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Abstract
The world community is constantly and rapidly moving toward the search for alternative and ecologi-
cally clean energy sources, including for transport, and Russia’s war against Ukraine only intensified 
and accelerated such processes. This trend in transport is reflected in the spread of battery-powered 
electric vehicles (BEVs) with zero emission of harmful gases.

Electric cars are experiencing a rapid increase in numbers, accompanied by the emergence of 
lesser-known risks. Among these hazards are the occurrence of fires in electric vehicles, primarily 
caused by component failures, notably the widely prevalent lithium-ion batteries.

Fires of such cars have a different character compared to fires of vehicles powered by an internal 
combustion engine vehicle (ICEV). In this study, using the fire dynamics simulator developed by the 
National Institute of Standards and Technology, a BEV fire was simulated on the example of the 
Tesla Model S. For this, a description of the objects and their physical characteristics were carried 
out, the input parameters of the BEV and environmental parameters were set, and a mathematical 
model of the development dynamics of fire was formed. According to the modeling results, it was 
found that the minimum fire protection distance from a BEV to the wall of buildings of various 
functional purposes should be at least 3 m, provided that the free fire development time is 600 s.

© 2023 Andrii Gavryliuk, Roman Yakovchuk, Yaroslav Ballo, Yuriy Rudyk; Published by SAE International. This Open Access article 
is published under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), 
which permits distribution, and reproduction in any medium, provided that the original author(s) and the source are credited.
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1. �Introduction

The world car fleet has more than 1 billion vehicles, and 
according to forecasts, their number will increase to 
2.5 billion within 50 years [1]. Such trends sharply 

outlined the issue of environmental safety and EV can 
contribute to decreasing negative environmental effects. The 
very idea of electric cars originated in the 1800s [2].

According to [3], the share of electric vehicles in 2021 
exceeded 10% of global car sales and continues to grow. The 
total number of operated electric vehicles as of the end of 2022 
is almost 27 million (Figure 1).

The majority of such vehicles are concentrated in China, 
Europe, and the United States, with passenger vehicles and 
buses being the most common.

As their service life increases, the number of their fires 
is predicted to increase as well.

A source of electrical energy is used to power the electric 
motors of electric vehicles. Today, lithium-ion batteries (LIB) 
are the most widely used. They are widely recognized as 
advanced energy storage systems (ESS) due to their increased 
capacity, high charge–discharge efficiency, and extended 
lifetime. Under certain conditions, chemical and electrophys-
ical processes lead to an uncontrolled exothermic reaction. 
Such reactions lead to the release of harmful and dangerous 
gases [4], ignition, and explosions, which are often accompa-
nied by fire and cause not only material damage but also 
human casualties [5, 6, 7].

There are various types of LIB used in electric vehicles, 
including LiCoO2, LiМn2O4, LiNiМnCoO2, LiNiCoAlO2, and 
the like, the fire hazards of which is given in [8].

Electric vehicle fires and explosions [9, 10, 11, 12] are a 
severe concern for consumers and the public and create new 
challenges for the scientific community and for firefighters.

These scientific papers describe current research on 
security and risk assessment [13, 14]. The purpose of computa-
tional fluid dynamics (CFD) modeling is to identify the main 
thermodynamic parameters that occur during electric vehicle 
fires. Therefore, in this study, using the fire dynamics simulator 
developed by the National Institute of Standards and 
Technology, an EV fire was simulated on the example of a Tesla 
Model S. The features of the development and spread of fire, 
heat flows, temperatures, and the like, which occur as a result 
of electric vehicle fires, will create a basis for the study of holistic 
fire safety, both of the vehicles themselves and the development 
of construction requirements for various types of charging 
stations and parking lots and their fire protection systems.

The world scientific community pays a lot of attention to 
various types of research on LIB, including the modeling of 
processes that occur as a result of their failures. Most of the 
research is focused on the study of battery failures as a separate 
element. In scientific works [15, 16, 17], the processes of 
temperature change during the charging and discharging of 
LIB were studied. A group of researchers led by Abada, S. [18] 
summarized modeling approaches and perspectives to inves-
tigate the safety of LIB. A series of works by Anderson, J. and 
others [19, 20] investigated the spread of fire between elements 
of a lithium-ion battery, which was caused by thermal runaway 
propagation (TRP).

In works [21, 22, 23, 24, 25], models and temperature 
parameters of failures arising as a result of a violation of the 
rules of operation of LIB are described.

 FIGURE 1  Dynamics for electric vehicle numbers in world regions.

