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Abstract

The thermal safety of lithium-ion batteries (LIBs) is a crucial challenge for electric vehicles and stationary energy storage systems, as excessive
heat generation may cause accelerated aging, capacity loss, or catastrophic thermal runaway (TR). This study develops and validates a
coupled electrochemical-thermal model to investigate the heat generation, temperature response, and TR behavior of cylindrical 18650-type
LIBs. Experimental discharge tests (1C and 2C) were performed on a 1S14P battery module, and the results were compared with numerical
simulations in STAR-CCM+ and an Arrhenius-based TR model implemented in MATLAB Simulink. The model accurately captured the onset of
exothermic reactions, with a maximum deviation of ~5% from experimental data. Parametric analyses revealed that higher ambient convection
coefficients delay TR initiation and reduce its severity, highlighting the importance of forced-air cooling in thermal management systems.
Furthermore, the effect of different enclosure materials on TR propagation was investigated. While ceramic fiber and aerogel provided the
most effective thermal insulation, polystyrene demonstrated the best overall balance between heat dissipation under normal operation and
insulation during TR events. The findings confirm that material selection and thermal management design play a decisive role in preventing
TR propagation and ensuring battery safety. This work contributes practical guidelines for the safe and efficient design of next-generation

battery systems.
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INTRODUCTION

With the rapid advancement of science and technology,
global energy demand continues to rise, raising concerns over
the depletion of fossil fuel resources. As a result, sustainable
energy systems are gaining prominence, and fossil-fuel-
based systems are increasingly being replaced by electricity-
driven technologies [1]. Among these, lithium-ion batteries
(LIBs) have emerged as the dominant energy storage solution
due to their high energy density, long cycle life, and low
self-discharge rates. They are now widely used in portable
electronics, electric vehicles (EVs), and large-scale stationary
storage systems. [2, 3]. Despite these advantages, LIB safety
remains a critical concern. Excessive heat generation during
charge-discharge cycles can accelerate capacity fading,
reduce service life, and under severe conditions, trigger
thermal runaway (TR)—a chain reaction of exothermic
processes that may lead to fire or explosion. Several high-
profile accidents, including EV recalls and large-scale energy
storage fires, have drawn public and industrial attention to
the urgent need for safer battery technologies. Table 1 lists
examples of lithium-ion battery incidents reported in the
media.

Excessive heat generation during charging and discharging
can accelerate capacity fading, shorten lifespan, and, under
severe conditions, trigger thermal runaway (TR), potentially
leading to fire or explosion. In response to these safety
concerns, regulations and standards have been introduced
to ensure the safe inspection, usage, and shipment of battery
systems [4-9].

The operating temperature of battery systems is a critical
factor for achieving optimal lifespan, power output, and
operational safety. For lithium-ion batteries, the acceptable
operating temperature range is between -20°C and 60°C,
with the optimal range being 15°C to 35°C [10-13]. The primary
sources of heat in LIBs include electrochemical reaction heat,
ohmic resistance heat, and side reaction heat. If the heat
generation rate exceeds the heat dissipation capacity, the cell

temperature rises uncontrollably, creating a feedback loop
that increases reaction rates and further accelerates heating.
Such phenomena underscore the importance of effective
thermal management systems (TMS) for preventing TR and
ensuring safe battery operation. To ensure safe operation,
the thermal and electrical conditions of battery cells must be
controlled and isolated from each other [10-13].

Table 1 Lithium-ion battery power system accidents reported in the
press.

Year Accident

The Boeing 747 cargo plane crashed on a deserted island
2010 due to a fire caused by the batteries. Two crew members
died. Following this incident, airline companies began to

make decisions banning the shipment of batteries [6].

The SAMSUNG company recalled its Note 7 series phones
2016 from the market due to a faulty battery casing design that
caused them to overheat and catch fire [7].

Hyundai Motor recalled the Kona model vehicles worldwide
2020 due to faulty batteries causing them to catch fire in various

locations around the world [8].

In Austria, at the Victorian Big Battery facility, a Tesla
2021 Megapack BESS unit caught fire. There were no casualties
in this incident, but a significant amount of toxic gas was

released into the environment [8].

