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ABSTRACT 

Fire on board passenger ships is a major hazard not only for the personnel, passengers, and the 
environment, but for the asset itself. Numerous analyses have been conducted towards fire and 
explosion events onboard ships, which revealed a steady trend of 10% accounting for total losses per 
year (Allianz, 2019; Papanikolaou et al., 2015). In addition, fire and explosion events are of outmost 
importance for passenger ships due to the sheer number of passengers and crew onboard 
(Baalisampang et al., 2018). However, despite all efforts, regulatory or other, the frequencies remain 
almost constant. The Safety Enhancing and Monitoring Applications (SEAMAN) project aims to set 
up the way forward by proposing methodologies and recommendations towards a zero-incident fire 
ship via continuous monitoring and analysis of onboard systems (Astrup et al., 2016). Therefore, this 
paper provides an overview of the available studies targeting all sociotechnical aspects with the aim 
of identifying their strength, shortcomings, and the way ahead with respect to fire/explosion 
prevention, mitigation, and control. 
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1. INTRODUCTION 

The maritime industry is often affected by 
accidents, which mostly lead to significant 
economic consequences and social impact 
(Eliopoulou, Papanikolaou et al., 2016). As 90% 
of world trading is still carried out by the 
maritime sector (Chauvin, Lardjane et al., 2013), 
it is of outmost importance to constantly update 
the current legislation and to investigate new 
techniques and methods to reduce accident rates. 
An accident in the maritime context can be 
defined in generic terms as undesirable events 
that results in damage to humans, assets and/or 
the environment (Kristiansen, 2013). By 
looking into the available literature, fire and 
explosion accidents are accounting for a little bit 
less than 10% of total losses during 2010-2019 
(Allianz 2020). Furthermore, during 2019, the 
maritime industry despite witnessing a 
remarkable decline in total losses - the lowest in 
this century, is still experiencing fires and 
explosions with five total losses in 2019 
(Allianz 2020, EMSA, 2020). In addition, many 
authors have also identified and appointed 
Human Factors (HFs) as a critical contributor 
into accidents not only in the general maritime 
context (Turan, Kurt et al., 2016, Navas de 
Maya, Babaleye et al., 2019, Navas de Maya and 
Kurt, 2020) but also in fire and explosion 
accidents and on passenger vessels. Specifically 
in 2019 from a total of 1,801 accident events, 54% 
were attributed to human factors (EMSA 2020). 
Thus, Figure 1 provides an insight into the main 
causal factors that cause fire and explosion 
accidents in the maritime industry. 

The contribution of this paper is to provide 
an analysis of the available literature on existing 
fire prevention and mitigation measures on 
board large passenger ships, including all socio 
technical aspects. Accordingly, some of the 
various approaches for fire prevention and 
mitigation are analysed and discussed in more 
detail. The literature was selected based on its 
novelty and discussion of important topics 
related to fire and explosion onboard passenger 
vessels, aiming to serve the purpose of our 
research. Therefore, several electronic databases 

(e.g., ScienceDirect or Google Scholar) were 
used to identify research articles on fire safety, 
including both aspects of prevention and 
mitigation, on board passenger vessels by using 
the following search terms: maritime, shipping, 
fire, explosion, passenger vessels, prevention, 
mitigation, control, and human factors. 
Additionally, authors were contacted directly 
with requests for relevant literature when the 
original sources were not publicly accessible.  

Figure 1 The percentage of fire and explosion 
accidents caused by each causal factor (adapted 
from (Baalisampang et al., 2018)). 

The publication years range from 2000-
present since most of the relevant studies 
reviewed are pertinent to that period. In addition, 
this paper mostly includes research from past 
projects and some of the top journals and 
conferences available in the relevant literature. 
Furthermore, research that does not contribute 
to the overall topic of fire safety, despite dealing 
with fire and/or having valid fire safety related 
topics, were left out of this research endeavour 
as the resulting paper/study would merely be a 
recollection of such. Finally, most of the studies 
included in this review paper were found to be 
projects and journal papers. Hence, this paper 
presents a review of the selected papers, and 
attempts to unify the body of research and 
identify gaps where further research is required. 

