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Abstract: Once a fire breaks out in an electric bus, it can easily lead to mass casualties and severe
injuries, resulting in significant property damage and social impact. The high-temperature smoke and
toxic gases in an electric bus fire are key factors that cause a large number of casualties, both of which
are closely related to ventilation conditions. In view of this, this study utilized the Fire Dynamics
Simulator (FDS 6) software to establish a three-dimensional experimental model of an electric bus.
Numerical simulations of the fire combustion process in the electric bus under different ventilation
conditions were conducted. Multiple fire scenes were established based on varying ventilation areas,
different wind speeds, and diverse window opening positions. This study specifically analyzed
the temperature and CO concentration variations under different fire scenes. By comparing the
simulation results under different ventilation conditions, it can be concluded that when an electric
bus catches fire, opening 100% of the windows, the wind speed is 8 m/s, and opening the rear
window of the electric bus first can minimize the fire risk. Through the numerical simulation of
electric bus fires under various conditions, this study analyzed the impact of different ventilation
conditions on electric bus fires, providing a theoretical basis for firefighting and rescue efforts as
well as personnel evacuation in electric bus fire incidents, with the ultimate goal of maximizing
public safety.

Keywords: electric bus fire; ventilation areas; wind speeds; window opening positions; numerical
simulation; temperature; CO concentration

1. Introduction

Given the continuous challenges posed by energy demands and propelled by the vig-
orous development of ecological civilization in the country, traditional fuel-powered public
buses are gradually being replaced by electric buses thanks to the ongoing advancements
in new energy sources such as lithium-ion batteries [1]. In 2022, China’s production and
sales of electric vehicles reached 7.058 million and 6.887 million units, respectively, with a
year-on-year growth of 96.9% and 93.4%, making it the country with the fastest growth rate
of electric vehicles in the world. As the usage of electric buses continues to rise, incidents
of fires in electric buses powered by lithium-ion batteries have occurred, posing a severe
threat to the personal and property safety of individuals [2,3]. In recent years, typical public
bus fire incidents both domestically and internationally are outlined in Table 1.

Electric bus fire accidents are mainly caused by thermal runaway of lithium-ion batter-
ies. The thermal runaway mechanism of lithium-ion batteries is very complex. Through a
summary of a large number of lithium-ion battery fires at home and abroad, lithium-ion
battery thermal runaway can be divided into three categories [4-7]: (1) Mechanical abuse
(including acupuncture, extrusion deformation, external collision, etc.). The battery first
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undergoes mechanical deformation under the action of external force, causing mechanical
failure of the battery separator or electrode, which in turn causes short circuits, temperature
rise, and gas and pressure increase. (2) Electrical abuse (including overcharge, overdis-
charge, short circuit, etc.). Overcharge and overdischarge of the battery cause internal side
reactions. The battery temperature increases faster, the battery begins to expand, and the
separator breaks after the casing ruptures, causing thermal runaway. An external short
circuit is a dangerous state of rapid battery discharge. The extremely high current causes
a rapid temperature rise and even fuses the battery tabs. (3) Thermal abuse (including
overheating, thermal shock, fire exposure, etc.), high-temperature environment, or severe
heat generation causes thermal accumulation in the battery. When the battery temperature
rises to a certain level, a thermal runaway occurs.

Table 1. Typical public bus fire incidents at home and abroad.

Time Place Event
I A non-passenger-carrying bus suddenly caught fire while in transit.
16 February 2023 Shij m.g.shan D.1str1ct, Due to the timely control of the fire, there were no casualties. The cause
Beijing, China .
of the fire is currently unknown.
A bus traveling on the road experienced an explosion, resulting in one
12 February 2022 Shenyang City, Liaoning fatality, two severe injuries, and 40 minor injuries. According to reports,
y Province, China the cause of the fire was an explosion of the lithium battery used in
the bus.
A bus caught fire suddenly while in motion, leading to at least
9 January 2021 South India 19 fatalities. According to reports, the cause of the fire was a short

circuit resulting from an engine malfunction.

11 August 2021

A public bus caught fire, resulting in five fatalities and 27 injuries,
Karnataka, India including one child. Preliminary investigations indicate that the cause
of the accident was an engine malfunction.

A bus caught fire suddenly while in transit, resulting in at least nine

12 September 2020 Punjab Province, Pakistan  fatalities and 15 injuries. According to reports, the cause of the fire was
an electrical malfunction.
Nannine Citv. Guanexi A bus caught fire suddenly while in transit, resulting in at least
1 June 2017 g City, & 35 fatalities and 19 injuries. According to reports, the cause of the fire

Province, Chi . . . .
rovinee, L-una was a fire in the vehicle’s electrical system due to a malfunction.

Electric buses have the characteristics of being able to transport large mobility of
people, large passenger capacity, a tight and narrow space, extensive use of thermoplastic
materials inside the carriage, and complex and changeable environment. Fire accidents
generally have the characteristics of fast burning speed, rapid-fire development, and
difficulty for personnel. Evacuation, the easy accumulation of smoke, and difficulty in
extinguishing fires, etc., can easily cause death and injury to people, cause great economic
losses and serious social impact [8-10], and seriously affect people’s normal life order.
Therefore, it is very necessary to carry out numerical simulations of electric bus fires
and provide scientific theoretical guidance for the prevention, fighting, and evacuation of
electric bus fires.

