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INTRODUCTION

No ship can operate with 100% safety or be completely
error-free. Hazard recognition and risk analysis are pri-
marily focused on assessing risk levels and identifying the
greatest fire hazards on board. Properly conducted analyses
can reduce fire risks to an acceptable level and enhance ship
reliability in serious circumstances. Therefore, risk assess-
ment applications are at great importance to safeguard the
system reliability in ships. A thorough analysis of historical
ship incident data can inform amendments to regulations
and decrease the theoretical accident risk [1].

It is well known that onboard fires are among the main
ship accidents, leading to loss of life and property. If fire
on board is not extinguished, it can lead to catastrophic
consequences, total actual loss, and severe victims. Various
types of ships reporting fire casualties from January 2000
to December 2022 is analyzed using Global Integrated
Shipping Information System (GISIS) database provided
by International Maritime Organization (IMO) [2]. In this
study, only very serious and serious reported fire casualties
are investigated. The serious and very serious fire casual-
ties of different types of ships between January 2000 and
December 2022 are given in Figure 1. Totally, 323 serious
and very serious fire incidents occurred in this selected
period. Even though fires onboard tanker is the most crit-
ical due to the high fire risk level with 24.1%, afterwards
Ro-Ro/Ferry/Passenger ship types have 16.7% fire casualty
percentage among all types of ship.

Electric vehicle (EV) markets are growing exponentially
as sales exceeded 10 million cars in 2022 globally and the
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percentage of EVs in total car sales increased three and a
half times in three years, from around 4% in 2020 to 14% in
2022. EV sales are expected to continue strongly through in
the coming years. Figure 2 depicts the parabolic growth of
the global sales volume of EVs between 2016 and 2023 [3].
As the growth trend in EV sales continues exponentially,
sales number of EV globally overtakes 30 million quantities
within the recent years [4].

In the world, almost 80 million vehicles are produced
annually and approximately 40% of the vehicles are trans-
ported via marine transportation. For the near future pro-
jection, both produced vehicles and marine transportation
ratio on vehicle are assumed to be doubled [4]. Therefore,
a part of the vehicle transportation via marine, EV takes
a crucial role depending on exponential growth on EVs
global sales. Among the risks such as floating, grounding,
structural failures or collisions, fire safety takes a significant
place to be considered due to the fact that EVs or charging
stations led to fire incidents onboard ships. Lithium-ion
batteries, commonly used in EVs, have the potential to
catch fire under adverse conditions, posing serious risks
to both passengers and crew Based on this risk assessment,
the subject of fire safety onboard ships that transport EV's
reveals as a challenging and paramount issue to be analyzed
and solved. This study is focusing on the issue from the per-
spective of fire dynamics simulations.

Lithium-ion batteries have the potential to catch fire
under adverse conditions due to exposure to the condi-
tions of energy creation, storage, and use. Although rare,
fires and accidents caused by these batteries can be very
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Figure 1. Reported serious and very serious fire casualties between 2000 and 2022 for different ship types.
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Figure 2. Global electric vehicle sales, 2016-2023 (adopted from https://www.iea.org/data-and-statistics/charts/electric-

car-sales-2016-2023, IEA, 2023).

dangerous. Therefore, it is important to take every precau-
tion to prevent lithium-ion battery fires. When Li-ion cells
generate more heat than they are able to effectively dissi-
pate, they may experience thermal runaway, which is the
rapid, uncontrollable release of heat energy that could cause
fire or explosion.

There have been many reports of EV fires in the last few
years. When an EV is involved in a fire, investigating the
incident often reveals the battery as the primary cause. The
safety of transporting EVs is a major concern for the ship-
ping and insurance companies since some accidents have
been reported owing to the thermal runaway of EVs [5].
Also, there are also some fire accidents of EVs occurring
globally as reported by the general media. For example, a
fire on a ferry carrying almost 3,000 cars off the coast of
the Dutch island of Ameland has left one sailor dead and
22 other crew members hurt in July 2023 [6]. Therefore,
if a fire accident occurs on the deck, the fire may spread
to other combustible materials and eventually cause serious
consequences, so the transportation of EVs by ship should
be handled carefully.

