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Abstract. Thermal runaway is a major concern for lithium-ion batteries in electric
vehicles. A manufacturing fault or unusual operating conditions may lead to this
event. Starting from a single battery cell, more cells may be triggered into thermal

runaway, and the battery pack may be destroyed. To prevent this from happening,
safety solutions need to be evaluated. Physical testing is an effective, yet costly,
method to assessing battery safety performance. As such, the potential of a numerical
tool, which can cut costs and reduce product development times, is investigated in

terms of capturing a battery module’s tolerance to a single cell failure. A 3D-FE
model of a battery module was built, using a commercial software, to study thermal
runaway propagation. The model assumes that when the cell jelly roll reaches a criti-

cal value, thermal runaway occurs. This approach was considered to study the mod-
ule’s tolerance to a single cell failure, which was in reasonable agreement with what
had been observed in full-scale experiments. In addition, quantitative sensitivity study

on the i) model input parameters, ii) model space, and iii) time resolutions on the
computed start time instant and time duration of thermal runaway were performed.
The critical temperature was found to have the greatest influence on thermal runaway
propagation. The specific heat capacity of jelly roll was found to significantly impact

the thermal runaway time duration. The multi-physics model for battery thermal
propagation is promising and worth to be applied with care for designing safer bat-
teries in combination with physical testing.
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1. Introduction

The lithium-ion battery is a key technology to achieving sustainable and renew-
able electrical energy. Accordingly, they are increasingly used across various of
applications, e.g., energy storage for marine, aerospace, and automotive applica-
tions as well as grid-scale Energy Storage Systems (ESS) [1]. Although new tech-
nologies present opportunities, they also introduce new risks. For lithium-ion
batteries, this entails potential exothermic reactions when the battery is damaged.
This may result in a self-sustaining increasing temperature known as thermal run-
away.

Thermal runaway in lithium-ion batteries may be catastrophic, even more so if
allowed to propagate to other battery cells in an ESS. There has been an increas-
ingly number of incidents reported due to failure of lithium-ion batteries, e.g., an
e-bike battery caught on fire and followed by an explosion at a hotel in Vancou-
ver, Canada on June 11th, 2022. A person felt out of the window and lost the life
due to the explosion [2]. Two firefighters were killed and one injured when an
explosion occurred at a 25 MWh lithium-ion ESS on April 16, 2021, in Beijing,
China [3]. Four firefighters received serious injuries when flammable battery gas
ignited as they sought entry into an ESS located in Arizona US in 2019 [4]. A
total of 27 ESS fire incidents were reported throughout 2017 and 2018 in South
Korea [5], causing a significant loss of momentum and reduced further invest-
ments in renewable energy [6]. It is thus not only crucial to prevent thermal prop-
agation to save lives, but also to remove the barriers for preventing the usage of
renewable energy via batteries.

As temperatures inside the battery increase, various chemical breakdown reac-
tions are triggered which produce more heat and flammable gas [7]. Eventually the
battery cell burst and ejects hot and flammable gases. These may self-ignite or be
ignited by electrical arcs from the battery as internal short circuits occur. There
are several mechanisms that can increase battery cell temperatures or cause inter-
nal cell short circuits that can lead to thermal runaway. Specifically, these mecha-
nisms are (i) thermal abuse, e.g., oil spill or a fire incident, (ii) electrical abuse,
e.g., overcharge, overdischarge [8], internal and external short circuits, and (iii)
mechanical abuse, e.g., nail penetration or crash [9].

Accordingly, the battery thermal runaway process is a multi-physics and multi-
scale process [10]. It involves structure mechanics, fluid dynamics, chemical kinet-
ics associated with thermal runaway, heat transfer and combustion, each of which
occurs at different time scales. Such a challenging process is commonly studied by
physical tests; see recent examples [11–13]. However, experimental tests may be
expensive, dangerous, and harmful to the environment. Furthermore, there are
many parameters that may affect the battery thermal runaway, such as abuse con-
ditions, battery chemistry, battery aging, battery state of charge, battery form fac-
tor (pouch, prismatic, or cylindrical), material properties, and so on. The influence
of these parameters and potential safety solutions, can be studied with the help of
multi-physics modelling at a substantially lower cost as compared to the experi-
mental approach. At the same time, the models should be calibrated against
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experimental data and be carefully applied to the conditions where experimental
data is not available.