©
 A

nd
ri

i G
av

ry
liu

k,
 R

om
an

 Y
ak

ov
ch

uk
, Y

ar
os

la
v 

B
al

lo
, Y

ur
iy

 R
ud

yk

Downloaded from SAE International by Andrii Gavryliuk, Thursday, October 05, 2023



	 Gavryliuk et al. / SAE Int. J. Trans. Safety / Volume 11, Issue 3, 2023	 3

With the use of CFD, works [22, 23] investigated the gases 
released due to the TRP of LIB and also described their explo-
sion parameters, such as the explosion pressure and the speed 
of the flame front.

The estimation of the temperature of LIB during the 
charging process is given in [26].

An outline of the dangers of car fires and a study of their 
causes are given in the work [27]. The study of malfunctions 
and welding defects of the exhaust manifold, which caused 
the car fire, is given in the work [28].

Researchers Xiao, M. and Choe, S. Y. [29] developed a 
calorimeter to dynamically measure the heat from a power 
cell, which allowed the heat generation equation to be refined.

In [30], the influence of the ambient temperature, the 
discharge rate of the LiFePO4-type battery, as well as its 
geometric dimensions on the release of heat during the opera-
tion was investigated.

Rashidi [31] and others have thoroughly investigated 
temperature control methods in fuel cells and supercapacitors 
used in electric vehicles together with LIB.

The work [32] examines the mechanical integrity of LIB 
packages of electric vehicles in order to ensure their operation 
under mechanical action. Ensuring the integrity of LIB 
packages during mechanical action prevents internal short 
circuit and electric vehicle fire.

Sascha Voigt [33] and others using the CFD software 
complex conducted fire tests of a lithium-nickel-manganese-
cobalt-oxide battery with a total weight of 17 kg. The results 
show that the maximum temperature during the fire test is 
800–850°С and is reached at 70–75 s from the start of the fire 
test, and the total heat flow is 1.75 MW at 65–75 s from the 
start of the test.

The paper [34] examines the influence of various types 
of mechanical load on LIBs of electric vehicle on the proba-
bility of short circuit and thermal runaway.

Yih-Wen Wang and Chi-Min Shu [35] conducted a 
thorough and up-to-date review of the mechanism of thermal 
energy production in exothermic reactions in LIB.

In return, much less attention has been paid to the fire 
research of electric vehicles compared to the research on indi-
vidual battery failures.

It is obvious that the fires of electric cars have a different 
character than the fires of cars with internal combustion 
engines. This is due to the lack of fuels and lubricants such as 
gasoline, diesel, or LPG, as well as various combustible lubri-
cants and other materials.

In work [24], a fire in the tunnel of a truck with LIB, in 
the amount of 100 units, each of which has a mass of 250 kg 
(the batteries are transported as cargo), was investigated. The 
curve of thermal radiation from a battery fire reaches its peak 
30 minutes after the start of the fire test and is 140 MW, which 
exceeds the value of the curve of thermal radiation from the 
burning of flammable goods.

Feng, X. et  al. [36] summarized the dangers and the 
process of the occurrence of exothermic reactions in electric 
vehicle batteries and also considered ways to prevent the 
occurrence of such a failure. However, the hazard was 

considered only on the scale of the batteries, not the electric 
vehicle as a whole.

Obviously, full-scale fire tests require large financial 
outlays, but such tests are carried out. Initially, these were 
tests on cars with internal combustion engines [37, 38, 39, 40, 
41]. Later, scientific works appeared in which electric vehicle 
fires were investigated [42, 43, 44, 45].

The value of electric vehicle fire tests is the experimental 
study of such key parameters as the total amount of thermal 
energy released (J), the rate of thermal energy release (J/s), the 
power of thermal radiation (W/m2), and others. Understanding 
the dynamics of such key parameters, which arise as a result 
of electric vehicle fires, will allow the creation of standards 
and regulations, as they would apply to both building struc-
tures and other infrastructure of the use of electric vehicles.

Sungwook Kang et al. [46] conducted full-scale fire tests of 
BEVs, ICEVs, and FCEVs. The BEVs were equipped with LIB of 
39 and 64 kWh each and fully charged. And the FCEV is equipped 
with a battery capacity of 1.56 kWh. Ignition was initiated using 
a propane burner and an electric heater with a power of 575 W. 
The authors established that the power of heat release for BEV 
was about 7.25 MW/m2, and the total energy of heat release was 
9 GJ. For ICEV, the heat generation capacity was 7.66 MW/m2 
and a total of 8 GJ. The FCEV combustion was characterized by 
a lower heat release capacity of 5.99 MW/m2, but the total heat 
release was the largest—10.82 GJ. And the peak power of thermal 
radiation for ВЕV was in the range of 40–60 kW∕m2 at the height 
of 227 cm above ВЕV during 30–40 minutes from the start of the 
fire test, and temperatures exceeded 900°С. At the same time, 
the authors found that the specific heat of combustion for BEVs 
is more than 30 MJ/kg. This indicator is 45.9 MJ/kg for LIB, which 
is comparable to the heat of combustion of flammable liquids 
such as gasoline and diesel fuel.