From the perspective of novelty of the study is that
applications of performance-based design and fire dynam-
ics simulation tools to the EVs spaces onboard RoPax ships
with a case study provide the prediction of temperature
levels along the enclosed space. In the lens of the statistics
shown in Figure 1 and 2, this study examines the fire safety
of electrical vehicle spaces of ferries. The aims of the study
are as follows:

o Performance-based fire safety design on ships includes
electrical vehicles,

o Outline strategies for mitigating fire risk, particularly
on electrical vehicle spaces on vessels,

o Simulate fire dynamics inside the control volume and
track crucial components such as temperature.

The literature review is detailed analyzed in terms of
fire safety regulation onboard ships, fire modelling and
performance-based design depending on fire dynamics
simulations in the next section. In summary, fire regulation
onboard ships are mainly based on the Safety of Life at Sea
(SOLAS) in Chapter II-2. Additionally, UK Government,
Maritime & Coastguard Agency and Nippon Kaiji Kyokai
are published guidelines for the specifically EVs and its
transportation via maritime. Fire modelling with fire
dynamics simulations is the main part of the literature
review section. Among the probabilistic, deterministic, and
stochastic fire modelling approaches, deterministic ones as
field and zone models are examined in details and mathe-
matical equations of field model selected for the case study
is given. Lastly, the fire dynamics simulations for specifi-
cally passenger ships, Ro-Ro vessels and Ro-Pax vessels
including EVs spaces are reviewed literately.

LITERATURE REVIEW

Fire Safety Regulations
Ships are protected against fire hazards through the
regulations of the IMO’s International Convention for the
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Safety of Life at Sea (SOLAS) [7, 8]. The well-known SOLAS
convention was first established in 1914 after the Titanic
disaster. Its main purpose was to set minimum safety
requirements onboard. Then, SOLAS convention was con-
stantly amended after the major accidents that highlighted
new safety aspects onboard. Chapter II-2 of SOLAS governs
fire safety on-board. The regulations provide all fire safety
provisions, starting with division and separation by ther-
mal and structural boundaries, and then continuing with
restrictions on combustible materials and fire detection
systems at the origin of fires. In the event of a fire incident,
the regulations cover containment and extinction proce-
dures at the fire’s origin. The regulations also ensure the
availability of fire-extinguishing appliances and minimize
ignition possibilities, protecting the means of escape and
firefighting through special provisions [7]. In the recent
years, UK Government, Maritime & Coastguard Agency
published marine guidance note with the title of Electric
Vehicles Onboard Passenger Ro-Ro Ferries and this guide
facilitate safe carriage and charging operations of electrified
vehicles being transported onboard roll-on roll-off passen-
ger (Ro-pax) ferries [9]. Also, Nippon Kaiji Kyokai called as
ClassNK released Guidelines for the Safe Transportation of
Electric Vehicles document from the perspective of Lloyds
[10].

Fire Modelling

Salem [11] investigated fire engineering tools in con-
sequence analysis, demonstrated transfer from a perspec-
tive approach to assess the fire safety design of ships to a
performance-based approach. This new method leverages
scientific and technological advancements and encour-
ages innovation. However, using this type of approaches
requires fire engineering tools to execute consequence
analysis, which is the cornerstone of the risk investigation
techniques. While most of these tools were developed for
simulating fire and smoke propagation in building, there
is some doubt about the applicability of these models for
simulating compartment fires onboard ships.

This paper estimates the currently available fire model-
ling tools through a series of comprehensive comparisons
between representative zone models and a benchmark field
model in fire scenarios that involve typical ship layouts.
Fires that occur in confined spaces, such as compartments
within buildings, ships, and airplanes, are referred to as
“compartment fires” A compartment fire typically starts
small and then expands to involve a significant fuel source,
becoming influenced by the compartment’s boundaries.
The fire’s hot combustion products rise, entraining addi-
tional air and forming a discrete, hot, smoky upper layer
below the ceiling. This layer deepens as the fire lasts to burn.
Once the hot layer accesses the soffit level of a vent, smoke
begins to spread out from the compartment into the rest of
the structure [12]. Wang and Su [13] define multilayer and
monolayer structure based on the structural characteristics
of ship engine room.

