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Abstract: The importance of EVs and li-ion batteries are pinpointed in the automotive industry during the
last decade by increased growth of electrified powertrain. Li-ion batteries offer significant improvements
in terms of energy and power density; however, safety challenges continue to exist. Different thermal,
mechanical, or electrical abuse conditions in li-ion batteries can trigger a series of exothermic chain
reactions in the battery cells and finally result in thermal runaway (TR) and combustion of battery cells and
EVs. Furthermore, different battery technologies exploit various cell chemistries, leading to the distinct
thermal behavior of battery cells during normal and abuse conditions. This work aims at investigating the
TR kinetic mechanisms to evaluate thermal behavior of the battery cells under thermal abuse conditions.
Furthermore, this work investigates the different li-ion battery cathode, anode and electrolyte materials to
assess the safety of battery systems in EV application. The results revealed that unlike batteries with LiCoO;
cathodes with temperature threshold of 150 °C, Liy.1(Ni13C013Mny3)0.902 batteries do not undergo TR
process at temperatures below 170 °C. Moreover, the temperature peak is more hazardous in LiCoO;
batteries with LiPF¢/PC: DMC electrolyte compared to the same battery with standard electrolyte. In
addition, batteries with Lithiated LisTisO1, anode showed safer TR process compared to all the previous

battery types.
Keywords: Numerical simulation, Electric Vehicles, Li-ion batteries, Safety, Thermal runaway kinetic
mechanisms

1. INTRODUCTION conducted investigations on the thermal behavior of Li-ion

batteries under TR. A lumped model is proposed by Hatchard
et al. (Hatchard et al., 2001) to model the oven test as a
standard procedure of battery TR under thermal abuse
conditions. Kim et al. extended the previous models to 3D
models for oven tests of cylindrical cells and showed that
smaller cylindrical cells can reject heat faster than larger cells
and undergo a more moderate TR. Different studies have
focused on the thermal stability of cathode materials. MacNiel
et al. (MacNiel et al., 2002) studied the thermal stability of
seven different cathode materials by differential scanning
materials (DSC) and ranked them from safest to the least safe.
Jiang et al. studied the three different cathode materials,
LiCo02, Li(Nip.1C00.sMny.1)O; and LiFePO4 using accelerated
rate calorimetry (ARC) and showed that LiFePO4 offers
highest thermal stability. Peng et al. (Peng et al., 2016)
numerically investigated thermal safety of batteries for five
different cathode materials. Wang et al. (Wang et al., 2006)
investigated the thermal stability of li-ion battery electrolytes
and fitted the chemical reaction kinetics by Arrhenius law.
They concluded that the stability of electrolyte plays a
substantial role in li-ion safety. The effect of anode material
was also investigated by Haung et al. (Haung et al., 2016). The
thermal and combustion characteristics of TR over the battery
module with LisTisO12 anode battery cells were investigated

The importance of EVs and li-ion batteries are pinpointed in
the automotive section by the zero-tailpipe emission
requirement of EU fleet and increased share of electrified
powertrain in the market (IEA). Li-ion batteries offer
significant improvements from the first generations of EVs in
terms of energy density and power density, however, safety
challenges in the way of li-ion EVs continue to exist (Wang et
al., 2023). Extensive research has been done in thermal
management of EV batteries by proposing hybrid cooling
methods or even battery operating under cold climate to
enhance the performance of battery system (Gharehghani et
al., 2022, 2023). However, battery performance under abuse
conditions remains a challenge for battery developers.
Different thermal, mechanical, or electrical abuse conditions
in li-ion batteries can trigger a series of exothermic chain
reactions in the battery cells and finally result in thermal
runaway (TR) and combustion of battery cell, battery system
and the EV. Therefore, investigations of thermal behavior of
battery cells under critical conditions are of outmost
importance for EVs security and driver’s safety. Moreover,
different battery technologies exploit various cell chemistries
(Cathode, anode, electrolyte and separator materials), leading
to their distinct thermal behavior. Some researchers have
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through heating. Numerical investigation of thermal runaway
behavior of lithium-ion batteries with different battery
materials is also done by other researchers in the field (Kong
et al., 2021). In spite of numerous research on the effect of
battery material on the thermal stability of li-ion cells, a
comprehensive study to investigate the effect of different cell
components TR process of the battery cells is rarely done.