Regarding the structure of the paper, Section 
2 provides an overview of the role played by 
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HFs into fire and explosion accidents, which is 
followed by a more detailed review on past 
projects and papers on fire prevention and 
mitigation measures on Section 3. Finally, 
Section 4 includes the summary, conclusion 
derived from this paper, and the way ahead. 

2. THE ROLE OF HUMAN FACTORS 
INTO FIRE AND EXPLOSION 
ACCIDENTS 

As it was stated in the introduction section, 
HFs have a critical contribution into maritime 
accidents. In fact, numerous authors have 
researched extensively, to quantify the HF 
contribution to maritime accidents. For example, 
according to Rothblum, (2000), between 75% 
and 96% of marine casualties are caused, at least 
partially, by some form of human error. In 
addition, Graziano, Teixeira et al., (2016) 
asserted that HFs are implicated in around 80% 
of marine casualties. Furthermore, Turan, Kurt 
et al., (2016) also suggest that human and/or 
organizational errors contribute to more than 80% 
of shipping accidents. Therefore, from the 
above-cited studies, it is reasonable to assert that 
an average of 80% of the accidents in the 
shipping sector is attributed to HFs. In addition, 
further research has illustrated that there are 
potentially disastrous outcomes of human 
factors on fire and explosion accidents. 

In the general context of fire and explosion 
accidents, Tzannatos, (2010) analysed the 
significance of the human element in accidents 
involving Greek-flagged ships, during 1993–
2006, identifying that engine and bridge officers 
had contributed to fire/explosion accidents 
onboard, many technical failures, and other 
types of accidents. Furthermore, Kim and Kwak, 
(2011) investigated 413 maritime accidents over 
the period 2005-2009, identifying that critical 
human errors such as lack of awareness, led to 
disastrous ship accidents such as fire and 
explosions, resulting in loss of human lives, 
damages to the ship as well as the surrounding 
environment.  

Schröder-Hinrichs, Baldauf et al., (2011) 
reviewed 41 accident investigation reports 
related to machinery space fires and explosions 
to find out the major organizational factors. The 
outcome revealed that organisational factors are 
not well identified by accident investigators. 
Instead, contributing factors at the lower levels 
are over-represented. Furthermore, it is also 
worthy to mention the work carried by You, 
Chung et al., (2015), who analysed recent cases 
of ship fires explosions during the period of 
2009-2013 and investigated their causes. 
Results of this study revealed that most frequent 
reasons for ship fires/explosions were lack of 
safety awareness, and that coping plans should 
focus on preventive measures, such as more 
precise evacuation plans or reinforcing fire 
resistance to secure more time for evacuation.  

Uğurlu, (2016) also investigated maritime 
accident reports regarding fire and explosion 
during 1999-2013 in tankers transporting 
hazardous liquid cargoes. The main causative 
factors identified were the violation of work 
permits and a lack of risk analysis. Therefore, 
fire prevention could be improved by enhancing 
training standards and safety awareness and 
reducing the commercial pressures on ship 
operations. Moreover, Baalisampang, Abbassi 
et al., (2018) reviewed and analysed fire and 
explosion accidents during 1990–2015. Results 
of this study provided an insight into the 
contribution of human error into fire and 
explosion accidents, and prevention, including 
the prospect of using alternative fuels for 
mitigating fire and explosion risks in maritime 
transportation. 

In addition, analysis of fire and explosion 
causes on specific vessels to identify the 
contribution of the human element has been 
conducted extensively. For example, it is worthy 
to mention the work carried out by Chen, Di et 
al., (2020), who analysed the Sanchi collision 
and explosion accident to identify and analyse 
the main accident contributors. The results 
revealed that human factors played a major part. 
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Finally, regarding passenger vessels, 
Mutmainnah, Bowo et al., (2020) investigated 
ship accidents in Indonesia in the period 2018-
2019, revealing that human element, machine, 
media, and management were the top 
contributors into fire/explosion accidents that 
started in the car deck on passenger ship. 

3. FIRE PREVENTION AND 
MITIGATION MEASURES 

This section conducts a detailed review on 
the available literature on past projects that 
addressed fire prevention and mitigation 
measures. In addition, it includes all research 
presented either on journal or conferences 
papers that has also addressed either fire 
prevention or mitigation measures. 