Smoke and toxic gases and vapours usually occur
together at fires, and it is difficult to distinguish clearly
which product of combustion is responsible for the harmful
effects. Smoke is a type of particulate matter that consists of
very fine solid particles and condensed vapour. It makes up
the majority of the visible products of combustion that are
observed during a fire. Gas, on the other hand, is a product
of combustion that remains in a gaseous state even when
cooled to normal building temperatures. Vapour is also a
product of combustion, but it is initially produced as a gas
and then reverts to a solid or liquid state at normal tempera-
tures. As vapours migrate away from the fire, they gradually
condense on cool surfaces. Carbon monoxide is typically
produced in large quantities during building fires due to
the presence of carbon in the chemical structure of most
organic materials. However, materials containing nitrogen,
such as acrylic fiber, nylon, wool, and urea-formaldehyde
foam, can also produce hazardous amounts of HCN in
addition to CO. As a result, the resulting atmosphere from
the combustion of these materials could be more toxic than
that of an equal amount of material whose primary toxic
product is CO. Materials that contain a high proportion of
chlorine, such as PVC, can be extremely hazardous in fires
as they produce both HCl and CO [14].

Once started a fire can spread in three ways: convec-
tion, conduction, and radiation. Convection is the most
hazardous way in which fire can spread through a property.
In an enclosed space, the heat generated by a fire becomes
trapped when it hits the ceiling due to the natural rising
of heat. The heat then travels horizontally, causing the fire
to spread throughout the entire area. Conduction refers to
the spread of fire through direct contact between materials.
Some materials are better conductors of heat than others
such as metals. Radiation transfers heat via electromagnetic
waves in the air. Heat transmits in every direction until it
reaches an object which absorbs it.

There are three types of fire models available: probabi-
listic, deterministic, and stochastic. Deterministic models
allow for a single possible development, while probabilistic
models attempt to investigate a range of potential develop-
ments. Over the years, deterministic models have gained
popularity among fire safety engineers, primarily because
they provide numbers that are readily usable, often taking
a conservative approach [15]. The journey of deterministic
fire models started with semi empirical and simple analytical
models. This development conducted to the progress of zone
models, and the most popular types of fire models. Progress
in Computational Fluid Dynamics (CFD) modelling made
it possible to model fire phenomena, by solving the basic
conservation equations of mass, energy, and momentum,
proven to be successful in solving a variety of fire safety
problems [16]. In general, there are two types of determin-
istic models: zone models and field models. The former rely
mostly on empirical correlations between specific variables
derived from laboratory scale experiments. Zone models
are subdivided into one-layer, two-layer, and HVAC models,
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Figure 3. Fire model types.

depending on the type of problem they are attempting to
solve. Field models assume fewer empirical relations and
attempt to solve the governing conservation equations (mass,
momentum, and enthalpy) using numerical techniques.
One-layer models attempt to calculate smoke movement in
regions remote from the fire and can handle large, complex
buildings with numerous floors and rooms. Two- layer mod-
els, on the other hand, are limited to fires in small enclosures
(with no vertical shafts) and consider smoke movement in
the immediate vicinity of the fire. The HVAC models calcu-
late smoke spread by HVAC systems and are theoretically
similar to one-layer models. Numerous types of fire models
are illustrated in Figure 3 [15].

The heat release from a fire is an indication of its inten-
sity. It can be stated as the fire load, which is the energy
content of the flammable resources capable of burning in a
fire [17]. Equation-1 can be used to estimate the total fire
load, Q [KJ]:

Q = MAHC = qu (1)

where, M [kg] is the total mass of the combustible mate-
rials; AH, [k]/kg] is the materials’ heat of combustion; g [k]/
m?] is the fire load density, and A f [m?] is the floor area. The
fire load is calculated by Equation-2 [18].

q = (1/Ap) X M; AH; )

where, n is the number of combustible materials; M,
[kg] is the mass of the combustible material i; and AH,,
[kJ/kg] is the heat of combustion of material i. The total
mass of the available combustible materials per unit floor
area (X[ M/Ay) expresses the so-called fuel load density
FL [kg/m?]. The heat release rate Q [kW] is calculated by
Equation-3 [17]:

0 = mAH, 3)

where, m [kg/s] is the mass burning rate of the com-
bustible mass M. In a ventilation-controlled fire, the rate of
combustion of the fuel is moderated by the rate of inflow of
air and the rate of heat release is determined by the amount
of oxygen available. The heat release rate of such fires is
given by Equation-4 [17].