This work aims at the investigation of the most well-proven
kinetic mechanism reactions of TR phenomena to evaluate
thermal behavior of the battery cells with different materials
under thermal abuse conditions. A thermal model with TR
kinetic mechanism sub-model is adopted to replicate the
behavior of the battery cells under thermal abuse conditions.
Furthermore, to investigate the effect of different battery
materials of the cell thermal behavior during TR, two different
cathode, anode and electrolyte is selected from the literature
and also their temperature evolution with heat rates are
compared in the simulation of thermal abuse test. The results
of this work will facilitate the integration of kinetic
mechanisms into battery modelling under critical operation
and will improve the safety design of li-ion batteries in EV
application.

2. METHODOLOGY

This work employs a 2D thermal model integrated with the TR
kinetic mechanism to evaluate the thermal stability of different
li-ion battery cells under thermal abuse condition. The model
was built in the commercial COMSOL Multiphysics software
and by setting PDEs describing the undergoing physics of the
problem. The simplified schematic of battery cell is presented
in Fig.1 based on the 18,650-cell geometry and the model was
developed by 2D definition.
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Fig. 1. A) Schematic of battery cell and inner structure B) Model
Geometry of present work
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The thermal model was adopted by defining the conservation
of energy law and introducing the heat source term of TR
reactions. Heat source term considers heat of reaction in TR
event and by including a variety of different exothermic
reactions in each component of battery. The objective of
simulation is to replicate ARC test and trigger li-ion battery
cells with thermal abuse and by setting oven temperature.

The interplay of heat transfer between cell and environment,
heat of exothermic reactions and cell thermal balance
determines the temperature dynamics of the cell. The
temperature of the cell increases by the enthalpy of each
reaction, which further increases the cell temperature and
decreases the concentration of that component. The framework
of numerical thermal model in the present study is illustrated
in Fig. 2. Furthermore, li-ion cell properties in this simulation
are listed in Table 1.
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Fig. 2. Thermal modeling and TR framework

2.1 Thermal model

The thermal behavior inside the battery is modeled by the
conduction heat transfer and conservation of energy as Eq.l
and 2. The generated heat Qgen by decomposition of each
component and dissipated heat Qg;ss to the environment is then
introduced into the energy equation.

dTBat _ Qgen - Qdiss
de MC,

M

dTBat

dt

Toae(t) = Taato + j de @

The generated heat of each reaction is calculated by the TR
model. Then, total generated heat is expressed as the
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summation of multiple heat components following the
following equation:

Qpen = ) Qs ©)

The interaction between battery and environment is
determined by considering the convection and radiation heat
as in Eq.4 and allows battery to reach to the environment
temperature and calculate the released heat of reaction in that
temperature. This iterative process is illustrated in Fig.2

Qaiss = Qconv + Qrad
=h-A- (Tarc — Tpat)
+&0(Tare — Tgat) 4

2.2 Thermal runaway model

The present model utilizes TR kinetic mechanisms introduced
by Kim et al. (Kim et al., 2007). The model follows the basic
kinetic mechanism of chemical reactions by the following
Arrhenius form:

dc, Eqx

e =g = Ax(€)™ (1 = c)2efeT )
Where kx is the reaction rate and cx is the normalized
concentration. Furthermore, Ax, Ea and gx are the pre-
exponential factor, activation energy and mechanism function
respectively. The concentration of each species is then updated
in the TR process as follows and by calculation of the reaction
rate. Model parameters for Kim et al. mechanism is presented
in Table 2 and.

cx=1—f K, dt (6)

The heat of the reaction is then calculated by multiplication of
reaction rate, heating value (Hx) and total mass of that
component (1mx) as the following:

Qx =my - Hy - Ky @)

Finally, the generated heat of each reaction calculated by the
model is superimposed to determine the total generated heat in
the following equation:
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Fig. 3. Comparison of the simulated temperature and reference
temperature for Kim et al. mechanism and Oven Temperature of
155°C

In this study, a LiCoO, battery with standard LiPFs electrolyte
and graphite anode is selected for oven test. Furthermore, a
Liz1(NiyzCo13Mnas)090, cathode (Kong et al., 2021),
LiPF¢/PC: DMC electrolyte (Wang et al., 2006) and lithiated
LisTisO12 anode (Haung et al., 2016) is selected from the
literature to assess the effect of different cathode, electrolyte
and anode material on the thermal stability of the cell during
thermal abuse conditions respectively. The Model parameters
of different battery materials are listed in Table 1.

Table 1. Model parameters of different anode, cathode and
electrolyte materials.