In the United States, the S-Trust ship caught fire due to a
thermal runaway of its. Many systems onboard the ship
were irreparably damaged. The incident caused damage
amounting to 3 million dollars to the ship and the terminal
[91.

Electric vehicles catching fire due to thermal runaway

2022

2018-2023 caused by battery damage following collisions have drawn

press and public attention to electric vehicles [8].

Thermal, electrical, or mechanical abuse of lithium-
jon batteries can result in dangerous scenarios such as
uncontrollable heating, high temperatures, explosions, or
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fires—aphenomenonknownas thermal runaway [13-16]. When
a battery’s temperature exceeds 90°C, the solid electrolyte
interface (SEl) on the cathode begins to decompose. At 100-
120°C, the SEI melts completely, leading to contact between
the anode and cathode, which causes short circuits and
accelerates exothermic reactions. This process increases
cell temperature rapidly, releasing flammable gases such as
0,, CO,, and H,. At 200°C, these gases ignite, resulting in a
fire. The exothermic reactions persist until the energy within
the cell is depleted, after which the temperature gradually
decreases [10, 13, 15, 17].

Hatchard et al. [18] conducted the first experimental and
numerical investigations on thermal runaway (TR), examining
the runaway behavior under different oven temperatures.
Parhizi et al. [19] developed numerical schemes to
accelerate the solution of differential equations governing
TR models and reported results consistent with commercial
software. Ostanek et al. [20] incorporated mass and energy
conservation into TR models and analyzed gas generation
and ventilation processes. Kim et al. (21) performed 3D Fluent
simulations considering reaction chemistry, cell geometry,
and material effects, and emphasized that cell size strongly
influences thermal behavior in oven test simulations. Peng et
al. [22] reported that positive electrode reactions dominate
heat release during TR, while higher oven heat transfer
coefficients increase the critical onset temperature. Ozdemir
et al. [23] induced TR using heater films under various
charge conditions and developed an Arrhenius-based model
predicting initiation and peak temperature with ~10% error.
Similarly, Shen et al. [24] estimated heat generation as a
function of capacity, voltage, and volume. Chen et al. [25]
simulated the thermal runaway process by defining heat
generation for 10 seconds instead of creating a traditional
thermal runaway model.

The propagation of TR from a failed cell to neighboring cells
is a critical safety issue [10, 11, 27]. Citarella et al. [27] showed
that minimizing inter-cell heat transfer in module design
improves safety. Li et al. [28] simulated TR propagation in an
air-cooled pack, while Zhong et al. [29] demonstrated that
inter-cell gaps have limited effect, with 4 mm being sufficient
to mitigate thermal shock. Silva et al. [30] and Lee et al. [31]
highlighted that ceramic fiber boards are highly effective,
slowing TR heat transfer by up to 30 times. Quan et al. [32]
emphasized the importance of insulation material selection,
and Li et al. [33] showed that aluminum frames can absorb
heatand prevent TR spread. Other studies explored alternative
thermal barrier materials; Yuan et al. [34] reported that
graphite sheets suppress TR due to low thermal conductivity,
while Zhao et al. [35] found graphite heat shields effective
for safety during storage and transportation. Nambisam et al.
[36] evaluated commercial thermal barrier materials such as
mica, fiberglass, and ceramics, and found them suitable when
thickness and design constraints are considered.

Beyond modeling and passive barrier strategies, recent
studies have focused on hybrid suppression approaches
combining multiple thermal management mechanisms.
Hybrid prevention and suppression strategies typically
combine multiple thermal management mechanisms, such as
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PCM with insulation, PCM with liquid cooling, or chemical and
thermal reactions. Tiangi Yang et al. [37] combined SAT-EG-
based composite phase change material with liquid cooling in
prismatic battery modules, delaying TR propagation by more
than six times and fully preventing TR when SAT-EG thickness
exceeded 12 mm. Liu et al. [38] numerically modeled a 12-cell
prismatic battery pack using PPCM combined with insulation
layers and immersion cooling with fluorinated liquids; the
3.6 mm PPCM and 1 mm insulation combination extended
the TR trigger time of the second cell to 798 s, while the
average temperature of Cells around 34 °C, fully preventing
propagation. Weigao Ji et al. [39] integrated nano-ceramic
fiber-based PCM with liquid-cooled plates in high-specific-
energy pouch cells, implementing a three-level TR protection
strategy consisting of early heat absorption, intermediate heat
conduction, and delayed heat insulation; this approach kept
the second cell’s maximum surface temperature below 100 °C
after TR initiation and successfully prevented TR propagation.
Collectively, these studies demonstrate that hybrid strategies
combining PCM and liquid cooling are effective in delaying
or preventing TR propagation in batteries. Choi et al. [40]
experimentally investigated early detection and suppression
strategies of thermal runaway in large-format lithium-ion
batteries, demonstrating that CO, injection and rapid water
intervention effectively prevent propagation.