3.1 Past Projects Addressing Fire 
Prevention and Mitigation Measures 

Once the importance of HFs into fire and 
explosion accidents has been highlighted in the 
previous section, this section provided a review 
of past projects that have tackled fire prevention 
or mitigation measures.  

The first risk-based endeavour towards fire 
safety was conducted through project 
SAFEDOR. The scope was to treat safety as an 
objective rather than a constraint imposed by 
IMO and/or flag administrations (Germanischer 
Lloyd, 2009). This paved the way forward 
towards goal-based standards through which 
innovative designs that do not fall under 
prescribed rules can be achieved. SAFEDOR 
investigated two hazards, namely fire and 
damage stability. The project developed a risk-
based design framework which incorporates the 
approval process, risk evaluation criteria, that 
allow holistic decision-making, personnel, and 
documentation requirements (Soares, 
Jasionowski et al., 2009). Furthermore, a risk-
based regulatory framework, in line with the 
risk-based design process, was developed and 
submitted to IMO. The practicability of 

SAFEDOR project was demonstrated via 
conducting Formal Safety Assessments (FSAs) 
for five novel ship designs generated for RoRo, 
RoPax, gas and oil tankers, containers, and 
cruise ships. The greatest pitfall of SAFEDOR 
project is the need for the standardization of a 
“loss-calculation procedure”. The project 
sufficiently stressed the need for a standardised 
loss-calculation procedure equal and/or 
comparable to that of the IACS common 
structural rules. Absolute accuracy may not be 
of outmost importance, but the procedure shall 
offer mutually acceptable simulation results and 
agreement between analysts responsible for 
approval. 

Project SURSHIP-FIRE, survivability for 
ships in case of fire, carried out by the VTT 
Technical Research Centre of Finland in 2007–
2009, consisted of four sub-projects 
(Hakkarainen et al., 2009). The goal of the 
former, “Firedata”, was to build a free access 
database of materials/products and their fire 
behaviour, an imperative tool for all fire safety 
engineers wishing to conduct fire simulations. 
Next, “Hazards”, is a methodology for fire 
safety engineering design for various ship 
spaces. Simulations on shops (e.g., duty free 
shop) were conducted to demonstrate its 
applicability (Hostikka et al., n.d.; Hostikka & 
Keski-Rahkonen, 2003). This sub-project 
resulted in the creation of a concept for 
assessment of hazard probability of critical 
spaces. The next sub-project, “Structures”, 
investigated critical fire scenarios under which 
the structural integrity of the vessel is 
compromised. The last one, “Evacuation”, 
demonstrates the applicability of a novel 
evacuation simulation tool, namely 
“FDS+Evac”, in an egress simulation of a 
complex staircase, attenuating and 
demonstrating the value of each and their 
combination. 

Project FIREPROOF expanded on the work 
performed in SAFEDOR by proposing a 
universally applicable maritime fire safety 
regulatory framework established on 
probabilistic and numerical models for ignition, 



  

   

        
 

STAB  2021 
Stability and Safety of Ships and Ocean Vehicles 

 

A    F    E 
 Proceedings of the 1st International Conference on the Stability and Safety  

of Ships and Ocean Vehicles, 7-11 June 2021, Glasgow, Scotland, UK  

growth, and impact of fires (FIREPROOF 
consortium, 2010). The outcome was a 
probabilistic framework for fire safety which 
was inspired by the well-established 
probabilistic damage stability regulation. The 
purpose of the project was to develop a 
probabilistic model for ignition and generation 
of fire scenarios, as well as the development of 
numerical models for growth and consequence 
assessment (injuries/fatalities) with emphasis on 
incapacitation and/or loss of life of all occupants 
(crew/passenger) (Nikolaou and Spyrou, 2009; 
Themelis et al., 2011). The developed 
framework is applicable for every space in a 
main vertical zone. The mathematical model is 
able to generate fire scenarios according to the 
appropriate probability distribution of the 
elements of the scenario (George et al., 2012). 
The aforementioned means that for any ship, 
irrespective of its novelty of design, a large 
amount of design fire scenarios can be generated, 
and their consequences can be collectively 
assessed. The latter allows for fire risk metrics. 
The ultimate objective of the project was to 
utilise these metrics to form statutory 
regulations for novel designs. 