To understand the thermal runaway behavior of lithium-ion batteries, many studies
have focused on thermal runaway experiments with small-scale lithium-ion batteries. The
specific details of recent experimental studies on thermal runaway in lithium-ion batteries
are shown in Table 2.



Fire 2024, 7, 182

30f22

Table 2. Experimental studies on the thermal runaway of lithium-ion batteries.

Author Research Content Conclusion
The relationship between thermal runaway The higher the lithium-ion battery capacity, the
Jiang et al. characteristics of lithium-ion batteries and lower the starting temperature for thermal
different charging states runaway [11].
If-heating ienition of —circuit lithiumei
Surface and core temperatures, voltages and Se eating ignition of open-circuit lithium-ion
. e . batteries is possible, and its behavior is divided
He et al. ignition times of stacked lithium-ion cells with . . .
. into three stages: heating, self-heating and thermal
different numbers.
runaway [12].
The fire consists of two combustion stages. The
Park et al Fire characteristics and heat release rates of peak HRR of the second stage of combustion is

cylindrical standard lithium-ion batteries

higher than that of the first stage and is
accompanied by a violent explosion [13].

Vendra et al.

A total of 21,700 heat release rate and temperature
evolution during the thermal runaway of
lithium-ion batteries

Under thermal abuse conditions, the average peak
values of battery heat release rate, battery surface,
and internal temperature are 3.6 kW, 753 °C and
1080 °C, respectively [14].

Hynynen et al.

Toxic gases produced when lithium-ion
batteries burn

The biggest difference between electric vehicles
and internal combustion engine vehicles is
hydrogen fluoride [15].

In recent years, numerous institutions and scholars, both domestically and interna-
tionally, have conducted full-scale experiments on electric vehicle fires, yielding a wealth
of findings. The full-scale experimental research on electric vehicle fire is shown in Table 3.
Research on electric vehicles has gradually matured, but there remain insufficient studies
on the risks of fires in electric buses and corresponding fire prevention measures.

Table 3. Full-scale experimental studies on electric vehicle fire.

Author

Research Content

Conclusion

Sturm et al.

Electric vehicle fire test.

The heat release rate of electric vehicles is higher
than that of traditional fuel vehicles [16].

Cui et al.

Fire evolution process and characteristics of two
electric vehicles placed side by side.

The precursor to a fire in an electric vehicle is
white smoke coming out of the chassis, and the
flames spread between electric vehicles faster than
in internal combustion engine vehicles [17].

Arvidson et al.

Fire extinguishing tests on water sprinkler systems
for fuel vehicles and electric vehicles.

Electric vehicle fires take longer to burn, and the
combustion products are more complex [18].

The intensive emission of jet flames from
lithium-ion battery packs causes the flames to

Kang et al. Thermal behavior of pure electric vehicle fires. quickly spread to adjacent combustible parts,
thereby accelerating the growth of the fire [19].
In the worst case, it only takes 22 s for a
Lietal Comprehensive thermal runaway testing of lithium-ion battery cell to undergo thermal

lithium-ion battery packs.

runaway and turn into a flame that spreads to the
entire battery pack [20].

To address the insufficient research on the risks of fires in electric buses and corre-
sponding fire prevention measures, this study utilized PyroSim software 2019 to conduct
numerical simulations of electric public bus fires. In recent years, there has been extensive
research utilizing PyroSim software to simulate lithium-ion batteries, with the technology
becoming mature. The research status of lithium-ion battery fire simulation using PyroSim

software is shown in Table 4.
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Table 4. The research status of lithium-ion battery fire simulation using PyroSim software.

Author Research Content Conclusion
. Numerical simulation of lithium-ion battery Determine the warehouse layout b lan Wlth. optimal
Xie et al. . . battery state of charge, shelf spacing, and fire
warehouse under different fire scenes. . .
extinguishing measures [21].
Among the four thermal runaway gases Hp, CO, CO;,
Gas diffusion rules during battery thermal and CHfl’ the concentration of CO.Z is about 30%, .
Wang et al. runawa accounting for the largest proportion, the concentration
Y of CO is about 5%, the concentration of Hj is about 18%,
and the concentration of CHy is about 14% [22].
. Fire spread rules in different fire locations of Ina four.-layer hthl}lm l?)attery shelf, the continuous
Jiang et al. lithium-ion batteries release time of CO is 54% longer when the bottom shelf
’ catches fire than when the top shelf catches fire [23].
Fire combustion characteristics, flame Smoke will enter the cabin through the gaps in the body,
Guo et al. propagation during combustion and cockpit and the smoke concentration in the passenger
smoke analysis of pure electric vehicles. compartment will reach 100% coverage within 40 s [24].
Effect of door opening on bus fire development  The critical time for passengers to escape is within 20 s
Kang et al. .
and personnel escape. after the door is opened [25].
. Fire characteristics and heat release rate of pure ~ The formula is reasonable to estimate the heat release
Xia et al. . . . .
electric vehicles. rate of pure electric vehicle [26].
Ren et al Numerical simulation of the fire process in the The faster the wind speed, the shorter the time it takes

bus engine compartment.

for a bus fire to reach the peak heat release rate [27].