Willstrand et al. [47] conducted fire studies of BEVs and 
ICEVs, and the heat release rate (HRR) for both vehicles was 
similar, but the HRR for the 1 MW BEV was greater than for 
the ICEV.

Sturm, P. et al. [48] conducted full-scale fire tests for EVs 
and ICEVs in tunnels. And for two identical SUVs, one 
powered by a diesel ICE engine and the other powered by an 
80 kWh NMC battery at 100% state of charge (SOC), the HRR 
was significantly different. For the ICEV, the maximum HRR 
was almost 5 MW at 1100 s from the start of the fire test, and 
for the EV, it was more than 10 MW at 900 s from the start, 
confirming a more dynamic fire development.

2. �Research and 
Methodology Purpose

The purpose of this study is to substantiate the safe fire-
fighting distances of electric vehicles and adjacent objects for 
parking lots and closed garages using the fire dynamics simu-
lator (FDS) [49, 50], modeling the thermal effect on adjacent 
objects in the event of an electric vehicle fire.
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The verification and validation of the calculation method 
are carried out based on the principles of the international 
standard [51].

During the application of FDS modeling, it is intended 
to determine the possible temperature impact from an electric 
car fire at the place of its charging in the parking lot adjacent 
to the adjacent building. In particular, during the calculation, 
the possibility of the shielding property of the adjacent wall 
should be taken into account as the most unfavorable scenario 
for the development of fire in open parking lots.

2.1. �Description of the 
Calculation Method and 
Formation of a 
Mathematical Model of 
Fire Development 
Dynamics

The simulation of fire dynamics is carried out using the FDS 
computer program developed by the National Institute of 
Standards and Technology (NIST, USA) [49, 50, 52].

The FDS program simulates fire scenarios using a CFD 
model optimized for low-velocity temperature-dependent 
flows. This approach is very flexible and can be applied to 
various fires, ranging from furnace fires to oil tanker fires. 
FDS implements a CFD model of heat and mass transfer 
during combustion and numerically solves the Navier–Stokes 
equation for low-speed temperature-dependent flows, with 
particular attention paid to smoke propagation and heat 
transfer during a fire. The main algorithm is a specific scheme 
of the predictor–corrector method of the second order of 
accuracy in terms of coordinates and time. Turbulence is 
performed using Smagorinsky’s large-scale Eddy simulation 
(LES) model. Direct numerical simulation (DNS) can 
be performed if the underlying grid is sufficiently accurate. 
Large-scale simulation of vortices is the default mode of 
operation [52].

In most cases, FDS uses a one-step chemical reaction. Its 
results are transmitted through a two-parameter mixture 
fraction model. “Mixture fraction,” as used herein, is a scalar 
quantity that gives the mass fraction of one or more gas 
components at a given point in the flow. By default, two 
components of the mixture are calculated: the mass fraction 
of unburned fuel and the mass fraction of burned fuel (i.e., 
combustion products). A two-stage chemical reaction with a 
three-parameter decomposition of a particle in the mixture 
is divided into one-stage reactions—oxidation of fuel to 
carbon monoxide and oxidation of monooxyl to dioxide. In 
this case, there are three components: the unburned fuel, the 
mass of fuel that completed the first step of the reaction, and 
the mass of fuel that completed the second step of the reaction. 
The mass concentration of all major reactants and products 
can be obtained using the “state ratio.” It is also possible to 
use a multistep reaction with a finite flow rate [52].

Radiative heat transfer is included in the model by solving 
the radiative transfer equation for the ideal gas and, for some 

limited cases, using a broad-band model. The equation is 
solved using a method similar to the control volume method 
for convective transfer (FVM). Soot and smoke absorption 
coefficients were calculated using the RADCAL narrowband 
model. FDS geometry solves the governing equations on a 
rectangular grid. Obstacles must be rectangular to satisfy 
grid parameters.

For all solid surfaces, thermal boundary conditions are 
set, including data on the flammability of the material. Heat 
and mass transfer from the surface and back is calculated 
using empirical ratios [53].

A special SmokeView program is used to display and 
visualize the simulation results of the FDS program.

During the formation of the mathematical model of the 
dynamics of fire development, the following mathematical 
dependencies were used. In its usual form, the system of 
Navier–Stokes equations [50] consists of two equations: the 
equation of motion and the equation of continuity.

In vector form for an incompressible f luid, they are 
written as follows:

	 �
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	 Eq. (4)

where t is time; ρ is density; V is the relative velocity vector; 
p is relative pressure; μ is molecular dynamic viscosity; μt is 
turbulent dynamic viscosity; λ is the thermal conductivity 
coefficient of the mixture; Prt is the turbulent Prandtl number; 
Sc is the Schmidt number; Sct is the turbulent Schmidt 
number; Yk is the concentration of the kth component of the 
combustion reaction.