The next venture in the direction of fire 
safety was conducted by studies Firesafe I and 
II (EMSA, n.d.). The scope of the tender 
initiative taken by the European Maritime 
Safety Agency (EMSA) was to investigate, and 
possibly review and update the fire safety 
regulations for RoRo passenger ships 
specifically. Hence, on 2015 EMSA organised a 
workshop on fires exclusively on RoRo decks 
(of all kinds). The workshop’s consortium 
consisted of maritime administrations, accident 
investigation bodies as well as industrial 
partners. Through the workshop and a 
discussion held by a group of experts, EMSA 
commissioned Firesafe I and II. Fire risk was 
investigated in an overarching manner, all 
stages of fire (ignition, detection, containment, 
extinguishment, evacuation and the decision 
making throughout) were investigated. All 
studies were conducted as per IMO’s Formal 
Safety Assessment (FSA) (IMO, 2008). 
Therefore, Risk Control Options (RCOs) for 

each stage were evaluated with respect to their 
risk reduction. Firesafe I investigated electrical 
fires only as an ignition risk, and fire 
extinguishment failure, including suppression. 
On the other hand, Firesafe II evaluated RCOs 
for the remaining stages, namely detection and 
decision making, containment and evacuation. 
Moreover, within the efforts of Firesafe II, two 
full scale tests were conducted, one with 
particular focus on open RoRo decks – a hazard 
stressed well enough within the project, and the 
other on alternative fixed extinguishing systems, 
and within the efforts of Firesafe II a combined 
assessment of cost effectiveness based on results 
of both projects was considered. Thus far, one 
significant outcome of these studies was the 
adoption of Interim Guidelines 
MSC.1/Circ.1615 (IMO, 2019), while there are 
still active discussions on possible amendments 
of SOLAS RoRo deck fire safety regulations.  

The Norwegian national ship risk model 
(NSRM) intents to develop updated/current 
(risk) models tailored for ships in Norwegian 
waters (Haugen et al., n.d.), and is part of a 
greater effort towards risk-informed decision-
making. Risk models were developed for 
capsizing, collision, grounding, and fire. With 
respect to fire, initial focus was given on engine 
room fires, being the most frequent point of 
origin (Azizpour, 2016). Then, generic models 
were developed for other ship areas that can 
contribute to fire, namely galleys, laundry, 
accommodation, etc. (Dokmo Bjørkås, 2016). 
The developed models assess all factors that can 
contribute to a fire taking place, namely 
technical, organisation and operational factors 
providing a systemic overview. The modelling 
itself is based on a Bayesian Belief Network 
(BBN) and has a starting point the Norwegian 
Maritime Authority database. The greatest 
pitfall of the fire-investigating project side is the 
lack of data. Specifically, published literature 
was utilised to populate the model with 
quantitative data. The aforementioned are 
discussed extensively in (Haugen et al., 2016), 
in which the authors state that empirical and 
experimental data usage was required. 
Furthermore, due to the lack of data, the 
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influence between factors in the BBN is 
speculative without actual basis/evidence. Since 
no distinction between ship types was made, the 
developed model is very general in its nature, 
which could lead to underestimation of hazards 
and risk in some ship types and sizes (for 
example oil tankers or cruise ships). Therefore, 
the NSRM can be used as a qualitative tool to 
investigate the influence between all factors, 
rather than a quantitative tool capable of 
providing the risk picture.  

The ongoing Project ALBERO intends to 
safely integrate alternative power vehicles 
(APVs) loaded in the decks of RoRo/RoPax 
vessels. The basis of this project is founded on 
the premise that fire and explosion events on 
board decks of any type of RoRo vessel are still 
taking place, whilst the societal and 
environmental consequences of those cannot be 
neglected. The project focuses on electrical 
vehicles, including opportunities for charging 
these on board, as well as gas-powered vehicles. 
The project is expected to finish by 2023 and has 
as an overarching scope the safe transport of 
APVs. To that effect, the consortium envisages 
to perform test-setups of the developed charging 
facilities. In addition to the aforementioned, 
guides including technical, organisational, 
structural and operational recommendations are 
to be established (ALBERO Consortium, n.d.). 