Qv = mairAHc/rs (4)

where, m,;, is the mass flow rate of air into ventilation
openings, and r, is the stoichiometric air/fuel ratio. m,;,
depends on the area and the height of the ventilation open-
ings via Equation-5 as follow [17]:

Mg, = 0.5 Ay+/H, (5)

principally, whether m,;, / m < r, the fire is ventila-
tion-controlled; otherwise, it is fuel-controlled [10].

An innovative simulation method to estimate the
spreading rule of ship compartment fire and smoke pre-
sented with model verification carried out based on a
miniature model [19]. Mathematical models, integrating
ventilation network, field model, and zone model of ship
fire will be established to characterize ship compartment
fire scenarios. The development of this hybrid field-zone-
net simulation technology can offer a comprehensive
dynamic simulation of plume scene features. This hybrid
simulation technology presents a new method for calcu-
lating the overall characteristics of compartment fires,
laying the foundation for research into ship fire initiation,
development, and the temporal migration [20] analyzed
and verified the flow characteristics in closed ship cabins,
laying a hypothetical basis for firefighting in ship cabins.
As an emergency measure, extinguishing a ship fire in a
closed cabin effectively halts the fire. Initially, it is crucial to
organize personal evacuation quickly and prevent the fire’s
spread. This study, which uses a small-sized ship cabin as
the research subject and heptane as the ignition fuel, exam-
ines the smoke characteristics in closed compartments the-
oretically and designs a physical parameter model of fire
smoke based on MATLAB. The research is predicated on a
constant heptane mass loss rate, which somewhat deviates
from an actual fire in an enclosed space. Ship cabin fires
differ from other types of fire because cabin-surround-
ing bulkheads are typically made of steel which is a good
conductor of heat. The heat produced by the fire can be
conducted through the steel bulkhead to other cabins, and
the hot bulkhead can heat up the cabin’s air through radi-
ation and convection. Investigating the law of temperature
increase in the steel cabin during a fire could significantly
inform the fireproofing design of the cabin. Fire Dynamics
Simulator (FDS), equipped with a Large Eddy Simulation
(LES) turbulence model, are used to simulate a full-scale
cabin fire experiment designed [21]. FDS could predict
accurate temperature distribution in the cabin’s middle
and top sections, but the cold layer temperature affected by
incoming air was moderately predicted by FDS.
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Even though all ships being built according to fire
safety rules and regulations, ship fire accidents still occur.
Dynamic fire simulations can provide insights into heat and
smoke tendencies and behaviors based on cause, location,
and environmental conditions. While numerous frame-
works and fire safety schemes exist, suitable fire simulation
frameworks should accommodate the increasing data avail-
ability at each stage of the ship design process. Consequently,
fire scenarios are considered rather than a formal risk mod-
elling process. The machinery room of the target ship has
been utilized for the fire simulation [22]. From the perspec-
tive of fire extinguishing systems, [23] studied fire suppres-
sion models by using reinforcement-learning technique to
aim of fire extinguishing nozzle and [24] investigated the
effect of initial water temperature on the cooling perfor-
mance of a water mist fire suppression system.

Lastly, design of fire methodology for vehicle spaces
onboard ships is widely analyzed with a case study, a realistic
closed-type cargo space of a Ro-Ro passenger ship, accom-
modating 38 cars and 11 heavy goods vehicles (HGVs) with
using fire dynamics simulation [25]. As a result of the study,
temperatures in the vehicle spaces are reaching to approx-
imately 800°C.

MATERIALS AND METHODS

In this study, one ship is selected as a case study for sim-
ulating fire dynamics. In the case, the capacity of the vessel
are 800 passengers, 90 cars and 60 trucks. Table 1 indicates
the technical specifications of the vessel below. In general,
the structure of a whole ship is very complex to simulate all
detailed information in a model. In the first step, this study
focuses on electrical vehicles space onboard ship. Mainly,
the detailed shapes of each equipment in this deck are irreg-
ular. Therefore, FDS software is used for investigating the
fire and cube-shaped grids are used, the structure informa-
tion of the real deck should be streamlined as follows:

a) The complex structure in the deck: as some small equip-
ment or electrical vehicles have a small effect on the
flame spread, most of these components are ignored
during development of numerical model. Electrical
vehicles in the compartments simplify with two cubic
fire sources.

b) Explosibility: There are many small equipment and
devices within the compartments, so they can easily
cause explosions in the event of a fire. This can increase
the destructive power of fire. However, due to the com-
plex nature of explosives, this will be omitted to simplify
the calculations.