Lithiated | 5 NiyeCoys | LiPF&/PC: DMC
LI4TI5012
Mny3)0.902 electrolyte
anode

(Haung et cathode (Kong (Wang et al.,

al., 2016) etal., 2021) 2006)
Hyx 2.568x10"5 7.9x10"5 3.209x1075
Ay 5.21x10719 2.25x10M14 7.53x10719
Ex 1.88x10"5 1.54x10"5 1.882x10"5
Wy 1.274x10"3 1.293x10"3 0.96x10"3

Table 2. Model parameters and Li-ion cell properties for
Kim et al. (Kim et al., 2007) mechanism.

_ _ Symbol Description Value
Qgen - Z Qx - QSEI + Qa + Qc + Qe (8) Cell format 18,650 _
Where Qgg; is the heat from the SEI decomposition reaction, Battery rac_ilus, m Mt 0.009
) . . Battery height, m Nbatt 0.065
Q. is the heat from the anode active material and electrolyte, -
. . . Thickness of battery can, m dean 5E-4
Q. is the heat from the cathode active material and electrolyte Mandrel radi 0.002
and Q, is the heat from the electrolyte decomposition. The andrel radius, m ___ Mmandrel :
Model parameters of different battery materials are listed in yolumetrlc h(i?t CipaC'ty of Rho.Cp patt 2.789E6
Table 1. jellyroll, 0 m—~ K™) '
Average jelly roll radial K 0,034
The results of temperature evolution simulation are compared | thermal conductivity, W/cm K Tbatt '
with the experimental data in Kim et al. (Kim et al., 2007) | Heat transfer coefficient, h 717
study. The comparison in Fig. 3 shows that temperatures in the | W/(m?2-K) con '
simulation are in good agreement with the experimental data. . Hsei 2.57x10"5
Reaction heat, —
IKgA(-1) Ha 1.714%x10"6
Hc 3.14x10"5
DOI: 10.3384/ecp212.008 Proceedings of SIMS EUROSIM 2024 59

Oulu, Finland, 11-12 September, 2024



SIMS EUROSIM 2024

He 1.55x10"5
Asei 1.667x10"15
Reaction frequency factor, Aa 2.5x10713
sN(-1) Ac 6.667x10"13
Ae 5.14x10"25
Eagei 1.3508x10"5
Reaction activation energy, Ea, 1.3508%x10"5
J-mol~(-1) Eac 1.396x10"5
Ea. 2.74x10"5
Co.sei 0.15
. . . Co.a 0.75
Initial value, dimensionless ” 0.04
Coe 1
Miei 1
Ma n 1
Reaction order Me p1 L
Mc, p2 1
Me 1
t0.sei 0.033
Volume-specific content of We 610
reacting material, kg-m*(-3) We 1300
' We 406

Table 3. Initial concentrations and reaction rates for each
component in Kim et al. (Kim et al., 2007) mechanism.

Component Initial concentration dc/dt
Anode 0.75 -Ran
Cathode 0.04 -Reat
Electrolyte 1 -Re
SEI 0.15 -Rsei
toei 0.033 -Ran
Binder - -

3. RESULTS AND DISCUSSION

The TR simulation of the li-ion battery cells with different
cathode, anode and electrolyte materials is performed to
investigate the thermal stability and safety of li-ion batteries
with different materials. The thermal stability of Li-ion
batteries is characterized by the onset temperature and time of
TR events. In addition, the thermal safety of the TR process
can be characterized by the heat rate and peak temperature.
The thermal safety of li-ion battery cell with LiCoO> cathode,
graphite anode and standard LiPFs electrolyte is assessed
based on Kim et al. kinetic mechanism. The results illustrated
in Fig.4 indicate that battery cells are not prone to TR event at
the temperatures under 150 °C. However, higher temperatures
cause the start of exothermic reactions and further increased
temperature. It can be found that higher temperatures can
cause more serious hazard TR events in terms of released heat,
temperature peak and onset time of TR. The results of
temperature diagram, heat rate and average values for
components are presented in Fig. 4.

DOI: 10.3384/ecp212.008

te (°C/min)

(C) o 10 20 30 a0 50 60 70 80 90 100 110 120

es (1)

Average Temperature (degC)
3
Averaged Valu

80}
T_oven= 180 degC. &
_oven=180 degC. creg | {0.1

_oven=180 degC. ¢,
Wl ~ T_oven=180 degC. ¢,

) 10 20 30 40 50 60 70 80 90 100 110 120

Fig. 4. TR kinetic mechanisms for LiCoOz battery with
standard LiPFs electrolyte and graphite anode. A) Maximum
temperature for Oven Temperature 150-200 °C B) Heating
rate for Oven Temperature 160 and 165 °C) Average values and
temperature for Oven Temperature 180 °C.