Brzezinska et al.

Numerical simulation of the thermal runaway
process of the electric vehicle lithium-ion
battery pack.

Electric car fires in garages do not pose a risk to people
staying in the garage [28].

The diffusion process of toxic smoke after

After an electric bus fire, it is safer for people to escape

Pan etal. thermal runaway of lithium-ion batteries in through the back door than through the front door [29].
electric buses.
Comparison of fire characteristics between There is little difference in temperature and visibility
Dorsz et al. electric vehicles and conventional internal during fires between electric vehicles and conventional

combustion engine passenger vehicles.

combustion engine vehicles [30].

In summary, previous research has predominantly focused on lithium-ion battery
packs and electric vehicles, conducting numerous studies on the propagation and fire testing
of electric vehicle fires caused by battery systems. However, there has been scant research on
fires in electric buses. Yet, when electric buses are involved in fire accidents, there is a high
risk of extensive casualties, emphasizing the necessity for deeper investigation [31]. Electric
buses contain a significant number of lithium-ion batteries. In the event of a fire, the high-
temperature smoke and toxic gases generated by electric buses can severely impede the
evacuation and escape of trapped individuals. Therefore, understanding the characteristics
of electric public bus fires under different ventilation conditions is crucial. It can assist
firefighters in devising more effective firefighting strategies and evacuating passengers
efficiently. Additionally, based on research findings, standards and requirements for the
performance of ventilation systems in electric buses can be established to ensure the timely
removal of harmful gases and the safety of passengers in the event of a fire. Therefore,
the main focus of this paper was to conduct comprehensive numerical simulations of
electric buses, systematically analyzing the influence of different ventilation conditions
on electric bus fires. The goal was to provide scientific recommendations for firefighting,
rescue operations, and personnel evacuation in the event of electric bus fire incidents.
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2. Materials and Methods
2.1. FDS Model Introduction and Numerical Solution Method
2.1.1. FDS Model Introduction

(1) Turbulence model

The turbulence model of FDS is divided into two types: large eddy simulation (LES)
and direct numerical simulation (DNS). The numerical calculation in this paper was based
on the large eddy simulation. The sublattice stress (Smagorinsky) model, which is com-
monly used in vortex simulation, was applied to deal with small-scale turbulence. The
relevant parameters used in the model are as follows:

Viscosity coefficient:

1
ures = p(CsA)?|s|2 1)
2 2 2 2 2 2
v ow Ju dv Ju Jw v Jw 2 —.2
V() (G | (Gra) +(GrR) G ‘”
Thermal conductivity:
Uresc
kpps = —=2F 3)
Py
Diffusivity of material:
u
(pD) s = % (4)
Cc

where C; is the empirical constant, A is the length of the size of a grid cell, sl is the
deformation term, P, is the Prandtl number, S. is the Schmidt number, D is the thermal
diffusion coefficient, and C, is the specific heat at constant pressure.

(2) Combustion model

The FDS 6 simulation software offers two types of combustion models: mixed-
controlled combustion model and finite-rate combustion model. The mixed fraction model
requires specifying a single equivalent fuel (composed of C, H, O, and N elements) reacting
with oxygen to produce CO,, H,O, CO, and smoke. However, this method requires explicit
specification of the atomic ratios of combustible material to equivalent fuel and the given
production rates for each product. The finite-rate combustion model directly defines the
unit area heat release rate and thermal parameters of the equivalent fuel, and the system
derives the corresponding combustion model based on specific geometric information of
the object’s surface.

During fire simulation, if only flame combustion effects are considered, the mixed
component combustion model can suffice. If the concentration of smoke, carbon dioxide,
carbon monoxide, and other gases generated during the fire needs to be studied, finite
chemical reaction models need to be incorporated into the calculations. Typically, the
simplified formula for the combustion of hydrocarbon fuels such as oil is expressed as
equation [32].

UCXH]/CxHy + UOZOZ — UCOZCO2 + ZJHonzO (5)

The rate of the occurring chemical reaction is the following:

d(CxHy)

L = —A(CyHy)"(0y)'e ©6)

In Equation (6), A represents the pre-exponential factor of activation energy; v denotes
the chemical reaction coefficient; E stands for the activation energy of the reaction, in J/mol;
R is the molar gas constant, taken as 8.314 J/(mol-K); T represents the thermodynamic
temperature in Kelvin; and a and b are reaction coefficients.

In this study, the mixed-controlled combustion model was adopted. However, when
modeling, only one reaction can be defined in the combustion model. Therefore, it is
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necessary to equivalently convert the combustion reaction of the combustible material into
a substance containing only C, H, O, and N elements. The total heat release rate of battery
combustion is mainly influenced by the electrolyte [33], so appropriate adjustments are
made based on the chemical composition of the electrolyte to serve as the reactants of the
battery combustion reaction. Ultimately, the equivalent combustible material C¢3H7 102 1N
was used to represent the combustion reaction of the battery.

This study used particle combustion. FDS can track the transport and mixing of
various gaseous substances and smoke particles in the fire environment. The mass transport
equation can be expressed as follows:

(pY;
(gt )y V-(pYiV) = V-(oD;VY;) + R; 7)
In Equation (7), Y; represents substance i; ¢ stands for time; p denotes density; D; is the
diffusion coefficient of substance i, measured in m?/s; and R; represents any source or sink
term of substance i, measured in Kg/m3:s.