In our study, TR processes of LIBs were comprehensively
examined using a numerical model based on Arrhenius
equations. The influence of ambient temperature and
convection coefficient on TR was analyzed, and the effect of
different module housing materials on TR propagation was
evaluated through numerical simulations. The accuracy of the
modeling approach was validated against discharge test data.

b)

Polyamide cell housing cell

B
=

thermocony iple points

Figure 1 Experimental setup: (a) schematic of the test configuration,
(b) schematic of the module layout and thermocouple positions, (c)
battery module and test devices (data logger, thermal camera, power
supply, and load).

MATERIAL AND METHODS
Experimental method

In this study, a 40-ampere battery module was developed
with a 1S14P configuration using cylindrical 18650 cells. Each
cell has a nominal voltage of 3.65 V and an energy capacity
of 2800 mAh. The key dimensional and thermophysical
characteristics of the battery cells are summarized in Table 2.
The cells were securely housed in polyamide-based enclosures
to ensure structural integrity. The cells were securely housed
in polyamide-based enclosures to ensure structural integrity.
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The thermophysical properties of the tested materials,
including the polyamide enclosure, are presented in Table 3.

Table 2 Dimensional and thermophysical characteristics of the
battery cells [40].

Value Unit
Dimensional properties;
Cell diameter 18+0,10/-0,20 mm
Cell length 65+0,2 mm
Weight 44,5+0,7 g
Battery chemistry;
Graphite based coating
Anode ;
on copper foil
Cathode N|.MnCo(NMC)‘ based.
coaing on aluminum foil
Thermo-phisical
specification;
Density 2746 kg/m?
Specific heat 1065,71 i/ka.K
Thermal conductivity 33 W/m.K

Charging and Discharging Protocol;

The battery module was charged with a constant current of 18
A until reaching a maximum voltage of 4.2 V. Discharge tests
were conducted at 1C and 2C rates, with the discharge cut-off
voltage set at 2.4 V. Before each charge-discharge cycle, the
module was allowed to cool to room temperature to ensure
repeatability. Charging was carried out using a GOODWILL
INSTEK PSH-2018A DC power supply, and discharging was
performed with a BK Precision 8614 DC electronic load under
natural convection conditions.

Table 3 Module housing material properties [41-44, 46].

Specific Heat

Material Density [kg/m? [/kg K]
Polyamide 1635 700
Aerogel 500 1000
E;T;;ijﬂant graphite 1700 800
Epoxy-filled carbon fiber 1500 700
Rubber 1100 1500
Mica 2800 880
Polypropylene 900 1920
Polystyrene 1040 1300
PVC 1300 100
Ceramic 800 2500
Ceramic fiber 100 1000
Teflon 2150 1000

Thermal Data Collection;
Temperature data were recorded in real time using a Hioki
LR8431-20 memory logger equipped with thermocouples,
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while thermal imaging was performed with a Testo 885
thermal camera. The experimental setup and the equipment
used are presented in Figure 1, which shows the battery
module consisting of 14 cells placed inside the polyamide-
based enclosure, along with the images of the test devices
and the schematic representation of the setup.
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Figure 2 Time-dependent temperature profiles of the lithium-ion cell
at 1C and 2C discharge rates [40].

Table 4 Parameters of the Arrhenius thermal runaway model [18, 30].