The thermal safety of Liyi(NiyzsC013Mn13)0902 battery
cathode with standard LiPFg electrolyte and graphite anode is
evaluated in Fig. 5. Unlike batteries with LiCoO; cathodes that
presented  temperature  threshold of 150  °C,
Liz.1(Niy3Co13Mna3)0.902 batteries do not undergo TR process
at temperatures below 170 °C. However, the thermal runaway
events are much more intensive and oven temperatures of 180
can result in peak temperatures of 443 °C while LiCoO>
batteries peak at ~300 °C during TR at the same oven
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temperature. The results of temperature diagram and heat rates
for Liz1(NiizCo13Mna3)0.902 batteries are presented in Fig. 5.
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Fig. 5. TR kinetic mechanisms for Lil.1(Nii3Co13Mni
3)0902 battery with standard LiPF¢ electrolyte and graphite
anode A) Maximum temperature for Oven Temperature 165-
180 °C B) Heating rate for Oven Temperature 175 and 180 °C.

The thermal safety of LiCoO; batteries with LiPFs/PC: DMC
electrolyte and standard graphite anode was also assessed in
this study to compare the influence of different electrolyte
materials. The results indicate that batteries undergo TR
process at 150 °C while this is a safe temperature for
Li1.1(NiyzCo13Mnass)0.902 batteries or even LiCoO; batteries.
The temperature peak is less substantial in LiCoO; batteries
with  LiPFe/PC: DMC electrolyte  compared to
Liz1(NiyzCo13Mnys)o 90, batteries, but more intensive
compared to LiCoO; batteries, especially at higher oven
temperatures. The results of temperature diagram and heat
rates for LiCoO; batteries with LiPFe/PC: DMC electrolyte is
presented in Fig. 6.

Lastly, thermal safety of LiCoO; batteries with standard LiPFg
electrolyte and Lithiated LisTisO12 anode is assessed in this
study to compare the influence of different anode materials.
The results indicate that batteries undergo TR process at 160
°C. LiCoO- batteries with Lithiated LisTisO12 anode show less
intensive TR process compared to all the previous battery
types. This is evident from comparison of temperature peaks
for different battery materials. The results of
temperature diagram and heat rates for LiCoO, batteries
with Lithiated LisTisO12 anode are presented in Fig. 7.
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Fig. 6. TR kinetic mechanisms for LiCoO: battery with LiPFe/
PC: DMC electrolyte and graphite anode. A) Maximum
temperature for Oven Temperature 140-200 °C B) Heating
rate for Oven Temperature 150 and 160 °C.

4. CONCLUSIONS

In this study thermal stability of different battery materials was
evaluated for li-ion batteries under thermal abuse conditions.
A LiCoO2 battery with standard LiPF6 electrolyte and
graphite anode is selected for oven test as the basic battery.
Furthermore, a Lil,l(Ni1/3C01/3Mn1/3)0,902 cathode, LiPF¢/PC:
DMC electrolyte and lithiated LisTisO12 anode is selected to
assess the effect of different cathode, electrolyte and anode
material on the thermal stability of the cell during thermal
abuse conditions respectively. The results of temperature
evolution and heat rate diagram are reported and comparison
between different battery materials has been drawn.

It is shown that unlike batteries with LiCoO; cathodes with
temperature threshold of 150 °C, Li11(Ni13C013Mn1/3)0.902
batteries do not undergo TR process at oven temperatures
below 170 °C. However, the temperature peaks are more
substantial in batteries with this type of cathode. Moreover, the
temperature peak is more intensive in LiCoO- batteries with
LiPFe¢/PC: DMC electrolyte compared to the same battery with
standard electrolyte but less intensive compared to
Li1.1(NiysCo15Mny3)090; batteries. In addition, batteries with
Lithiated LisTisO1, anode show less intensive TR process
compared to all the previous battery types.
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Fig. 7. TR kinetic mechanisms for LiCoO: battery with
standard LiPFs electrolyte and Lithiated LisTisO12 anode A)
Maximum temperature for Oven Temperature 140-200 °C B)
Heating rate for Oven Temperature 160 and 170 °C.

The result of this study provides battery safety researchers with
new insights into the thermal stability of different battery
types. Further investigation into the assessment of battery
materials thermal stability will foster the EV battery safety.
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