Recently there has been an exponential increase in publications on battery ther-
mal runaway modelling using different multi-physics tools. The effect of mechani-
cal abuse, i.e., nail penetration was modelled by Zhang et al. [10] by coupling
mechanical, electrical, and thermal process, and by Zhao et al. [14]. A battery
thermal propagation multi-physics model was built and was calibrated to physical
experiments by Larsson et al. [15]. The model was used to study different thermal
barriers, i.e., the influence of heat sinks and fire walls between stacked pouch cells,
between cells in a battery module. A study on thermal propagation on battery
modules was also considered by Feng et al. [16] and Jin et al. [17]. Factors such as
overcharging and aging were modelled by Ren et al. [18] and Abada et al. [19],
respectively. Wang et al. [20] simulated the factors such as charging C-rate, bat-
tery spacing, triggering temperature, on the thermal propagation among battery
cells. Hu et al. [21] studied the critical ambient temperature for self-heating of bat-
tery cells in different scales using a multi-physics model. An interesting work by
Garcı́a et al. [22] included the models of lithium-ion battery degradation, cooling
and thermal runaway kinetics.

This work presents a thermal propagation model for a battery module contain-
ing 12 prismatic battery cells based on a 3-Dimensional (3-D) Finite Element (FE)
approach. The thermal runaway events were compared with full-scale experiments.
Sensitivity studies were carried out to investigate the model parameters as well as
the time and space resolutions of the numerical model on the thermal runaway
events.

Note that thermal runaway models involving multi-step exothermic reactions
[16, 18, 23] solve highly non-linear and stiff partial differential equations, which
are computationally expensive [24]. The novelty of this work is to present a short
runtime thermal runaway model with the help of full-scale experiments. The cali-
brated thermal runaway model can be used by researchers and engineers to design
safer batteries at low computational cost. Specifically, the thermal runaway model
can be used to fast explore the design space by performing parametric studies.

In the next section, the experimental method and setup are briefly summarized.
Then, the numerical method and setup are described in Sect. 3. Results and dis-
cussions are presented in Sect. 4, followed by the conclusions.

2. Experimental Method and Setup

The thermal runaway experiments were performed at RISE during 2019 within the
framework of a research project for evaluating the performance of fixed fire sup-
pression system in controlling thermal runaway events [11]. The tested battery
pack consisted of two live battery modules and six dummy modules. One live bat-
tery module contained 12 hard prismatic cells with anode and cathode material
being C/NMC, nominal voltage being 3.7 V, and rated capacity being 28 Ah,
respectively. Sand was filled in the dummy battery module and sealed. The case of
dummy module was made of stainless steel. A circular opening of 24 mm in diam-
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eter on the body of the battery pack was made to expose a battery cell directly to
a gas burner (see Fig. 1a). This test setup aimed at simulating thermal propaga-
tion in case of a fire. Note that only one test was performed using two-layer bat-
tery packs (see Fig. 1), and the rest of the tests were performed using one-layer
battery pack. The reason is that the risk for fire propagation from the upper to
the lower layer was low. In all tests the state of charge of batteries was 100%,
which is expected to be a conservative case.

3. Numerical Method and Setup

Thermal runaway means the exothermic reactions in the battery are out of con-
trol, resulting in a fast release of aerosol droplets from electrolyte [25], as well as
flammable and toxic gases, with the increase of temperature and pressure inside
the battery [26]. The battery thermal runaway process is a multi-physics and mul-
ti-scale process, which includes (i) thermal runaway chemical reactions, (ii) heat
transfer inside of the battery module and pack via heat conduction, convection
and radiation, (iii) flammable and toxic gas release, (iv) ignition and burning of
the gas and so on. In this work, we focus exclusively on the thermal runaway
propagation on the module level, i.e., thermal runaway spreading from one cell to
the next, inside a battery module.