¢) Human impact on fire development: For the whole fire
spreading process within the deck; in the early stages,
the movement of people has small effect on the flow dis-
tribution. Therefore, the impact of human actions will
be ignored.

d) Active fire protection systems such as fire extinguishing
sprinklers, detections are ignored in this study.

Table 1. Technical specifications of the case study vessel

Ship type ROPAX
Length (m) 146
Beam (m) 22
Depth (m) 14
Draught (m) 6,26
Gross tonnage (t) 6.825
Deadweight tonnage (t) 3.790
Capacity 800 passengers
90 cars
60 trucks

For the CFD simulations, it is necessary to assume some
initial conditions of external and internal parameters. For
the environment, it is assumed that the air temperature is
20°C, ambient pressure is 1013 hPa, and relative air humid-
ity is 40%. A propane gas burner is taken as the combustion
material [26]. The well-known Very-Large Eddy Simulation
(V-LES) is used based on the concept of filtering a larger
part of turbulent fluctuations compared to the standard
LES [27]. It can be concluded that VLES model has better
predictions of the swirling flow field for both the mean and
the root mean results than the LES models [28]. Therefore,
maximum heat release rate is 7000 kW per EV [29]. The
fire in its growth stage and during its decay period can be
described by a t2 curve and total simulation time is taken as
1000s. Geometry of the ship is simplified and determined
the length of 145m, the width of 23m and the height of 5m.
Instead of the complex geometry of the EV, two cuboid fire
sources geometry are determined 4x3x2 m3 depending
on vehicles geometry. Each fire source is combusted at the
beginning of the simulation.

To select the grid resolution for the fire dynamics simu-
lation, it’s essential to consider the non-dimensional ratio of
the characteristic fire diameter (D") to the nominal size of
a grid cell (dx). This ratio helps determine the appropriate
resolution of the computational grid. The greater the ratio,
the finer the resolution required for accurate simulation
results. The characteristic fire diameter (D*) depends on
factors such as the heat release rate (Q) and ambient condi-
tions according to equation 6 as below:

b (=t ) :
N PooCpTooVd (6)

where Q is the total heat release rate of the fire, p_, is the
air density (kg/m?), c, is the air specific heat (k]/kg-K), g is
the gravitational constant (m/s*) and T, is the ambient tem-
perature (K). Depending on the calculations, a cubic mesh
is used with 0.5m dimension [30].

In conclusion, main parameters of fire dynamics simu-
lation are given and summarize in Table 2 and geometry of
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the EV space in the RoPax ship is shown in Figure 4. In this

Table 2. Main parameters of the fire simulation
control volume, boundary conditions for the case of fire

Initial temperature 20°C dynamics simulation are depicted in Figure 5.
Initial pressure 1013 hPa
. o 0
Initial humidity 0% FIRE DYNAMICS SIMULATION RESULTS
Fire reaction Propane
Turbulence model Very-Large Eddy Simulation (V-LES) In this study, mainly heat release rate and pressure in

the control volume are analyzed for the initial results of
the simulation. Figures 6 and 7 present the heat release
rate and pressure changes in the control volume along the
time respectively. In Figure 6, heat release rates reach to
almost 240 MW value at the early phase of the fire. After

Maximum heat release rate 7000 kW per EV
Fire source dimensions  4m*3m*2m
Control volume 145m*23m*5m
Mesh size 0.5m

Fire sources

Electric vehicles

Figure 4. Geometry of the fire simulation space in the ROPAX.

Wall (statigdfary) ‘Wall (stationary)

Wall (stafionary)

‘Wall (stationary) /)
(W Propane burner '\ Propane burner

\ Fire source — inflow boundary /

variables are given

Symmetry boundary

Figure 5. Boundary conditions for the case of fire simulation.
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the fluctuation around 160 MW that is calculated as a max-
imum heat release rate while designing simulation, heat
release rate stabilizes to zero around 150s. Figure 7 demon-
strates the pressure changes at time steps and almost 40 kPa
pressure in the control volume are calculated. To sum up,
in the compartment fires, due to the lack of combustible
materials, fire burns itself out. After approximately 300s, all
these critical parameters are stabilized.