Frequency factor;

A 1.667 x10® O
Ae 2.5 x10"

A 6.667 x10®

A 5.14 x10%

Activation energy;

E. 1.3508 x10° (J/mol)
E, e 1.3508 x10°

Eee 1.396 x10°

E, 2.74 x10°

Specific heat;

E. 2.57 x10° (J/kg)
E, e 1.714 x10¢

Eee 314 x10°

E, 1.55 x10°

Reaction order;

m,; 1 -

m,.e 1

mCaE 1

mg 1

Cell mass content;

W, 1.39 x10° kg/m?
w, 1.3 X103

W, 5 x10?

Initial Condition;

Couio 0.15 -
Cano 0.75

Ceso 0.04

Ceo 1

T, 0.033
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To determine the heat generation during discharge,
thermocouples were placed at the top, middle, and bottom of
the cell surface at room temperature. The cell was insulated to
minimize external heat loss and discharged at 1C and 2C rates.
The resulting temperature data are presented in Figure 2.

Numerical Model and Thermal Runaway Processes

The battery energy balance is calculated according to Eq. (1),
where the battery temperature varies as a function of time:

prcy L=V -k VT +qg + g (t) )

Here, pis the cell density (kg/m3), cp the specific heat capacity
(J/K.kg), T the temperature (K), k the thermal conductivity
coefficient (W/m.K). a, and gt represent volumetric heat
generationinside the cell and heat transfer to the environment
(W/m?) respectively. d, caused by TR are defined as:

Qg = Gsei + qanE + qcaE + qE )

The first exothermic reaction within the cell begins with the
decomposition of the solid electrolyte interphase (SEl) as
the cell temperature exceeds 90°C [17, 30]. The Arrhenius
TR mathematical model heat generation equations for SEI
decomposition are given in Eqg. 3-5. SEI decomposition
mathematical model block diagrams are given in Figure 3. The
Arrhenius thermal runaway mathematical model parameters
are given in Table 4-5.

3508e5|
st
8314

E
e
v
1593 4
m nenan sei n-SEld

ow

Figure 3 Arrhenius-based mathematical model Simulink block
diagram of thermal runaway SEI decomposition.

Qsei = Hsei : Wc : Rsei )
Ea sei Mocpi

Rsei (Ta Csei) = Asei + €ETP |:7 R:T i| *Csei (4)

Aot — _Ryei )

As the SEI layer decomposes, the anode electrode becomes
vulnerable to reacting with the electrolyte liquid. When the
battery temperature exceeds 120°C, exothermic reactions
begin to occur between the organic solvents in the electrolyte
and the lithium ions in the anode [18, 45]. The Arrhenius TR
mathematical model anode heat generation equations are
provided in Eq. 6-8 and Block diagram of it are given in Figure
4,
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Figure 4 Arrhenius-based mathematical model Simulink block
diagram of thermal runaway anode reactions.

qant = Hpanp - We - Rang ©)

Eoan
RAnE (Ty CAnE, tsez) AAnE EZP[ L f] . CAnEmA"E ' €Tp [_ RYATE] (7)

eeeeee

dcay, dTme
il = —Rpng, T = —Rang ®)

As the temperature rises, reactions between the cathode and
electrolyte are triggered. The Arrhenius TR mathematical
model equations for exothermic reactions between the
cathode electrode and the electrolyte liquid are given in Eq.
(9-11) and illustrated in Figure 5.

=
III»H

3

Figure 5 Arrhenius-based mathematical model Simulink block
diagram of thermal runaway cathode reactions.

Table 5 Additional parameters of the Arrhenius thermal runaway
model [18, 301].

Cell Volume (V_)

cell

4.665x10° m?

Reaction Percentage per Cell Volume

63.6 %
(Vreacnon) ( 0)
Convection Coefficient (h) 717 W/m2.K
Cell Surface Emissivity (g) 0.8 -
Cell Surface Area (A ) 4.37x10°  m?
Specific Heat Capacity of the Cell (cp) 1280 J/kg.K
Cell density (p) 2939 kg/ m?
qcae = Houg - Wy - Rour ©)
Reas(T,0) = A (1o eap] 5] qo)
dt RC’aE (TI)
Electrolyte decomposition begins when the battery

temperature reaches 150°C, and the amount of energy release
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increases further. The Arrhenius electrolyte decomposition TR
mathematical model equations is given Eq. 12-14 and Figure 6.

qg =Hg-Wg-Rg (12)
RE(T, CE) =Ag- ea:p[— ;E{ﬂ ~cg™F (13)
s — _Rp 4)

Figure 6 Arrhenius-based mathematical model Simulink block
diagram of thermal runaway electrolyte decomposition reactions.