(3) Thermal radiation model

This study selected a Discrete Ordinates Method, which decomposes the propagation
of radiant energy into a set of discrete angular patterns (called Discrete Ordinates) to
accurately simulate the radiative interaction between the flame and the hot surface. FDS
uses the finite volume method to solve the radiation transport equation. If space gas has no
scattering ability to thermal rays, the radiation transfer equation is as follows:

s-VI(x,5) = k(x, ) [l (x) - 1(x,5)] ®)

In the formula, the source term I(x) is the blackbody monochromatic radiation force,
which is defined by the Planck function. The surface of various objects can be regarded
as the gray body diffuse surface, and the radiation heat transfer was calculated using the
following formula:

1—c¢
T

(s =elpo+ = [ ols)]s |0 9)
s'ny<0

where I, is the surface blackbody radiation intensity, and ¢ is the radiation emissivity.

(4) Carbon monoxide concentration control equation

dC d aC
ui———| (D Dy)— | = 1
”faxj ax; (Dm + t)axj S, (10)
Ot
D, = - 11
- (11)

where C represents the time average concentration of CO, and D, is the molecular diffusion
rate. Dy is the turbulent diffusion rate, S is the volume emission rate of pollutants, and Sc;
is the turbulence Schmidt number.

2.1.2. Numerical Solution Method

This study utilized the PyroSim 2019 (the built-in version is FDS Version 6) software
for the numerical simulation of electric bus fires. It employed the physics models of ODE
(Open Dynamics Engine) to calculate the mechanical and motion characteristics of objects.
ODE is an open-source physics engine used to simulate the movement and interaction of
rigid bodies, soft bodies, and fluids [34]. PyroSim uses kinematics A series of physical
formulas, such as equations, dynamic equations, and energy conservation laws, were used
to study the changes in various parameters during the fire process. Among them, the main
applied equations were as follows:
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Mass conservation equation:

9
P V=0 (12)
ot

In the formula, p is the gas density, unit: kg/m?. t is the simulation time, unit: s. y is
the velocity vector, unit: m/s.

Momentum conservation equation:

d
57 \01) +Vopp+ Vo = pg+ f + V-1 (13)

In the formula, g is the acceleration of gravity, unit: m/s?. f is the external force vector,
unit: N. 7 is the Newtonian fluid viscous stress tension, unit: N.
Energy conservation equation:

0 Dp
Z (oh . =22 g _V.g"+ P 14
3P+ Vephp = o +q" = V" + (14)

In the formula, / is the apparent enthalpy, unit: J/kg. P is pressure, unit: N. g is the
heat release rate per unit volume, unit: W/m?. 4" is the heat flux vector, unit: W/m?. ® is
the dissipation function.

Ideal state gas equation:

RT
p="0 (15)

In the formula, R is the ideal gas constant, unit: R = 8.134 J/ (mol-K). W is the molecular
weight of the gas mixture, unit: kg/mol.

2.2. Model Settings

Mao et al. [35] conducted a series of thermal runaway tests on lithium iron phosphate
batteries used in a certain electric bus, recording temperature and voltage changes, flame
behavior, gas concentration changes, and heat release rates. In order to make the fire
simulation results closer to the actual fire process, this article will use the battery cells
used in the experimental literature as the research object of the fire simulation. In the
experimental literature, the nominal capacity and voltage of the battery cell are 300 Ah
and 3.2 V, with dimensions of 180 mm x 70 mm x 205 mm and weight exceeding 5 kg.
The geometric model of the battery cell is shown in Figure 1, and the specific thermal
physical parameters are presented in Table 5. The heat release rate of the battery cell refers
to the experimental literature [35], and the heat release rate of the battery cell is illustrated
in Figure 2. Taking a 330 V 300 Ah electric bus as an example, if the battery cells in the
literature are used, 18 battery cells need to be connected in series to form a lithium-ion
battery pack, for a total of six lithium-ion battery packs. One of the lithium-ion battery
packs is then set as a fire source. It can be seen from Figure 2 that the peak fire source heat
release rate of a single battery is 88.78 kW. The calculation shows that the maximum fire
source heat release rate of a lithium-ion battery pack is approximately 1500 kW.

Q = at? (16)

Table 5. Thermal physical parameters of the lithium-ion battery model.

Positive Negative .
Argument Electrode Electrode Electrolyte Diaphragm
Density/ (kg/m% 2700 8500 2600 492
Specific heat 900 385 1100 1978

capacity/[K]-/ (kg-K)]
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Table 5. Cont.
Positive Negative .
Argument Electrode Electrode Electrolyte Diaphragm
Thermal
conductivity /[W/(m-K)] 160 146 21 0.334
Thermal absorption 0.8 0.8 0.9 0.8

coefficient

Figure 1. Geometric model of the individual battery cell.

100

Heat release rate of a battery
(143,88.78)

HRR(kW)

T N I T I T 1 ' I i T
0 50 100 150 200 250 300
Time(s)

Figure 2. Heat release rate of a battery.