3.1. Numerical Method

A heat transfer model using 3-D FE approach is adopted with a combination of
control logics and an empirical model of thermal runaway, which will be descri-
bed later, using a commercial program GT-SUITE version-2021 [27]. The govern-
ing equation for the heat transfer model is written as follows

Figure 1. The automotive battery pack with a gas burner for heating
one of the battery cells.
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qjrcp;jr
dT
dt

�r � krTð Þ ¼
X

_Qsurr þ
X

_Qgen ð1Þ

where qjr, cp,jr and k are the density, specific heat capacity and the conductivity of

the jelly roll, respectively. _Qsurr is the heat transfer rate between the battery and
the surrounding through conduction, convection, radiation, and venting of gas.
_Qgen is the internal heat generation rate of lithium-ion battery during thermal run-

away.
The knowledge gap remains in fully understanding the battery thermal runaway

process [9]. Moreover, to reduce computational cost associated with solving multi-
step thermal decomposition reactions, a thermal runaway model based on an
empirical approach by assuming a constant heat generate rate during thermal run-
away is adopted. Furthermore, the thermal runaway event is assumed to be trig-
gered when the averaged battery cell temperature reaches a critical value Tcr.

The heat transfer model invokes material thermophysical properties, such as
thermal conductivity, specific heat capacity and contact conductance. Since there
was no electric current flowing in the battery pack during the test, the battery cells
are modelled solely from a thermal standpoint.

Figure 2 shows the geometric configuration of the battery module containing 12
hard prismatic cells and bus connectors. Following the settings in a previous study
[28], a heat rate being equal to 480 W or a heat flux being equal to 1061 kW/m2 is
assumed to be applied to the heating area (see Fig. 2) on cell number 6 to initiate
the thermal runaway process. Once the average temperature of a cell jelly roll
reaches a critical value, i.e., Tcr = 443 K, the battery cell releases heat at a con-
stant value of 1.8 kW for 20 s. This corresponds to a total energy in a battery cell
being 450 kJ [28] and 56% of energy heats up the battery cell.

Figure 2. Geometry of the battery module including 12 prismatic
cells and bus connectors in the simulations.
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3.2. Numerical Model Setup

3.2.1. Material Thermophysical Properties and Model Parameters Since the focus
of this work is to study the thermal propagation among the battery cells, the
detailed geometry of the battery module and pack was not modelled. Instead, one
battery module consisting of 12 hard prismatic cells and bus connectors were
modelled using 3-D FE approach. The battery module including cell casings, jelly
rolls and bus connectors is shown in Fig. 2. The cells are assumed to be connected
in series with anode marked in magenta and cathode marked in blue. The com-
plete model consists of 58 663 tetrahedral elements. One simulation took 25 min
(CPU time) for a simulation duration of 40 min on a laptop with Intel Core i7-
7820 HQ CPU and 32 GB RAM. The battery cell casing was modelled as 1 mm
thick Aluminium material, and the bus connectors were modelled as Aluminium
material as well. The cell jelly roll was composed of materials such as anode, sepa-
rator, cathode, and electrolyte, etc. The battery jelly roll was treated as aniso-
tropic material in terms of thermal conductivity with 0.2 W/(mÆK) in x direction
and 32 W/(mÆK) in y and z directions [29] (see Fig. 2). A summary of the thermo-
physical properties for the model components is shown in Table 1.

The components were assumed in direct contact with each other; therefore,
thermal contact conductance was specified. Thermal contact conductance depends
on multiple factors such as the materials in contact with each other, the roughness
of the surfaces and the pressure between the surfaces. The thermal contact con-
ductance used in this work is shown in Table 2.

3.2.2. Initial and Boundary Conditions Initial and boundary conditions of the
model were assumed due to the lack of measurement data. The initial temperature
on the components was 300 K in the simulations. The temperature on the bound-

Table 1
Summary of Thermophysical Properties of Different Components in the
Battery Pack

Component Material

Density

q [kg/

m3]

Thermal conductivity k
[W/(mÆK)]

Specific

heat

capacity

cp [J/

(kgÆK)] Source

Cell casing

and bus

connec-

tors

Aluminium 2702 237 at 300 K, 218 at

800 K

903 at

300 K,

1146 at

800 K

GT-SUITE

v-2021

material

library [27]

Cell jelly

roll

Combined material

including anode, sepa-

rator, cathode and

electrolyte, etc

2800 Anisotropic 0.2 in x

direction, 32 in y and z

directions (see directions

in Fig. 2)

830 Drake et al.

[29],

Richard and

Dahn [30]
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aries was set being 300 K with an external heat transfer correlation activated in
GT-SUITE for evaluating Nusselt number Nu as follows

Nu ¼ 0:037Re0:8Pr0:333 ð2Þ

where, Re is the Reynolds number, evaluated using ambient velocity u and refer-
ence length L; Pr is the Prandtl number. The ambient velocity u was set being
1 m/s for all boundaries, whereas the reference length L was set being 150 mm for
left and right boundaries, and 320 mm for the rest of the boundaries, respectively
(see Fig. 2). Such an approach means convective heat transfer coefficients, depend
on the ambient flow condition [27].