Since the cell is exposed to air, convection and radiation
dominate heat transfer to the surroundings, were expressed
by Eq. (15-17) and Figure 7. € is the surface emissivity, o the
Stefan-Boltzmann constant (W/m2K%, T the cell surface

surface

temperature (K), T, the ambient temperature (K), A _, the

_cell

cell surface area (m?) and h the convective heat transfer
coefficient (W/ m2.K).

Qtransfer (t) = deiation,sm‘face (t) + Qcanvection (t) 5)
deiation,surface =€-0- Acell : (Tsurface4(t) + Tamb4 (t)) (16)

Qconvection,surface =h- Acell : (Tsurface(t) + Tamb(t)) an

Figure 7 Block diagram of the overall thermal runaway energy
balance.

A comparative analysis of thermal runaway behavior at 155
°C oven temperature is shown in Figure 8, including Silva
et al. [30], Hatchard et al. [18], and our simulation results.
Our findings closely match Hatchard’s numerical model,
with an average deviation of only ~3%. The earlier onset of
thermal runaway in Silva’s study stems from its higher initial
temperature.

As illustrated, internal heat generation is initially lower than
external heating. Once temperature rises, decomposition
of the SEI layer initiates, followed by electrolyte breakdown
and separator melting. This leads to internal short circuiting,
rapid temperature escalation, increased gas production, and
eventually venting when the internal pressure surpasses
critical thresholds. In later stages, flame ejections may occur.
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Figure 8 Time-dependent cell temperature variation at 155°C oven

temperature.

Deviations between simulation and experimental results
mainly arise from phenomena not directly modeled, such
as gas combustion and electrode material expulsion under
pressure. To more accurately capture real thermal behavior,
these effects should be incorporated into the Arrhenius
framework. Nevertheless, the present numerical model
provides reliable insights into the progression of thermal
runaway, even if it cannot exactly reproduce maximum
experimental temperatures.

Simulation Model

The lithium-ion battery module considered in this study
consists of 14 cylindrical 18650-type cells connected in
parallel, as shown in Figure 9. Discharge tests were conducted
under natural convection at 1C and 2C rates, and the results
were compared with STAR-CCM* simulations to validate the
numerical model. The influence of cell housing materials on
the thermal performance of the module was also evaluated.

In the simulations, the cells were assumed to have constant
and homogeneous thermophysical properties (specific heat,
density, and thermal conductivity). Heat generation was
modeled as constant and dependent on the discharge rate.
The governing conservation equations of mass, momentum,
and energy were applied, as given below:

Mass and momentum transport equation:

%+ 9o —v,)| =0 ()

5 (0) +9[o(2(v-v))| = -V-p1+ V(T +T) + £ (9

where p is the density, ¥ and D are the mean velocity and
pressure respectively, is the reference frame velocity relative
to the laboratory frame, | is the identity tensor. T' is the viscous
stress tensor, fj, is the resultant of the body forces.

Energy Equations;

2 [vpCpTdV + § 4pCpvs -da = § 4kVT -da+ [vS.dV  (20)
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where E is the total energy, H is the total enthalpy, k is
thermal conductivity factor od material, Sy, is contributes
energy source terms, C'p is the specific heat, T is the
temperature, fAT - vda is viscous dissipation.

a) b)

Figure 9 CAD image of the battery module a) battery cells and cell
diagrams, b) battery module.

Table 5 Maximum module temperatures and percentage errors for 1C
and 2C discharge rates.

Natural convection

1Cc 2C
Analysis 52.3°C 38.7°C
Test 55.4°C 39.9°C
Percentage error %5,6 %3

Mesh independence was tested to ensure accuracy of the
model. Figure 10 shows the mesh validation analysis for
natural convection cooling at 2C discharge. Under forced
air cooling at 2C, the optimal mesh size was found to range
between 130,573 and 171,233 elements. Within this range,
simulation results were compared with experimental data,
with a maximum percentage error of 5.6% (Table 5).