Temperature distributions along the control space are
significant to evaluate the severity of the fire incident. Due

250

to that, plates in x-direction (10 m), in y-direction (11.5 m)
and in z-direction (4.5 m) are specified aligning with center
of fire sources to track the temperature distribution. Figure
8 indicates the temperature distribution in x-direction
(lengthwise in the compartment) at time steps as 50s, 100s,
150s and 200s. At the early stage of the EV space, tempera-
ture dramatically increases to almost 1000°C. Structural
elements of the vessel, EVs and equipment in the space can
be ignited and lose of their functions by this temperature
level organically. Due to the fact that, this temperature level
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Figure 8. Temperature distribution on x=10m at time 50s, 100s, 150s and 200s.

temp
(9]

Figure 9. Temperature distribution on y=11.5m at time 50s, 100s, 150s, 200s, 250s and 300s.

t=250s 1=300s

Figure 10. Temperature distribution on z=4.5m at time 50s, 100s, 150s, 200s, 250s and 300s.
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onboard ferries, the spaces or compartments of EV trans-
portation in the ferries have to be designed with structur-
ally resistance materials to the fire. In this study, the ignition
and explosibility are ignored due to decrease complexity of
the case study.

Temperature distribution on y=11.5m and z=4.5m at six
different time steps such as 50s, 100s, 150s, 200s, 250s and
300s are depicted in Figure 9 and 10 respectively. In these
figures, interaction between two fire sources starts after

100s and this is harmonized at following time steps. Same
as the Figure 8, the planes exceed the critical temperature
level for the space quickly. In the first 50s, temperature dis-
tribution shows that the EV fires have a significant impact
on the surrounding elements such as structural steels, other
vehicles, machineries, equipment etc. Therefore, Figure 11
presents the 3D perspective view of the thermal distribu-
tion in the control volume at the time of 75s, 125s, 175s and
225s. This perspective views.

THCP 6 (10.0m, 11.5m, 2.0m)

Fire source

Figure 12. Arrangement of thermocouples.
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In addition to the figures related to the temperature
distribution, thermocouples are placed on the different
locations as a center of fire source, y, and z planes. There
are 6 thermocouples on the fixed directions of x=10m and
y=11.5m and derived by the z direction. From top to bot-
tom direction, thermocouple 1 is placed on z=4.5m that is
the top of the EV's space deck and other ones are arranged
by 0.5m dimension successively. Figure 12 is depicted the
location of the thermocouples in the EVs space.

Table 3. Temperatures on the thermocouples

Temperatures on the thermocouples are given in Table 3.
As reviewing the temperatures on the selected thermocou-
ples, extremely increase in the initial time steps are realized.
For each thermocouple reaches to the maximum tempera-
ture levels on the time between 30s and 40s and after 50s
the temperatures are decreasing step by step. Even though,
the value of the temperature is deriving from the location
to location, the characteristic of graph is mainly similar
to all thermocouples. Also, the maximum temperatures

Time (s) Temperature (°C)
THCP1 THCP2 THCP3 THCP4 THCP5 THCP6

0.0 20.00 20.00 20.00 20.00 20.00 20.00
2.5 55.50 124.56 248.53 371.33 448.35 428.81
5.0 827.38 951.40 988.54 986.84 931.92 814.62
10.0 989.19 1026.85 1031.24 1020.27 936.27 823.27
20.0 1083.84 1083.67 1046.55 986.97 904.71 819.17
30.0 1126.80 1155.26 1148.79 1113.64 1053.46 963.59
40.0 1131.28 1182.13 1191.42 1169.16 1082.68 939.76
50.0 1086.06 1148.32 1180.33 1164.19 1094.51 973.85
100.0 917.61 943.53 940.91 914.16 846.28 767.28
150.0 903.83 856.74 835.24 797.39 645.97 408.01
200.0 794.06 687.63 598.86 461.81 392.11 345.73
250.0 287.22 292.13 295.30 297.19 295.84 300.27
300.0 216.61 226.27 230.74 234.73 243.66 283.96
Tmax 1186.72 1233.68 1217.59 1184.57 1098.82 998.97
Tmean 743.08 745.66 731.08 685.24 608.15 539.08

1=75s

t=125s

t=175s

t=225s

Figure 13. Gas temperature distribution on 3D perspective view at time 75s, 125s, 175s and 225s.
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and the average values reach to around 1200°C and 700°C
respectively.