The static enthalpy h of the mixture is determined by 
the expression:

	 h h c dT Y H
T

T

p
k

k k� � �� �0

0

	 Eq. (5)

where
T is temperature
h0 is initial enthalpy at temperature T0
�cp  =  ∑kYkcp,k is heat capacity of the mixture at 
constant pressure
Hk is the heat of formation of the kth component
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The initial term of Equation 2 S is determined by 
the expression:

	 S g Bhyd� �� � �� � � ,	 Eq. (6)

where ρhyd is the hydrostatic density; g is the vector of gravi-
tational forces; B is a vector of rotational forces (centrifugal 
and Coriolis), calculated according to the formula:

	 B V� � �2� ,	 Eq. (7)

where ω is the angular velocity vector.
To determine the turbulent viscosity, various options are 

used related to the methods of determining the mediated and 
fluctuating components of the quantities included in the 
Navier–Stokes equation. These methods of determining 
turbulent dynamic viscosity are called turbulence models. 
The standard k-ε turbulence model is the most widely used. 
According to this model, the dynamic, turbulent viscosity is 
determined by the expression:

	 � �
��t C k

�
2

	 Eq. (8)

where Сμ = 0.09 is a constant coefficient; ε is the dissipation 
rate of turbulent energy; k is turbulent energy.

To determine the values of ε and k, equations are used 
that complement the system of Navier–Stokes equations, 
which have the form:
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Eq. (10)

where G is the value determined by the expression:

	 G D
V
xij

i

j

�
�
�

	 Eq. (11)

where the Dij value is defined as

	 D S k
ij ij

t
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� 	 Eq. (12)

The value δij, which is included in Equation 2, is defined as:

	 S
V
x

V
xij

i

j

j

i

�
�
�

�
�

�
	 Eq. (13)

Other parameters included in Equations 2 and 3 
are constant.

To close the system of Equations 1–4, the equation of the 
state of an ideal gas is used. For a mixture of gases, it is written 
in the form:

	 p R T
Y
Mk

k

k

� �� 0 	 Eq. (14)

where R0 is the universal gas constant; Mk is the molar mass 
of the kth component.

Equations describing combustion in a two-phase flow of 
air and liquid fuel particles. Combustion is represented by the 
generalized chemical hydrocarbon formula СхНyOz (С6Н6О). 
The heat of combustion of liquid fuel (LHV) is determined by 
the following formula:

	 LHV CO H Oliq fuel liq fuelh h x
x y z

h
y

x y z, ,� �
� �

�
� �

0 0 0
2 2

44
12 16

9
12 16

	

Eq. (15)
where

�hliq fuel,
0 , hCO2

0 , hH O2
0  are heats of formation, carbon dioxide, 

and water
�x, y, z are stoichiometric coefficients for kerosene, equal 
to 6, 6, and 0, respectively

The gas phase is a mixture of five gases, therefore the 
primary system (1)–(4) is supplemented with five more equa-
tions for each of the components of the gas mixture: volatile 
СхНyOz, О2, N2, H2O, and CO2, which have the form:
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P
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Sc

,	

Eq. (16)

where the initial Qi
chem term is equal to the gas-phase combus-

tion gross reaction rate for the first volatile equation, for the 
others it is equal to zero.

The initial terms of the mixture components for the main 
equations of the system (1)–(4) are determined by 
the expressions:

	 Q m m
N

i
P

j
i in i out j

pj

cell

� �� �� , , �
	 Eq. (17)

Q
r

C V V V V
N

mom
P

j

p
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pj
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�

�
2

2 �
	 Eq. (18)

	 Q m h m h
N

enth
P

j
i in i in i out i out j

pj

cell

� �� �� , , , , �
	 Eq. (19)

where the index i refers to the gas component; index j to the 
corresponding trajectory of the particle; Npj is the number of 
particles passing through the trajectory per second; Ωcell is the 
volume of the computational cell; СDj is the resistance coef-
ficient of the particles flying along the trajectory; ρg is the 
gas-phase density; rp is the radius of the particle.