Project LASHFIRE, Legislative Assessment 
for Safety Hazards of Fire and Innovations in 
Ro-ro ship Environment, aims to develop fire 
safety solutions with the use of innovative 
technologies, operations and applications, 
without the need for external (firefighting) aid 
(European Union CORDIS, n.d.). These 
solutions would serve as critical input for the 
revision of IMO’s fire safety regulations. The 
project aims for a phenomenal reduction of 
RoRo ship fires by 35% and the number of 
fatalities by 45% (Sweden, 2020). This could be 
overoptimistic as until today no research project 
and/or endeavour has boasted such significant 
risk reduction. All procedures and technologies 
proposed will be scrutinised for their feasibility, 
performance and demonstration. This project 

has both Firesafe studies as basis for their core 
strength.  

The Safety Enhancing and Monitoring 
Applications project, SEAMAN, intended to 
establish methodologies and recommended 
practices to strengthen the safety of operations 
by continuous monitoring and analysis of on-
board systems (SEAMAN Consortium, 2016). 
Focus was given on two major hazards, namely 
flooding and fire/explosions. With respect to 
fire, the project consortium aimed to derive, 
implement and, most importantly, monitor 
safety barriers that prevent and/or mitigate fire 
hazards. The project focused solely on fire 
originating at the engine room of large 
passenger ships due to their phenomenal loss 
(societal, environment, asset) potential 
(Krystosik-Gromadzińska, 2016; Charchalis 
and Czyż, 2011). Through workshops, fire 
hazards in engine rooms were investigated and 
ranked towards their risk potential. Via the 
workshop a fire risk model was created. Then, 
via application of Systems Theoretic Process 
Analysis (STPA) safety barriers were developed 
taking into account all interactions between the 
systems, the asset, the crew as well as the 
operator (Puisa, 2020). The safety barrier 
concept, whilst not being novel (Kujath et al., 
2010), has been mainly applied in the Oil and 
Gas industry (Eltervåg et al., 2017; Øle, et al., 
2016). The onboard data (historical and live) 
would, then, be transferred onshore where data 
analysis would provide the way for effective 
safety barrier monitoring. Appropriate decision 
support methods would then be applied to both 
sharp and blunt ends, to make sense of these data 
and, eventually, assess the risk level and 
propose means for mitigating the risk emanating 
from fire in engine rooms. The aforementioned 
path led to a holistic safety approach that took 
into account all technical, organisational and 
operational aspects.  
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3.2 Additional Research Addressing Fire 
Prevention and Mitigation Measures 

Additional research conducted in the 
literature towards fire prevention and mitigation 
measures was carried out by Themelis and 
Spyrou, (2010) who established an efficient 
methodology for defining probabilistic design 
fires. The above study presented a methodology 
for producing design fires for probabilistic fire 
safety analysis which investigated the link 
between Heat Release Ratio Curves (HRR) and 
the parameters that surround fire development, 
e.g., type and amount of fire load that is present. 
Furthermore, it incorporated the geometry and 
the ventilation characteristics of the space in the 
shape of the HRR. The paper tackled the 
uncertainty of the combustible materials present 
in a space, for example amount, type and growth 
characteristics, by assigning appropriate 
probability distributions for these. This is due to 
the scarce availability of fire load and 
characteristics data. The developed 
methodology was demonstrated via a cabin fire 
simulation. However, the main drawback of this 
study was the lack of any fire suppression 
systems, for example sprinklers, which would 
probably result in a reduction of the HRR. 
Another pitfall, area of future work, is the 
application of this methodology in bigger spaces, 
for example an atrium/restaurant, having 
multiple fuel packages that would progressively 
ignite as the fire spreads in space over time. 

Moreover, Themelis and Spyrou, (2012) also 
developed a probabilistic framework for 
assessing passenger ship fire safety and 
envisaged to establish a structured process for 
the (fire safety) evaluation of designs that do not 
fall under prescribed SOLAS requirements. The 
goal of this study was to shed light on the 
uncertainty surrounding the design fires, for 
example geometry, ventilation characteristics, 
passive and/or active firefighting systems, 
human intervention etc. The framework could 
derive failure probabilities of insulation 
(containment) and extinguishment, which, in 
turn, are of outmost importance when ranking 
alternative designs having as basis design 

considerations such as the ones cited previously. 
The framework was applied on a cabin fire. 
Therefore, critical fire scenarios can be 
identified, which, then, can be used as input to 
analytical methods, such as CFD, for evaluation 
of the specific design.  