The fire heat release curve of lithium-ion battery is similar to

fire. According to

the fire growth coefficient, “rapid fire” was selected as the simulation condition. In Formula
(16), a = 0.04689 and Q is 1500 kW, so the calculation can be t = 179 s; that is, the fire source
reaches its maximum value at t = 179 s. By referring to the changes in the fire source heat
release rate of battery cells in the experimental literature, the simulation time was set to

360 s.
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In this study, the simulation model of an electric bus created using PyroSim is illus-
trated in Figure 3. The electric bus has dimensions of 12.06 m x 2.6 m x 2.91 m. Due to
the complex composition of electric buses and numerous combustible parts, for the conve-
nience of research, this article only considered lithium-ion battery packs as combustibles
for numerical simulation. The primary focus of this study was the simulation of fires
caused by the ignition of lithium-ion batteries in electric buses. The layout of the fire source
and detectors is depicted in Figure 4; the red surface is the source of the fire. The specific
locations of the detectors are shown in Figure 5, with the distances from the floor of the
electric bus compartment to the thermocouple and CO concentration detector being 2 m
and 2.1 m, respectively.

Figure 3. Electric bus model diagram.

Figure 4. Layout of fire source and detection points.

® (O concentration detector

e Thermocouple detector

Figure 5. The specific location of the detection point.

However, there are certain limitations to this study: (1) In reality, lithium-ion batteries
are located beneath the electric bus, but for the purpose of studying the influence of different
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ventilation conditions on electric bus fires, this study simplified the fire process by siting the
lithium-ion battery on the surface of the electric bus compartment. (2) In order to facilitate
the study of the impact of the ventilation area and window opening positions on electric
bus fires, all windows were of the same size and were symmetrically distributed in terms
of quantity and position around the vehicle. A total of 32 windows were installed, with no
consideration given to the effect of doors on the fire.

2.3. Grid Independence Verification

The premise of obtaining accurate computational results is to choose an appropriate
grid density. When selecting grid density, two main considerations are taken into account:
simulation accuracy and computational time. Generally, an accurate simulation result can
be obtained when the value of D*/r is in the range of 4 to 16. Here, D* represents the
characteristic diameter of the fire source, measured in meters. ¢ is the grid size, and the
grid size [36] is referenced in Formula (17).

(S8

L)
PoCp/8To

Here, Q represents the fire source power, and the set fire source power for this simula-
tion is 1500 kW. pg is the air density, typically taken as 1.29 kg/m®. C, is the specific heat
capacity of air, typically taken as 1.005 k] /(kg-K). g is the gravitational acceleration, with a
value of 9.8 m?. T is the ambient temperature, with a value of 273 K. The calculated value
of D" is 1.228, which corresponds to a o value of between 0.07 m and 0.28 m.

As shown in Figure 6, this study compared the changes in CO concentration inside
the electric bus compartment under three grid sizes (0.1 m, 0.15 m, and 0.2 m) with a wind
speed of 2 m/s. From the graph, it can be observed that when the grid size is 0.2 m, the CO
concentration remains at a very low level throughout. This is because the grid size is too
large, and the detector cannot accurately identify the CO gas components. When the grid
size is 0.1 m and 0.15 m, the CO concentration rapidly increases after the fire and enters a
stable fluctuation phase after 80 s. However, between the two CO concentration curves, the
concentration variation is more stable when the grid size is 0.1 m; hence, this study chose a
grid size of 0.1 m x 0.1 m x 0.1 m.

D* = ( (17)

2500
The grid size is 0.1m
The grid size is 0.15m
The grid size is 0.2m
2000
~
g
o
=
c - A A
. 2 1500 ‘ i
g “ l
= i \l I ' ‘
3 \ i JURIA I ‘
< 1000 - , 1 l |
o f I " fla
g | | r Ul LT
®, I v | ! |
O . ,
500 1 {a e :
! A I '
by ! i .
N |
W "
0 - T T T — T T T T T T T T T T 1
0 50 100 150 200 250 300 350 400

Time(s)

Figure 6. Changes in CO concentration with time under different grid sizes.
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2.4. Fire Condition Settings

In the simulation process, a total of 14 fire scenes were set to study the effects of
different ventilation conditions on electric bus fires. The study of the effects of different
ventilation areas, wind speeds, and window opening positions on electric bus fires was
conducted using the method of controlling variables. The design of fire conditions under
different ventilation areas is shown in Figure 7. The differences between scenes 1 and 5 are
mainly in the ventilation area, which is reflected by the different number of windows that
are opened. There is no difference in wind speed and window opening positions between
these five scenes. By comparing these five scenes, the impact of different ventilation areas
on electric bus fires was analyzed. The design of fire conditions under different wind speed
conditions is shown in Figure 8. Scenes 6 to 10 differ mainly in wind speed, and there is no
difference between the opening position of the window and the ventilation area in these
five working conditions, and all the Windows are opened. By comparing these five scenes,
the impact of different wind speeds on electric bus fires was studied. The design of fire
conditions under different window opening positions is shown in Figure 9. Scenes 11 to 14
differ mainly in window opening positions, and there is no difference in ventilation area
and wind speed between these four scenes. By comparing these five scenes, the impact
of different window opening positions on electric bus fires was investigated. The specific
settings for fire scenes are shown in Table 6.

i

(b) Open 8 (25%) windows

(d) Open 24 (75%) windows (e) Open 32 (100%) windows

Figure 7. Fire conditions of electric buses under different ventilation areas.