The combustion model is also determined by the 
consumption of fuel, oxidizer, and combustion products. 
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Quantitative ratios are determined by the generalized 
chemical equation:

C H O O CO H Ox y z

W

x y z y� � �� � � �0 25 0 5 0 52 2 2. . . 	 Eq. (20)

The reaction rate W  is determined by the 
stoichiometric coefficient:

	 Wi
x y z
x y zchem �
� �� �
� �

32 0 25 0 5
12 16

. .
	 Eq. (21)

To account for radiant heat exchange in a gaseous medium 
and mutual heat exchange between the medium and particles, 
as well as a solid material, it is advisable to use the diffusion 
model of gas radiation (P1). This model is built on the assump-
tion that the optical medium is isotropic, and the process of 
radiative heat transfer is described by the equation:

	 �
�

�
�

�
�

�

�
� � �� � �1 3 0

� �
� �E E Er b r 	 Eq. (22)

where Er is the radiation energy density; Eb is the equilibrium 
radiation energy density determined by the equation:

	 � � �E E Eb m b m p b p� �, , 	 Eq. (23)

α is the spectrum integral absorption coefficient:

	 � � �� �m p	 Eq. (24)

β is the scattering coefficient integrated over the spectrum:

	 � � �� �m p	 Eq. (25)

In Equations 22–25, the quantities used have the 
following designations:

•• αm, αp—absorption coefficients according to the gas 
medium and particles;

•• βm, βp—scattering coefficients according to the gas 
medium and particles;

•• Eb,m, Eb,p—the equilibrium radiation energy density for 
the gas phase and the phase of scattering particles, 
respectively, for the gas medium and particles.

The named quantities are determined by the formulas:

	 Eb m mT, �� 4	 Eq. (26)

	 � �� �p b p
cell

p
j

j j pjr N TE , � �1 2 4

�
	 Eq. (27)

	 � � �p
cell

p
j

j jr N� �1 2

�
	 Eq. (28)

	 � � �p
cell

p
j

j jr N� �� ��1 2 2

�
	 Eq. (29)

where σ is the Stefan–Boltzmann constant; Tpj is the tempera-
ture of j—that particle; Nj is the number of particles in the 
cell; εp is the degree of particle blackness.

The initial term in Equation 1 is determined by equality:

	 Q nrad b r� � �� �4 2� E E 	 Eq. (30)

where n is the refractive index of the medium.
Considering the methods of numerical solution of the 

basic equations of the heat exchange model during fire tests 
of reinforced concrete slabs for fire resistance [49]. The basic 
Navier–Stokes system equations for this process can be written 
in the following generalized form:

•• Equation of the diffuse type:

	 �
�
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t

TS f
PS

DS f SST1 	 Eq. (31)

•• Equations of the diffusion–convection type:

�
�

�� � �� �� � � � ��� � �
t

TS f CC Vf
PC

DC f SST1 	 Eq. (32)

where the generalized values TC (time coefficient), CS (convec-
tive coefficient), PC (prediffusion coefficient), and DC (diffu-
sion coefficient) determine the coefficients of the equation 
based on the corresponding derivatives, and the value SST 
(scalar source term) specifies the output term.

To integrate the generalized Equations 31 and 32, they 
are approximated for the discretizing domain by means of an 
adaptive locally fine mesh. The generalized equations approxi-
mated for the discrete area during the implementation of the 
implicit calculation scheme have the following form:

TC f TC f
TC

DC f SST
n n

h h
n�� � � �� �
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�

1

11
�

	 Eq. (33)
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� � ��� � �

�
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�

1
1

11
�

,

	 Eq. (34)

where
�t is the time step
�TC  ⋅  f is difference approximation of the convective 
operator, with k = 1 (first order of accuracy), s = 0 (disre-
garded transfer through cell edges and vertices)
�∇h(DC ⋅ ∇h  f  n + 1) is the difference approximation of the 
diffusion operator
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2.2. �Description of Calculated 
Objects and Their 
Physical Characteristics

During the simulation of temperature formations, it was 
assumed that the fire developed freely during the entire simu-
lation time (720 s). The minimum duration of the simulation 
is based on the normative time of arrival of fire and rescue 
units at the scene of the fire (600 s), as well as taking into 
account the additional time (120 s) conditionally necessary 
for the deployment of forces and means.

During the creation of the BEV computer model, the 
model of the Tesla Model S electric car was taken as a basis, 
with dimensions of 4976 × 1963 × 1435 mm (length, width, 
height), with a total weight of 2100 kg. The choice of this type 
of electric vehicle is due to the largest capacity of the traction 
battery currently used among passenger electric cars, namely, 
the capacity of the battery is 104 kWh. The analysis of tech-
nical reports [54, 55] showed that it is extremely difficult to 
reproduce the complete design of LIB using FDS simulation; 
however, knowing the main components of the combustion 
reaction components of cathode materials, it is possible to 
accurately reproduce the temperature regime of the combus-
tion reaction, which is the main task.

A lithium battery pack consists of various electrochemical 
components, including a cathode, anode, separator, and elec-
trolyte. Each of them plays an important role in the properties 
of electric vehicle traction batteries in terms of specific energy, 
service life, safety, and cost. The type of cathode and anode 
material is often used to classify LIB into groups because their 
chemistry is one of the main variable properties in 
battery design.