52,34 0,44
5233 50,43
—[b0,42
52,32 o
50,41
n
_ 52,31 / - 50,40 -
(2]
3
3 5299 . D/ 60,395
S 52,29 / 0,38 5
"’x O @,
s C
Eoo 50,37 5
50,36
52,27 —ll— Tmax
—{— Tmin 0,35
52.29 50,34
522555000 705000 720000 735000 750000 165000 °0:33
Mesh

Figure 10 Mesh validation analysis under natural convection at 2C
discharge rate.

After the discharge analysis, thermal runaway simulations
were conducted. A fully charged battery in sleep mode was
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subjected to forced runaway by heating the sixth cell with
a 20 W heat source. Figure 11 presents the time-dependent
temperature profile of the cell under thermal abuse. Notable
differences were observed between the numerical predictions
and experimental TR temperature limits; therefore,
experimental temperature data were used as input for the
runaway simulations.

The study also investigated the impact of thermally insulating
housing materials on the thermal runaway process. Materials
evaluated included ceramic, ceramic fiber, polyamide,
polypropylene, flame-resistant graphite composite, epoxy-
filled carbon fiber, mica, rubber, Teflon, and PVC. The
thermal analysis excluded TR propagation to other cells but
assessed the risk of spreading within the module. The three-
dimensional numerical analysis assumed homogeneous heat
generation throughout the battery volume. However, thermal
effects from temperature increases in neighboring cells due
to heat transfer were not considered.

80

700) —&— Coa at. al. (2023) exp. results
—8— Numerical results

=)
=
o

h
(=3
=]

Temperature (°C)

@ 300 1000 1500 2000 2500
Time (sec.)

Figure 11 Temperature evolution of a battery under 20 W thermal
abuse [45]

Finally, the thermal runaway process was modeled in MATLAB
Simulink based on the Arrhenius equations described in
Section 2.2.

RESULTS AND DISCUSSION

The severity of thermal stress affects the temperature
increase and the intensity of the thermal runaway process in
the battery. The numerical model results of thermal runaway
due to the temperature exposure of lithium-ion batteries are
presented in Figure 12. The results obtained regarding the
temperature increase and thermal runaway process in the
battery based on the degree of thermal stress are as follows;

*145°C Oven Test: Inthe numerical analysis, the battery steadily
heated up to a maximum of 150°C for the first 30 minutes.
Reactions between the anode, which became vulnerable
due to solid electrolyte decomposition, and organic solvents
in the electrolyte, along with cathode-electrolyte reactions
triggered by the rising temperature, caused the battery to
heat up to 150°C. However, the considered heat dissipation
conditions allowed the generated heat to be released into the
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oven, preventing the battery from reaching a temperature
that would trigger electrolyte decomposition. As a result, the
battery gradually cooled down to the oven temperature of
145°C.

* 150°C Oven Test: The battery temperature showed a steady
increase during the first 30 minutes, reaching 160°C. It
remained at this temperature for approximately 40 minutes
and then increased further to 220°C at the 70th minute.

* 155°C Oven Test: Numerical analyses indicate that the
battery temperature exhibited a steady increase for the first
40 minutes, after which it suddenly rose to 259°C. At this
temperature, the heat dissipation conditions were insufficient
to release the generated heat into the oven, triggering
electrolyte decomposition. Consequently, a sudden
temperature rise was observed in the battery.

* 155°C and Higher Oven Tests: Similarly, at these temperature
levels, the battery temperature initially showed a steady
increase, but as electrolyte decomposition began, the
temperature rose sharply. This sudden temperature increase
due to thermal runaway led to gas accumulation and pressure
buildup inside the cell. This situation increases the risk of the
cell catching fire or exploding and raises the potential for
thermal runaway propagation throughout the battery pack.

As the severity of thermal stress increases, the thermal
runaway process starts earlier. For example, at 155°C, thermal
runaway occurs around the 41st minute, whereas, in a cell
exposed to 185°C, this duration decreases to as little as 20
minutes. This phenomenon is driven by three main factors:

1. Increased oven temperature raises the convective heat
transfer rate from air to cell, triggering runaway earlier.

2. Higher temperatures increase the temperature gradient
between the battery and surroundings, accelerating heat
transfer.