‘Wind speed: No wind; 2 m/s;
4 m/s; 6 m/s; 8 m/s !

P e 0 ]

‘Wind direction

Figure 8. Fire conditions of electric buses under different wind speed conditions.
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Right rear Right front

Figure 9. Fire conditions of electric buses under different ventilation positions.

Table 6. Fire scene settings.

Serial Number Fire Scene Settings
1 Close all windows
2 Open 8 (25%) windows
3 Open 16 (50%) windows
4 Open 24 (75%) windows
5 Open 32 (100%) windows
6 Conducted under windless conditions
7 The wind speed is 2 m/s
8 The wind speed is 4 m/s
9 The wind speed is 6 m/s
10 The wind speed is 8 m/s
11 Open the right front windows
12 Open the right rear windows
13 Open the left front windows
14 Open the left rear windows

3. Analysis of Simulation Results
3.1. Fire Risk of Electric Buses under Different Ventilation Areas
3.1.1. Temperature of Electric Bus Fire under Different Ventilation Areas

Under the condition that a lithium-ion battery pack of an electric bus caught fire,
the influence of different ventilation areas on the temperature above the fire source was
analyzed, yielding the following results:

As shown in Figure 10, after the fire, the temperature above the fire source rises
rapidly. When all windows are closed (0%), the temperature above the fire source rises
rapidly between 0 s and 93 s, reaching the maximum temperature, which is 445 °C, at 93 s.
Subsequently, the temperature begins to drop, and at 360 s, the temperature above the fire
source is approximately 70 °C. This is because in the sealed electric bus compartment, as the
fire progresses, the oxygen content in the electric bus compartment is continuously reduced.
When the oxygen in the electric bus compartment is exhausted, the fire automatically stops,
so the temperature above the fire source starts to decrease. When different numbers of
windows are opened, the temperature above the fire source for different ventilation areas
(25%, 50%, 75%, 100%) rapidly increases between 0 s and 200 s. At 200 s, the temperatures
above the fire source for different ventilation areas are 563 °C, 491 °C, 542 °C, and 557 °C.
After 200 s, the rate of temperature increase above the fire source slows down and gradually
stabilizes. The average temperatures above the fire source under different ventilation
areas between 200 s and 360 s were 562 °C, 495 °C, 541 °C, and 569 °C respectively. The
temperature distribution cloud map above the fire source under different ventilation areas
at 320 s is shown in Figure 11. By combining Figures 10 and 11, it can be seen that when
the ventilation area is small, the ability to remove heat in the electric bus compartment is
small. This is because with a smaller ventilation area, the ability to dissipate heat from
the electric bus compartment is smaller. Therefore, under the condition of opening 25% of
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N

(d) 75% (e) 100%

the windows, the temperature above the fire source is higher than that of other conditions.
However, as the ventilation area increases, the temperature above the fire source gradually
increases. This is because the larger ventilation area also provides more oxygen to the

electric bus compartment, making the fire inside the electric bus compartment more intense
and releasing more heat.
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Figure 10. Temperature changes over time above the fire source under different ventilation areas.
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Figure 11. Temperature distribution cloud map under different ventilation areas with Z =2 m in
320s.

3.1.2. CO Concentration in Electric Bus Fires under Different Ventilation Areas

Under the condition that a lithium-ion battery pack of an electric bus caught fire,
the influence of different ventilation areas on the CO concentration inside the electric bus
compartment was analyzed, yielding the following results:

As shown in Figure 12, the CO concentration rapidly increased from the beginning.
When all windows were closed, the CO concentration in the electric bus compartment
rapidly increased from 0 s to 81 s, reaching its maximum at 81 s, with a maximum value
of 2970 ppm. Afterward, the CO concentration began to decrease and stabilized around
1800 ppm after 125 s. This is because when the oxygen in the electric bus compartment
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(b) 25% (c) 50%

is consumed, the fire automatically stops, so the CO concentration remains stable. When
different numbers of windows were opened, the CO concentration in the electric bus com-
partment under different ventilation conditions (25%, 50%, 75%, 100%) rapidly increased
from 0 s to 70 s and reached a stable state between 70 s and 360 s. When only 25% of the
windows were opened, the CO concentration was significantly higher than in the other
three conditions. This is because with a smaller ventilation area, there is insufficient oxygen
in the electric bus compartment, leading to the incomplete combustion of combustibles and
the production of a large amount of CO. Moreover, with only 25% of the windows open, the
ability to remove smoke from the electric bus compartment is weaker, resulting in a higher
CO concentration under this condition. The CO concentrations under different ventilation
conditions (25%, 50%, 75%, 100%) reached an equilibrium between 70 s and 360 s, with
average concentrations of 1630 ppm, 1310 ppm, 1240 ppm, and 1200 ppm, respectively. The
CO concentration distribution cloud map under different ventilation areas at 320 s is shown
in Figure 13. By combining Figures 12 and 13, it can be seen that the larger the ventilation
area, the lower the CO concentration. When the ventilation area increases to a certain extent,
the oxygen content in the electric bus compartment increases, and the ability to exhaust
smoke is enhanced, resulting in a smaller variation in the average CO concentration.
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Figure 12. Changes in CO concentration in the cabin over time under different ventilation areas.
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Figure 13. CO concentration distribution cloud map under different ventilation areas with Z =2 m in
320s.
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3.2. Fire Risk of Electric Buses under Different Wind Speeds
3.2.1. Temperature of Electric Bus Fire under Different Wind Speeds