Lithium cobalt oxide (LCO) is common in a large number 
of common household electronic devices, including 
smartphones. It provides relatively high power and voltage 
compared to other cathode materials and is relatively easy to 
manufacture. However, there are significant fire safety issues, 
especially when LIB are used at high temperatures or acciden-
tally overcharged, and they have poor thermal stability. Thus, 
today manufacturers choose safer cathode materials such as 
lithium iron phosphate (LFP), lithium nickel, manganese 
cobalt oxide (NMC), lithium manganese oxide (LMO), or 
mixtures of different cathode materials.

The characteristics of cathode materials can be para-
metrically changed by mixing different cathode materials, 
and such materials are called hybrid or mixed cathode mate-
rials. To date, aluminum oxide (NCA) paired with graphite 
anodes are the most common cathode materials.

Field studies of combustion processes of LIB of electric 
vehicles showed [52] that the maximum temperature of free 
combustion of a battery that was artificially brought to an 
emergency mode with subsequent ignition during the period 
of the highest rate of heat release is 850–1020°C. At the same 
time, the total duration of free burning of the battery in most 
cases was at least 70 minutes.

Full-scale tests and studies of heat release from fires of 
EV and ICEV are presented in [53]. Analyzing this work shows 

that in the first 8–10 minutes, the combustion reaction has a 
low intensity, and therefore it is advisable to take into account 
the temperature regime that occurs in the period from 10 to 
22 minutes, where the greatest intensity of heat generation 
is observed.

Separately, it should be noted that a study of fires of the 
same types of vehicles equipped with an electric engine and 
a gasoline engine showed that for a Nissan Leaf battery with 
a capacity of 24 kWh, the total value of heat release as a result 
of the fire was 0.9 GJ. For a similar type of car with a gasoline 
engine with a full fuel tank of 50 L, the total value of heat 
release as a result of the fire was 1.8 GJ.

For the Tesla S electric car under study, the total amount 
of heat released as a result of the fire was up to 3 GJ. Thus, 
when creating a model, you should focus on this highest value 
of heat release.

In addition to the battery, the fire load of the electric 
vehicle is rubber—118.4 kg (lower heat of combustion 33.52 
MJ/kg); lubricants—8.4 kg (lower heat of combustion 41.87 
MJ/kg); polymer materials—49.7 kg (lower heat of combustion 
24.3 MJ/kg); polyurethane foam—32.6  kg (lower heat of 
combustion 47.14 MJ/kg); cellulose products—6.1 kg (lower 
heat of combustion 13.4 MJ/kg); artificial leather—14.2 kg 
lower heat of combustion (17.76 MJ/kg) [56, 57, 58, 59].

In Figure 2 a fragment of the reproduced FDS model that 
will be used in the study is given.

The selected fire scenarios are based on the presence of 
a wall structure made of red brick with the following physical 
characteristics: density 1950 kg/m3; specific heat capacity 
1.04 kJ/(kg · K); radiation coefficient 0.9; absorption coeffi-
cient 0.65 1/m.

Based on the given data and their physical characteristics, 
the main studied objects of the FDS model were created.

 FIGURE 2  Visualization of the Tesla S electric car model 
created by FDS.
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2.3. �The Choice of the 
Location of the Initial 
Center of the Fire and Its 
Development

Based on the analysis of references, it was determined that the 
most common cause of fire in electric vehicles is a short circuit, 
which causes the cable products to burn. As a result, the 
thermal effect caused the depressurization of the traction 
battery with its subsequent ignition. The initial chemical 
reaction of combustion consists of: C (carbon atoms)—1.9; H 
(hydrogen atoms)—40.0; O (oxygen atoms)—2.6. The emission 
of CO is 0.015 and soot is 0.098. There is no reduction in 
burning intensity (self-extinguishing). The maximum heat 
capacity of heat release is 5200 kW/m2 (accepted according to 
data [55]). The linear speed of flame propagation is 0.21 m/s 
(taken according to [49, 50]).

According to the adopted scenario, the fire develops freely 
during the simulation time (720 s). The critical ignition 
temperature of adjacent materials that are part of the structure 
of the electric vehicle is taken as the material with the lowest 
self-ignition temperature, namely 160°C (for synthetic fabrics).

The main task during the development of a mathematical 
model is the maximum approximation of the parameters of 
the model to the conditions of the process and interrelation-
ships of objects. In the specified process, the following are 
involved: distances between objects, linear dimensions of 
objects, materials of objects, environmental parameters, fire 
load of objects and their combustion reactions, the scenario 
of occurrence and continuation of the burning process, and 
the like.

During the mathematical description of the geometric 
boundary conditions, the shape and linear dimensions of the 
research object are set to the scale of the relevant local condi-
tions, and the distance between the research objects 
is observed.

2.4. �Setting Environmental 
Parameters and Initial 
Values of Output 
Parameters

Environmental parameters and initial parameter values are 
set for both indoors and outdoors. A mathematical model of 
the development of the fire is also formed, and the dynamics 
of its development are simulated.