McNay, Puisa, and Vassalos (2019) aimed to 
determine the current state and focus of engine 
room fire safety by investigating all 
facets/constituents, namely regulatory and 
classification requirements, FSA as a rule-
making tool, accident investigations, and 
technology and literature, having as an ultimate 
objective the establishment of their 
effectiveness. The author ascertains that the 
current state could be characterised as sub-
optimal as the primary focus of the constituents 
lies on proximate events – precursors 
immediately prior to ignition and/or mitigation 
(control incident/accident, reduce damage). The 
former lies just left (before) of the event itself 
(fire) if one visualises a bowtie, whereas the 
latter right after the event has taken place, when 
it is too late for anything but damage control. 
The way forward is paved as a systemic 
approach with considerable efforts on the left of 
the bowtie, accounting for systemic and 
contributing factors (apart from the direct which 
are already looked after). Timely identification, 
treatment and, subsequently, elimination of 
latent causal factors before the event takes place, 
whilst accounting for all interactions 
(organisational, operational, technical) between 
all ends (sharp, blunt). 

4. SUMMARY, CONCLUSIONS, AND 
THE WAY AHEAD 

This paper has conducted a literature review 
on available projects and papers on 
fire/explosion prevention, mitigation, and 
control, targeting all sociotechnical aspects with 
the aim of identifying their strength, and 
shortcomings. From the point of view of 
research projects, both SAFEDOR and 
FIREPROOF set the basic constituents of fire 
safety engineering, especially for alternative 
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goal-based design, whilst SURSHIP provides a 
starting point via the material library and the 
design fire generation tool. Combined, these 
provide the absolute necessities for designers of 
large passenger ships that intend to design out of 
the box and, therefore, be competitive. On the 
other hand, FIRESAFE studies were the ones to 
investigate all facets of fire development 
(ignition, detection, decision, extinguishment, 
containment, and evacuation) but only on RoRo 
car decks. Project LASHFIRE aims to 
investigate RoRo decks further, especially in 
light of alternative fuel vehicles and the inherent 
fire safety risk emanating from these (e.g., 
lithium battery fire amongst others). On the 
other hand, literature clearly indicated that more 
than 50% of fire/explosions originate in the 
engine room. Thus far though, no research 
endeavour has attempted to investigate fire 
safety in this geometry, despite that statistics 
and trends always point it as the usual culprit! 
Furthermore, despite the efforts from all bodies, 
the frequency is somewhat constant; fire safety 
must be looked at from a completely different 
angle, one that allows to obtaint a proper risk 
picture having in mind the asset, the crew and 
most importantly, the interactions between these 
two throughout the life-cycle. 

Another pitfall of major importance is that 
investigation/research begins on proximate 
events prior to ignition and post-ignition 
(damage reduction and control). Specifically on 
the former, detection and, subsequently, 
prevention/elimination of direct factors has been 
the sole focus thus far, whereas systemic and 
contributing factors, which are usually latent, 
are somewhat neglected. Therefore, the authors 
of this paper believe that the way forward in the 
topic for fire safety research would be a 
systematic approach, with substantial focus on 
prevention rather than mitigation and control. 
Therefore, dynamic barrier management could 
offer considerable assistance in terms of 
systemic and contributing factors that are 
usually latent, including technical, 
organisational, human, and operational facets. 
The aforementioned would allow for a holistic 
goal-based fire safety with significant emphasis 

on prevention rather than mitigation and control, 
to create a goal-based fire safety approach. 

Finally, the authors of this paper believe that 
the way ahead would be a fire risk model which 
captures the response of a fire that originates in 
the engine room to the geometry of a main 
vertical zone. Since the engine room is the usual 
suspect on fire ignition and due to the sheer 
volume of fuel, the model should take into the 
account the behaviour-spread of fire and its 
effluents into the geometry whilst applying a 
systemic view. Vital to this, is the utilisation of 
(sensor) data that are fed to a well-defined risk 
model taking into account the status, criticality 
of each barrier element, their dependences and 
all interactions. Hence, such risk model would 
provide considerable aid in rule-making as well 
as alternative goal-based design.  
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