3. Maximum surface temperature and temperature rise
rate increase at higher oven temperatures, intensifying the
thermal runaway process.

At oven temperatures above 150°C, thermal runaway occurs
more aggressively. The primary reason for this is that
electrolyte reactions begin above 150°C. While no electrolyte
reactions occur at temperatures below 150°C, highly energetic
reactions take place at higher temperatures, leading to
sudden temperature spikes.

The critical temperature at which electrolyte reactions start
varies depending on the battery type. The numerical model
we used is based on the study by Hatchard et al. [18], which
focuses on lithium cobalt oxide (LiCoO,) batteries. For this
battery type, the electrolyte decomposition threshold is
determined to be 150°C. According to the study by Chen and
Richardson [47], the required temperature for electrolyte
decomposition in lithium iron phosphate (LiFePO,) batteries
is 250°C. The safety of a battery pack is directly related to the
type of battery used.
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Figure 12 Numerical results of the time-dependent variation of
battery temperature under different exposure temperatures (h:7,14
W/ m2K).

The effects of the convective heat transfer coefficient on the
temperature response have been evaluated, and in Figure 13
the temperature-time graph of the thermal runaway process
in a thermal abuse environment is presented as a function of
the convective heat transfer coefficient. As the heat transfer
coefficient increases, the time that the battery must remain in
a high-temperature environment trigger the thermal runaway
process decreases. An increase in the heat transfer coefficient
enhances the efficiency of heat transfer, enabling the battery
to reach the high surrounding temperature more rapidly. This,
in turn, causes the thermal runaway
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Figure 13 Thermal runaway temperature as a function of the
convective heat transfer coefficient at 165 °C.

reactions to start earlier and reduces the triggering time.
Furthermore, the increase in the heat transfer coefficient also
raises the battery’s thermal runaway threshold. It is somewhat
counterintuitive that a higher convective heat transfer
coefficient—which causes a faster rise in battery temperature
and a higher internal temperature gradient—tends to reduce
both the probability and intensity of thermal runaway. The
reason for this is that, with an increased convective heat
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Figure 14 Computed furnace temperature responses for different convective heat transfer coefficients: a) h:0.1 W/m?K, b) h:1 W/m?K, c) h:10

W/m?K, d) h:20 W/m?K.

transfer coefficient, the heat generated by side reactions
during the thermal runaway process is more effectively
dissipated into the oven environment. A high convective
heat transfer coefficient ensures that the heat resulting from
solid electrolyte decomposition and side reactions within
the electrolyte is transferred to the oven environment before
triggering further electrolyte decomposition. At an ambient
temperature of 165 °C, thermal runaway occurs aggressively
when the convective heat transfer coefficient of the
surrounding air is 0.1 W/m?K. However, when the convective
heat transfer coefficient is 80 W/m?K, an ambient temperature
of 165 °C does not lead to the occurrence of thermal runaway.

In forced air-cooled battery thermal management systems,
increasing the airflow rate enhances the removal of waste
heat generated by battery cells and reduces the likelihood
of thermal runaway propagation. Figure 14 presents the
computed furnace temperature responses for different
convective heat transfer coefficients. Even under adiabatic
conditions, thermal runaway does not occur below 110 °C.
At 01 W/m3K, a sudden temperature rise is observed above
144 °C. As the convective
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heat transfer coefficient increases, the critical temperature
for thermal runaway rises: 150 °C at 10 W/m?K and 166 °C at
80 W/mZ3K. These results highlight the importance of battery
thermal management in abuse scenarios. Proper cooling can
significantly mitigate thermal runaway risks.

Figure 15 shows the thermal distribution depending on the
module cell enclosure material when the 6th cell is forced into
thermal runaway with a 20 W heater pad. While the numerical
model captures the initiation and progression of thermal
runaway, it does not fully reflect maximum temperatures due
to unmodeled gas pressure, temperature spikes, and ignition
events. Experimental data were therefore used to evaluate
propagation. Only the 6th cell was initiated, and other cells
were analyzed without runaway formation.