The following assumptions are allowed during the evalu-
ation of fire protection distances by calculation methods:

•• The flame temperature is assumed to be the same over 
the entire surface;

•• The temperature of substances or materials that perceive 
heat from a fire in an adjacent object is assumed to 
be 20°C at the initial moment of calculation.

When using the simplified calculation method for esti-
mating fire protection distances and the method using the 
equation of radiant heat exchange and the equation of nonsta-
tionary thermal conductivity, the following environmental 
conditions are assumed:

•• Air temperature 20°C, atmospheric pressure 1 atm, wind 
speed 0 m/s;

•• The thermal effect of a fire on an adjacent object is 
determined due to thermal radiation, the convective 
component may not be taken into account;

•• In the absence of data, the degree of blackness of the 
flame (εf) is taken to be equal to εf = 1, and the degree of 
blackness of the surface of the material or substance that 
perceives heat from a fire in the adjacent construction 
object (εm) is taken to be equal to εm = 0.8, as for wood;

•• The cause of the fire is not considered.

During the simulation, the wind effect is not considered, 
as it decreases the density and uniformity of the heat flow and 
reduces the height of the fire flame. In addition, the wind 
toward the building will create support and a zone of increased 
pressure. In this case, the cold air will enter the heating zone 
of the facade due to swirling and will accordingly cool the 
wall of the building.

2.5. �Establishing Criteria for 
Evaluating Results

For calculations, two main fire scenarios have been defined. 
The first scenario is a fire in the parking lot bordering the wall 
of the building. The ignition of an electric vehicle in a closed 
parking lot is considered the second fire scenario. According 
to the selected scenarios, the criteria for successful or unsuc-
cessful calculations should be accepted.

Given that the building is the main adjacent object of the 
study in the fire scenario, it is advisable to determine the safety 
criteria for this object.

At the same time, one of the main reasons for the spread 
of fire not only along the vertical external enclosing structures 
but also into the interior of the room is the destruction of the 
structures filling the light openings, namely windows. Today, 
as a rule, light openings are filled with metal-plastic windows. 
Analysis of the construction and types of materials of metal-
plastic windows showed that the composition of the windows 
includes combustible materials. They create prerequisites for 
the spread of fire inside the premises due to their destruction: 
plastic (polyvinyl chloride), rubber, aluminum, wood, fiber-
glass, sealant, as well as combined materials that include the 
listed. The lowest self-ignition temperature is the sealant, 
which is a polymer composition and swells at a temperature 
of 150°C and ignites at a temperature of 210–230°C. The plastic 
seal-lock of double-glazed windows, which does not have a 
metal frame and is easily deformed under the influence of 
temperatures starting from 250°C, is also a fire hazard. Taking 
into account the analysis of the most resonant fires for open 
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parking lots [49], it was found that the greatest thermal radia-
tion for open space was observed from an electric car placed 
near a brick wall without light slots; during the creation of the 
model, this scenario was adopted.

Thus, the maximum temperature value of 120°C on the 
building wall was adopted as the safety criterion. This criterion 
is used to determine the safe fire distance in order to restrict 
the propagation of fire along the external enclosing structures 
of the building. It also serves to substantiate the safety of 
utilizing facade system materials through the analysis of 
various methods [60].

Therefore, in order to establish a safe distance to prevent 
the spread of fire along the external structures of the building 
and validate the safety of facade system materials using 
various analytical methods, a safety criterion was established. 
This criterion sets the maximum temperature value on the 
building wall at 120°C.

3. �Research Results and 
Their Discussion

Based on the results of the simulation of the study of safe fire 
distances, geometric models of the electric car and a fragment 
of a solid wall of an adjacent building was created. The electric 
car is a simulated source of thermal radiation, and the wall is 
subject to thermal radiation and is an object on which temper-
ature values are directly measured. In Figure 3 a fragment of 
the model with a corner wall is given.

For the possibility of visual evaluation of thermal distri-
butions, the external surface of the facade provides the possi-
bility of visualization of the temperature change of the surface 
heating during the entire duration of the simulation.

In order to determine the specific values of the spread of 
the upward heat flow during a fire in an electric car, heat 
meters in a gas medium are arranged from its center and in 
each direction with a step of 50 cm.

Thermal meters that are located in front of the electric 
vehicle are marked with the letter F, those located on the left 
L, on the right R, and those behind. The numerical value next 
to the marking indicates the distance of the thermal meter 
from the electric vehicle in meters.

These meters will record the change in temperature 
values in the volume of air space between the body of the 
electric vehicle and the building. Figure 4 shows the appear-
ance of the model and the location of the meters in the 
gas environment.