Under the condition that a lithium-ion battery pack of an electric bus caught fire, the
influence of different wind speeds on the temperature above the fire source was analyzed,
yielding the following results:

As shown in Figure 14, the temperature above the fire source rose rapidly after the fire
starts. When the wind speed was 8 m/s, the temperature above the fire source rose rapidly
between 0 s and 89 s, reaching a maximum of 147 °C at 89 s, and then stabilized. Under no
wind and 2 m/s, 4 m/s, or 6 m/s conditions, the temperature above the fire source quickly
rose and stabilized between 0 s and 200 s. After 200 s, the temperature above the fire source
entered a stable stage. Between 200 s and 360 s, under different wind speed conditions
(nowind, 2m/s,4m/s, 6 m/s, and 8 m/s), the average temperature above the fire source
was 569 °C, 389 °C, 357 °C, 315 °C, and 126 °C. The temperature distribution cloud map
above the fire source under different wind speed conditions at Z = 2 m at 320 s is shown in
Figure 15. By combining Figures 14 and 15, it can be seen that under different wind speed
conditions, the temperature above the fire source decreased with the increase in wind speed.
This is mainly due to the change in the shape of the flame once wind speed conditions
are introduced, causing the flame to start moving downward. This conclusion is further
supported by the variation in flame shape at 50 s under different wind speed conditions, as
shown in Figure 12. Additionally, the increase in wind speed enhances the heat dissipation
capacity inside the electric bus compartment, allowing high-temperature smoke to be
expelled more quickly. Moreover, higher wind speeds facilitate faster temperature diffusion
within the electric bus compartment.
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Figure 14. Temperature changes over time above the fire source under different wind speed conditions.
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(e) 8m/s
Figure 15. Temperature distribution cloud map under different wind speed conditions at Z =2 m in
320s.

3.2.2. CO Concentration in Electric Bus Fires under Different Wind Speed Conditions

Under the condition that a lithium-ion battery pack of an electric bus caught fire,
the influence of different wind speeds on the CO concentration inside the electric bus
compartment was analyzed, yielding the following results:

As shown in Figure 16, the CO concentration inside the electric bus compartment
rapidly increased after the fire occurred. When the wind speed was 8 m/s, the CO concen-
tration inside the electric bus compartment rose rapidly between 0 s and 61 s, reaching a
maximum value of 1841 ppm at 61 s. Subsequently, the CO concentration inside the com-
partment rapidly decreased and stabilized to around 250 ppm. When there was no wind
and under conditions of 2 m/s, 4 m/s, or 6 m/s, the CO concentration inside the compart-
ment rose rapidly between 0 s and 70 s, stabilizing after 70 s. Between 70 s and 360 s under
different wind speed conditions (no wind, 2 m/s, 4 m/s, 6 m/s, and 8 m/s), the average
CO concentration inside the compartment was 1240 ppm, 1170 ppm, 1130 ppm, 1090 ppm,
and 316 ppm, respectively. Figure 17 shows the CO concentration distribution cloud map
at Z =2 m for different window positions at 320 s. By combining Figures 16 and 17, it can
be seen that under different wind speed conditions, the CO concentration inside the electric
bus decreased as the wind speed increased. This is because with the presence of ventilation,
the wind speed accelerates the expulsion of smoke from the electric bus compartment,
resulting in a decrease in CO concentration with increasing wind speed.
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Figure 16. Changes in CO concentration in the cabin over time under different speed conditions.
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Figure 17. CO concentration distribution cloud map under different wind speed conditions at Z =2 m
in 320 s.

3.3. Fire Risk of Electric Buses at Different Window Opening Positions
3.3.1. Temperature of Electric Bus Fire at Different Window Opening Positions

Under the condition that a lithium-ion battery pack of an electric bus caught fire, the
influence of different window opening positions on the temperature above the fire source
was analyzed, yielding the following results:

As shown in Figure 18, after the fire occurred, the temperature above the fire source
rapidly rose from 0 s to 200 s under different window positions. At 200 s, the temperatures
above the fire source for different window opening positions (right rear, right front, left
rear, left front) were 322 °C, 326 °C, 297 °C, and 336 °C, respectively. After 200 s, the
rate of temperature increase above the fire source began to slow down because the high-
temperature smoke filled the entire carriage and started to escape through the windows. At
360 s, the temperatures above the fire source for different window opening positions (right
rear, right front, left rear, left front) were 337 °C, 353 °C, 326 °C, and 363 °C, respectively.
Figure 11 shows the temperature distribution cloud map above the fire source at Z =2 m at
320 s for different window positions. By combining Figures 18 and 19, it can be seen that
when only the rear windows are open, the temperature above the fire source is at a lower
level. After a fire occurs, high-temperature smoke will initially rise to the top of the bus’s
interior. When the smoke fills the top of the bus, it gradually begins to descend. By only
opening the rear windows, high-temperature smoke can be expelled earlier through the
rear windows, leading to a lower temperature above the fire source.
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Figure 18. Temperature changes over time above the fire source under different window opening
positions.
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Figure 19. Temperature distribution cloud map under different window opening positions at Z =2 m
in 320 s.

