found that skill-

based error, inadequate supervision and inadequate organizational processes have resulted in mechanical failures, 

chemical reactions and electrical fault. Moreover, it is found that 43% of human error is arose from maintenance 

related activities. In this study, it is found that mechanical failure contributed to 22% of fire and explosion 

accidents. Deficient maintenance activity and inappropriate overhauls have been the main contributors to leakage 

and mechanical failure. Hot metal surfaces, static electricity and electrical sparks and arcs are the major sources 

of ignition causing fire and explosion. In this study, about 7% of accidents are found to be caused by electrical 

fires.  

Thermal reaction has contributed 14% to fire and explosion accidents, and breach of guidelines or policies was 

found to be the main root cause of accident. Defective packaging, inadequate hazard identification and incorrect 

stowage have contributed to accidents in shipping. Additionally, undeclared dangerous goods due to lack of 

awareness of regulations, mistakes or omissions during cargo transport booking, and deliberate non-declaration, 

are also significant contributors to shipping accidents. To ensure the safety of people, ships and goods when a fire 

occurs, a fire extinguishing system must be provided on board. The firefighting system under the ship includes: a 

foam fire extinguishing system, a CO2 gas system, a portable fire extinguisher system and an inert gas system. 

Depending on the structure, size of the ship and the function of the ship, people are equipped with a foam fire 

extinguishing system combined with a CO2 gas system and a portable fire extinguisher system or only water-

based fire extinguishing systems with portable fire extinguishers. 
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