Temperature of gas in the control volume is another
crucial parameter to investigate fire scenario for the EV
spaces onboard ferries. The combustible material such as
propane burner in this study is directly affected to the gas
distribution and the temperature of it. Gas temperature
distribution 3D view at different time steps such as 75s,
125s, 175s and 225s are depicted in Figure 13. Same as the
temperature distribution, gas temperature also reaches to
1200°C at early times. Then, the gas temperature decreases
in each time step to approximately 500°C, 300°C and 100°C
respectively in Figure 13. In summary, by understanding
the dynamics of gas temperature, maritime engineers can
develop effective fire safety measures to mitigate risks and
ensure the safety of passengers, crew, and cargo in maritime
environments.

CONCLUSION AND RECOMMENDATIONS

In this study, fire safety analysis of EV spaces onboard
ships is examined using a fire dynamics simulation method
known as the field model. By using performance-based
design and fire dynamics simulation tools to predict the
temperature level of the incident, this study brings novelty
to the fire safety analysis of EV transport onboard RoPax
ship. Due to the fact that, sales volume of EV is increasing
significantly, transportation of the EV is trend topic in terms
of marine safety. Also, serious, and very serious fire incidents’
rate among ships cannot be ignorable according to historical
data. Crucial parameters in fire safety such as temperature,
pressure, heat release rate and total energy are examined to
reveal severity of the EV spaces onboard ships. Extra high
temperature levels around 1200°C especially in the early
stage of the EV fire incidents are the main output of this
study. This temperatures in the transportation, accommoda-
tion or technical spaces inside the vessel cause severe results
in terms of life and asset safety. Additionally, structural sta-
bility of vessel is mainly affected from the high temperature
and structural and insulation products have to be resistant
to the temperature level. Lastly, extinguishing, detection and
evacuation topics should be designed depending on crucial
temperature increase in the initial stage of fire incident. Fire
dynamics simulations indicate that temperature reaches to
the peak level in approximately 40s.

The rapid growth of the EV market in the world brings
with the risk of major fire accidents during the transport
of EVs by ships. In recent years, several ships have suf-
fered major accidents as a result of fires during EV trans-
port, most of them were total losses. Transportation of EV
onboard ships need extra precautions in terms of fire unlike
internal combustion engine-powered vehicle. As known,
EV battery fires ignite quickly and intensively in the ini-
tial phase of fires. For this reason, it is necessary to prevent
and intervene very strictly while the fire is still at the begin-
ning. Finally, from the perspective of insurance companies,

regulations should be specified for EV transported onboard
ships in order to mitigate fire safety risks.

Incorporating these recommendations into this study
efforts can contribute to the development of more robust
fire safety measures for EV transportation onboard ships.
By addressing these key areas, stakeholders well mitigate
fire safety risks and ensure the safety of passengers, crew,
and assets in maritime environments. Additionally, imple-
menting regulations specific to EV transportation onboard
ships can further enhance safety standards and minimize
the occurrence of fire incidents.

For future research endeavors, it is recommended to
consider the further topics. From the perspective of perfor-
mance-based design, fire safety systems such as structural,
fire extinguishing and detection systems can be added to
the fire dynamics simulations and integrate these systems
together. Additionally, different fire incidents at the same
time in the EVs spaces onboard ship are taken into con-
sideration while simulating. In addition to the above rec-
ommendations, human factor analysis can be added to
the study for the future research. Evacuation models are
affected directly by human factors. For the evacuation mod-
elling, simulation tool dedicated to the fire safety industry
called as PathFinder is advised to integrate. Also, perfor-
mance-based fire safety analysis onboard passenger ship is
a developing research area and fire dynamics simulations
can be applied to the various ship compartments such as
machinery room, atriums, galleries and accommodations.
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