3.3. Normalized Sensitivity Coefficients

Two parameters were analysed, the start time instant of the first battery cell going
into thermal runaway and the duration for all 12 battery cells going into thermal
runaway. The sensitivity coefficients @yj=@xi for different parameters and on differ-

ent results are incomparable due to different units. A solution is to introduce a
normalized sensitivity coefficient following the work of Turányi [32] and Chaud-
hari and Stoliarov [33] as follows

~S ¼ @yj
@xi

xi
yj

ð3Þ

where, x is an input parameter; and y is the computed result; the subscript i corre-
sponds to the i-th input parameter; the subscript j corresponds to the j-th result.
The normalized sensitivity coefficient represents a fractional change in y caused by
a fractional change in x. It can be inferred from Eq. 3 that a positive normalized
sensitivity coefficient means that an increase in x results in an increase in y, and
vice versa.

4. Results and Discussions

4.1. Comparison with Experiments

The comparison between simulations and experiments was focused on the devel-
opment of thermal runaway events of the cells, i.e., the thermal runaway time

Table 2
Summary of Contact Conductance for Heat Conduction Between
Components

Surfaces in contact with each other Contact conductance hc [W/(m2ÆK)] Source

Jelly roll to casing 670 Gaitonde et al. [31]

Casing to casing 2000 Not available
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instants with respect to the accumulated number of cells which went thermal run-
away (see Fig. 3). Note that the experimental data was based on visual observa-
tions of two tests, whereas in the simulations the thermal runaway time instants
are defined when the average temperature in the cell jelly roll is above a critical
temperature of 443 K. The filled symbols in Fig. 3 are the averaged value of two
test observations and the grey area represents the standard derivation based on
those two tests. In the experiments the thermal runaway was observed after the
gas burner had been heating the battery module for roughly 20 min. In line with
the experiments, the simulation showed that the time instant for the first cell
which went into thermal runaway was 20.75 min.

Table 3 plots the calculated temperature fields at different time instants for the
views of the whole battery pack and the section view of a plan cutting through
the middle of the battery pack perpendicular to the y-axis (see Fig. 2). Note the
white net on the temperature plots are the computational mesh. The temperature
plots show that at the time instants 21, 26, 30, and 32 min, the corresponding cells
went into thermal runaway are cell numbers 4 to 6, cell numbers 2 to 9, cell num-
bers 1 to 10 and all the cells, respectively.

4.2. Sensitivity Analysis of Thermal Wall Calculation Interval and Grid
Resolution

4.2.1. Effect of Thermal Wall Calculation Interval The thermal wall calculation
interval Dt in GT-suite controls how often the heat transfer equations are solved.
A sensitivity study of varying the thermal wall calculation interval from 1 s to 3 s
on the computed results are shown in Fig. 4. Figure 4 shows that a thermal wall
calculation interval of 2 s is an optimum choice when balancing between CPU
time and the accuracy of the solution for the current case. Too large thermal wall
calculation interval, i.e., 3 s, cannot accurately capture the transient behaviour of

Figure 3. Comparison between the experiments and simulations of
the time instants versus the number of cells which go into thermal
runaway. The grey area represents the standard derivation based on
the experiments.
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Table 3
Calculated Temperature Ffields at Different Time Instants

Time instants [min] Calculated temperature field, whole pack Calculated temperature field, slice view

21

26

30

32

Temperature scale [K]            299                                                               1271
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the thermal propagation process. Note that the CPU time is proportional to the
reciprocal of the thermal wall calculation interval.

4.2.2. Effect of Grid Resolution Three types of grids were tested with names fine,
finer, and finest, respectively (see Table 4 for detailed characterization of the grid
size). Shown in Fig. 5 is the effect of grid resolution Dx on the computed results.
The finest grid yields a slightly slower thermal runaway process especially at the
end. At the same time, the computational cost increases substantially (see
Table 4). A fine grid is used in all the rest of the simulations with a compromise
between the accuracy and the computational cost.