Polyamide composites are widely used in automotive,
electronics, and sports applications due to their high impact
resistance, thermal stability, and superior mechanical
properties [49]. In this study, when the module with polyamide
housing was subjected to thermal runaway by heating the 6th
cell with a 20 W heater pad, neighbor cells exceeded 90 °C at
980 s and reached 122 °C at 1694 s, below the critical runaway
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threshold. However, the absence of latent heat absorption or
high-capacity heat sinking means polyamide acts mainly as a
delay mechanism rather than a full suppression medium.

Fiber-reinforced composites are widely used in various fields,
including sports equipment, automobiles, and protective
clothing, due to their high strength and lightweight properties.
These materials, with their low thermal conductivity,
support thermal insulation when used under appropriate
conditions. Considering the low weight and high strength
advantages, they could protect the system from potential
battery explosions without significantly increasing system
weight [48-50]. With an epoxy-filled carbon fiber enclosure,
neighbor cells reached 90°C at 976s and 121.7 °C later.
Additionally, decomposition of epoxy binders above ~350 °C
introduces volatile byproducts that may accelerate ignition,
limiting safety without flame-retardant additives.

Graphite composites reached 216.4 °C at 1479 s, the highest
temperatures among tested materials. Their superior
thermal conductivity, beneficial in aerospace heat dissipation
applications, becomes detrimental here by transferring heat
directly to adjacent cells without absorption or buffering.
This suggests graphite is incompatible with passive-only
configurations.

Ceramic materials delayed degradation due to high-
temperature endurance; however, heat accumulation raised
cell temperatures to 169.2 °C at 1653 s. Dense ceramics
offer structural fire resistance but have low volumetric
heat capacity, causing heat to store rather than dissipate.
Conversely, ceramic fiber structures—which feature micro-
porous, low-conductivity pathways—limited neighboring
cell temperatures to 79.5 °C, preventing propagation. Their
effectiveness stems from combined thermal shock resistance,
high porosity, and substantial heat diffusion path length,
making them suitable for standalone thermal barriers.

Materials such as rubber, polystyrene, PVC, and Teflon
maintained peak temperatures below 90 °C (79.7, 48.97,85.82,
and 85.55 °C). While thermally insulating, their relatively
low decomposition or ignition temperatures restrict their
application in real battery packs despite good experimental
results. Mica and polypropylene allowed temperatures of
96.9 °C and 100.04 °C, initiating TR but remaining below
levels associated with explosive ignition, indicating partial
mitigation rather than full protection.

Overall, tested enclosures primarily function as thermal delay
and structural containment mechanisms, but their lack of
latent heat storage or convective cooling means they cannot
suppress TR under high heat flux conditions. Their limitations
become clear when benchmarked against hybrid strategies
in literature.

Compared to these hybrid strategies, the materials tested in
this study offer delay rather than suppression, highlighting
that passive enclosure materials alone are insufficient for
complete TR mitigation. When integrated with PCM or active
cooling, materials such as carbon-based structures (for
conduction) and ceramic fibers (for insulation) may contribute

to multilayer safety architectures, whereas polymers
provide mechanical containment but limited heat buffering.

CONCLUSION

In this study, both experimental and numerical analyses were
conducted to evaluate the onset and propagation of thermal
runaway in lithium-ion batteries. The key findings can be
summarized as follows:

1. Critical temperature thresholds: Exothermic reactions
initiate above 90 °C, while severe electrolyte decomposition,
fire, or explosion occur at 150 °C and beyond.

2. Role of convection: A higher convective heat transfer
coefficient significantly delays the onset of TR by dissipating
side-reaction heat, thereby improving overall safety.

3. Material influence: Aerogel and ceramic fiber provide
superior thermal insulation, while polystyrene offers the most
practical compromise between cooling efficiency in normal
operation and isolation during TR.

4. Design implications: Effective thermal management must
balance two contradictory requirements—high thermal
conductivity for cooling and strong inter-cell insulation for
safety.

Overall, the results demonstrate that TR mitigation
is achievable through careful integration of thermal
management strategies and optimized selection of enclosure
materials. These insights can guide the design of safer, lighter,
and more reliable battery systems for electric vehicles and
energy storage applications.
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