3.3.2. CO Concentration in Electric Bus Fires under Different Window Opening Positions

Under the condition that a lithium-ion battery pack of an electric bus caught fire, the
influence of different window opening positions on the CO concentration inside the electric
bus compartment was analyzed, yielding the following results:

As shown in Figure 20, following the occurrence of the fire, the CO concentration
inside the electric bus cabin rapidly increased across different window opening positions.
Around 36 s, there was a sharp increase in CO concentration within the electric bus cabin,
swiftly followed by a rapid decrease. Specifically, when only the left front window was
opened, the CO concentration peaked at 1569 ppm around 36 s. This spike is attributed to a
thermal runaway event occurring in the lithium battery around the 36 s mark, resulting in
a sudden release of a large amount of CO from the lithium-ion battery pack. Subsequently,
the CO diffused throughout the entire cabin and to the exterior, leading to a rapid decline
in CO concentration. Between 36 s and 120 s, the CO concentration inside the electric bus
cabin continued to rise, albeit at a slower rate. After 120 s, the CO concentration within
the cabin stabilized and fluctuated. The average CO concentrations inside the electric bus
cabin under different window opening positions (right rear, right front, left rear, left front)
were 937 ppm, 1240 ppm, 861 ppm, and 1300 ppm, respectively. The CO concentration
distribution cloud diagram at different window opening positions at Z = 2 m at 320 s is
shown in Figure 14. By combining Figures 20 and 21, it can be found that in the two fire
conditions of only opening the right rear window and only opening the left rear window,
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the CO concentration was significantly lower than the other two fire conditions, and the
common feature of these two fire conditions was that the windows are located at the rear.
This phenomenon arises because, following the fire, the smoke initially spreads upward,
and as it reaches the top of the electric bus cabin, it gradually descends. Since some of the
rear windows of the electric bus were positioned higher, opening only the rear windows
allowed the fire smoke to escape to the exterior more quickly. Therefore, in the event of an
electric bus fire, it is advisable to first open the rear windows for evacuation purposes.

2000 =

(36,1569)

/

steady state CO concentration
oscillation stage

Right rear

Right front
(120,1394) Le%t rear

(120,1133) Left front

1500

1000

CO concentration(ppm)

w

(=3

(=}
1

= 12053605 @ ~——

* T T T T T T 1
0 50 100 150 200 250 300 350 400
Time(s)

Figure 20. Changes in CO concentration in the cabin over time under different window opening
positions.
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Figure 21. CO concentration distribution cloud map under different window opening positions at
Z=2min320s.

4. Conclusions

(1) When all windows are closed, the temperature above the fire source reaches a maxi-
mum value of 445 °C at 93 s, and then the temperature begins to drop sharply; the CO
concentration in the cabin reaches a maximum value of 2970 ppm at 81 s, and then the
CO concentration begins to drop sharply and 125 s late and is maintained at a stable
value near 1800 ppm. When the ventilation area gradually increases from 25% to 100%,
the stable value of the temperature above the fire source reaches a minimum value of
508 °C; when the ventilation area is 50%, the stable value of the CO concentration in
the compartment reaches a minimum value of 1200 ppm when the ventilation area is
100%. Since toxic smoke is the most harmful to people in a fire, and the temperature
above the fire source is not very different under different ventilation areas, when a
fire occurs in an electric bus, we should open 100% of the windows.
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(2) Under windless conditions, the temperature above the fire source reaches a steady
state temperature oscillation stage after 200 s, and the average temperature in the
steady state temperature oscillation stage is 569 °C; the CO concentration in the
compartment reaches a maximum value of 1841 ppm at 61 s, and then drops rapidly
and stabilizes at 250 ppm. When the wind speed gradually increases from 2 m/s to
8 m/s, the temperature above the fire source and the temperature inside the cabin
decrease with the increase in wind speed. When the wind speed is 8 m/s, the stable
value of the temperature is above the fire source and the CO in the cabin. The
concentration stability values are the lowest, respectively, at 126 °C and 316 ppm.
Therefore, when a fire occurs in an electric bus, the wind speed of 8 m/s is most
conducive to personnel evacuation.

(3) When opening different window opening positions, the temperature above the fire
source when the rear window is opened, and the CO concentration in the cabin are
significantly lower. When the rear windows (right rear, left rear) are opened for 360 s,
the temperatures above the fire source are 337 °C and 326 °C, respectively; the stable
values of CO concentration in the cabin with the rear windows (right rear, left rear)
open are 937 ppm and 861 ppm, respectively. When a fire breaks out in an electric bus,
we should choose to open the rear window first and escape from the rear door.

(4) This study introduces in detail the influence of different ventilation conditions on
the fire of electric buses and provides theoretical guidance for fire escape and rescue
of electric buses. However, there are some limitations to this study. The paper
only considers lithium-ion batteries as combustibles for fire simulation and does not
consider the spread of combustibles such as seats and curtains. In the simulation
process, the lithium-ion battery pack was set on the surface of the electric bus floor,
while the actual lithium-ion battery pack is located inside the electric bus. At the same
time, the impact of the door on the fire was not considered.
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