4.3. Sensitivity Analysis of Model Parameters

Due to the lack of measurement data of battery cell thermophysical properties
and the fundamental understanding of the thermal runaway phenomena, the
model parameters were either taken from the literature or estimated. At the same

Figure 4. Calculated thermal runaway time instants versus thermal
runaway cell number for different thermal wall calculation intervals.

Figure 5. Calculated thermal runaway time instants versus thermal
runaway cell number for different grid resolutions Dx.
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time, the values of battery cell thermophysical properties differ substantially in the
literature. For example, the difference of jelly roll heat capacity in Richard and
Dahn [30] and Jin et al. [17] is 33%. Furthermore, the difference of jelly roll heat
conductivity in Drake et al. [29] and Jin et al. [17] is 52%. It is therefore impor-
tant to quantify the sensitivity of model input parameters to the computed results.
Five model input parameters and their variations are listed in Table 5. The com-
puted thermal runaway time instant versus thermal runaway cell number is shown
in Fig. 6 for different model input parameters. Note figure legend ‘‘medium’’ in
Fig. 6 represents the default values plus and minus the variation value in Table 5,
respectively. Energy release duration for the thermal runaway and jelly roll ther-
mal conductivity have negligible influence on the computed thermal runaway time
instants. Therefore, the results are not shown here.

To further compare the effects of the model input parameters on the computed
results, i.e., the start time instant of the first battery cell going into thermal run-
away and the duration for all 12 battery cells going into thermal runaway, nor-
malized sensitivity coefficients defined in Eq. (2) are calculated. Note the
normalized sensitivity coefficients are calculated for model input parameters,
except for the energy release time in Table 5 as well as Dt and Dx. Figure 7 shows
the normalized sensitivity coefficients for the start time instant of the first battery
cell going into thermal runaway and the normalized sensitivity coefficients for the
duration for all 12 battery cells going into thermal runaway. A positive value of
normalized sensitivity coefficient means that a fractional increase in the input

Table 4
Parameters of the Three Types of Grids

Name Grid size [mm] Total number of elements [-] CPU time

Fine 2.5 to 10 58 663 25 min

Finer 2 to 7 101 942 1 h 19 min

Finest 1.25 to 5 201 736 3 h 36 min

Table 5
Parameters Used in the Sensitivity Analysis

Parameters

Critical tem-

perature Tcr
[K]

Thermal contact con-

ductance between

jelly roll and cell cas-

ing hc;jr [W/(m2ÆK)]

Thermal contact

conductance

between cell cas-

ings hc;cc [W/

(m2ÆK)]

Total energy

released from

a battery cell

DH [kJ]

Specific heat

capacity of

jelly roll cp;jr
[J/(kgÆK)]

Values

with

varia-

tions

443 ± 10 670 ± 335 2000 ± 1000 450 ± 22.5 830 ± 41.5
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parameter increases the results, and vice versa. Figure 7 shows that the critical
temperature Tcr has the largest influence on the thermal runaway process. A
higher Tcr yields a delayed thermal runaway and a longer thermal runaway dura-
tion. In addition, a higher specific heat capacity of jelly roll cp,jr yields a delayed
thermal runaway and a longer runaway duration. Furthermore, a higher thermal
contact conductance between cell casings hc,cc shortens the initiation of thermal
runaway, whereas a higher total energy released from a battery cell DH shortens
the thermal runaway duration.

5. Conclusions

A battery thermal runaway model containing 12 prismatic cells based on 3-D FE
approach with a combination of control logics and an empirical model of thermal
runaway was built using a commercial multi-physics software. The computed ther-
mal runaway time instants versus thermal runaway cell number were compared
with full-scale experimental data with reasonable agreement. Quantitative sensitiv-
ity study on the model input parameters and model space and time resolutions on
the computed start time instant and time duration of thermal runaway were per-
formed. The critical temperature Tcr was found to have the largest influence on
the thermal runaway process. The specific heat capacity of the jelly roll cp,jr was
found to have significant influence on the thermal runaway time duration. The
multi-physics model for battery thermal runaway process is promising and worth
to be applied with care for designing safer batteries in combination with full-scale
testing.

Figure 7. Normalized sensitivity coefficients for the start time
instant of the first battery cell going into thermal runaway and the
duration for all 12 battery cells going into thermal runaway for
different input parameters.
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