Based on the simulation results, temperature distribu-
tions and heat exchange between adjacent objects during an 
electric vehicle fire is determined. The average HRR during 
the burning of LIB is about 3 MW for up to 12 minutes from 
the start of the fire test. Thus, the created model made it 
possible to reproduce the rate of heat release during the study 
of the combustion processes of LIB in electric vehicles, which 
is shown in Figure 5.

Dangerous factors of fire, namely smoke, combustion 
products, and heat, spread freely from the center of the fire. 
A series of tests were carried out step by step with a step of 
increasing the distance by 0.5 m from the wall to the electric 
vehicle. The tests were carried out until a safe fire distance 
from the electric car to the wall was determined, at which the 
thermal distribution on it would not exceed 120°C.

The most common and simplest (in terms of fire safety) 
scenario for modeling an electric vehicle fire. Other scenarios 
can complicate the model and worsen fire safety parameters 
(fire protection distance, etc.). The “minimum fire protection 
distance” is applied as the distance from the fire site to 
building structures or other parked vehicles. The word 

 FIGURE 4  A fragment of the created model of an open 
parking lot with a corner wall and meters in the gas phase.
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 FIGURE 3  A fragment of the created model of an open 
parking lot with a corner wall.
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“minimum” of fire protection distance refers to the initial 
conditions of safety design (Figure 6).

The results of displaying the dynamics of fire spread and 
changes in thermal distribution in space over time are 
presented in Figures 7–11.

According to the simulation results, it was determined 
that the fire-fighting distance from the electric charging point 
and the electric car to the wall of buildings of various func-
tional purposes should be at least 3 m. The obtained data on 
the safe fire-fighting distance will prevent the spread of fire 
from the electric car both along the facade system of the 
building and into the interior of the room through light slits.

This fire separation distance was obtained for the given 
conditions of an electric vehicle fire. It is safe to assume that 
fires caused by different electric vehicle types, such as electric 
trucks, are capable of producing higher thermal emissions 
and heat fluxes. As such, the fire protection distance will 
be much greater than 3 m. On the other hand, in this study, 

the critical temperature on the parking lot wall was assumed 
to be 120°C. If the parking lot wall is deemed to withstand 
temperatures exceeding 120°C, the fire separation distance 
will be much smaller.

4. �Conclusions
In this study, using the FDS, a BEV fire was simulated using 
the Tesla Model S car as an example. Based on literature 
analysis and known data on the heat of combustion of the 
materials that make up the car, as well as field test data by the 
authors Sungwook Kang and others [46] the FDS model of 
the Tesla Model S electric car was created.

Taking into account that the average time of arrival of 
fire and rescue units is up to 10 minutes, and approximately 
up to 2 minutes for the supply of fire extinguishing agents, 

 FIGURE 6  A fragment of the simulation of the extreme 
temperature distribution of 120°C on the adjacent wall at a 
distance of 3 m.
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 FIGURE 7  A fragment of the simulation of fire development 
at 60 s.
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 FIGURE 5  Reproduced mode of the rate of heat release during the study of combustion processes of an electric vehicle with a 
traction lithium-ion battery.
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therefore the time of 12 minutes, that is, 720 s, became the 
simulation time of the Tesla Model S fire.

Tesla Model S fire modeling was carried out with the 
aim of determining a safe fire-fighting distance to ensure 
the limitation of the spread of fire along the external 
enclosing structures of the building and to justify the safety 
of the use of facade system materials based on the analysis 
of methods [56] the safety criterion of not exceeding the 
maximum temperature value of 120°C for the wall of 
the building.

Based on the results of the simulation of the study of safe 
fire distances, geometric models of the electric car and a 
fragment of a solid wall of an adjacent building were created. 
The electric car is a simulated source of thermal radiation, 
and the wall is subject to thermal radiation and is an object 
on which temperature values are directly measured. During 
modeling, it is allowed to adapt the building wall material to 
specific conditions. This makes it possible to adjust the 
minimum fire protection distance.

On the basis of modeling, it was determined that taking 
into account the safety criterion of a temperature value of 
120°C on the wall of the building and the time of free fire 
development of 600 s, the minimum fire-fighting distance 
from the electric vehicle to the wall of buildings of various 
functional purposes should be 3 m.

Further research should be  focused on modeling the 
development of a fire and its extinguishing by firefighters. 
Realizing such an idea causes certain difficulties, as it is neces-
sary to adhere to the amount of supply and type of fire extin-
guishing agent, which can vary dramatically depending on 
the fire brigade.
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 FIGURE 8  A fragment of the simulation of fire development 
at 180 s.
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 FIGURE 9  A fragment of the simulation of fire development 
at 400 s.
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 FIGURE 10  A fragment of the simulation of fire 
development at 600 s.
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 FIGURE 11  A fragment of the simulation of fire 
development and thermal distributions on the wall at 720 s of 
the fire.
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