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Abstract: Understanding the thermal characteristics of lithium-ion batteries (LIBs) under various
operating situations is critical for improving battery safety. Although the application of LIBs in the
real world is mostly transient, many previous models consider the phenomenon of the constant
state. This study examines thermal behavior by developing a 2D electrothermal model to predict the
thermal behavior of LIBs with overcharge abuse in high thermal conditions. The 18,650 cylindrical
LiCoO2 graphite is investigated in a thermally controlled chamber at 35, 50, and 60 ◦C with a K-
type thermocouple mounted on the LIB surface under charging rates of 1C, 2C, and 3C to acquire
quantitative data regarding the thermal response of LIBs. Maximum critical temperatures are found
at 62.6 to 78.9 ◦C, 66.4 to 83.5 ◦C, and 72.1 to 86.6 ◦C at 1C, 2C, and 3C, respectively. Comparing
simulation analysis and experimental conditions, the highest relative error of 1.71% was obtained.
It was found that relative errors increase as the charging rate increases. Moreover, increasing
the charging current and surrounding temperature significantly increases the battery’s surface
temperature. Furthermore, battery heat distribution appears almost uniform and tends to increase
towards the positive terminal because cathode material is highly resistant. In addition, increasing the
LIB heat transfer coefficient could positively improve the battery performance by eventually curbing
the rise in battery temperature and reducing non-uniformity.

Keywords: lithium-ion battery; electrothermal model; overcharge; thermal behavior; temperature

1. Introduction

The relatively high specific and volumetric energy density, lower self-discharge rate,
and extended cycle lifetime are among the unique features making lithium-ion batteries
(LIBs) a promising electrochemical energy storage unit for electric vehicle (EV) applica-
tions [1–3]. However, their energetic and combustible materials and temperature-sensitive
behaviors present a safety concern when abused beyond their working limits [4]. Over-
charging of LIBs due to charger failure or improper battery management system design
has frequently resulted in accidents [5]. For instance, a Tesla Model S exploded in the
supercharger in Norway [6], an Opel Ampera-e caught fire while charging in Germany [7],
a G3 model caught fire while charging in China [8], an electric car in southern China
exploded while charging [9], and another EV model exploded while charging in Dongguan,
China [10]. All of these occurrences have heightened concerns regarding LIB safety. To
enhance safety and avoid the catastrophic failure of LIB applications, such as those in
electric vehicles, it is necessary to conduct further research on the thermal characteristics of
LIBs during overcharge under high thermal fields.
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The understanding of the internal heat generation rate and its phenomena of trans-
portation within LIBs provides a foundation for a broader understanding of thermal
behavior. Numerical modeling is a widely employed technique for exploring the theoreti-
cal knowledge of battery physics [11,12] from the atomic level to the heat transfer of the
battery [13]. Thermal modeling is a useful tool for determining the thermal characteristics
of LIBs when they are strained under various conditions. Ren et al. [14] created a model
to predict the electrochemical and thermal behavior of a battery when it was overcharged
by 0.33C, 0.5C, and 1C at 25 ◦C. They measured heat generation rates from various heat
sources within the LIB and found that heat generated by the electrolyte and reactions
between the electrolyte and lithium were the most dominant.

Park et al. [15] presented the thermal–electrochemical coupling model at an ambient
temperature of 20 ◦C to examine the impact of active dissolution on the TR during over-
charge. Zeng et al. [16] presented a model to characterize thermal and electrochemical
behavior from normal charge to early overcharge at an ambient temperature of 30 ◦C.
They revealed the domination of irreversible heat and the reaction of Li and Mn during
the overcharge process. Zhu et al. [17] and Mao et al. [18] investigated the overcharge
of a Li-ion battery at 30 ◦C and 25 ◦C, respectively, and both reported that the battery’s
surface temperature and temperature rise are independent of C-rates. Manohar et al. [19]
developed a coupled simplified electrochemical and thermal model of LIBs under the
temperature of 25 ◦C. The constructed model was able to accurately forecast the voltage,
capacity, and temperatures of the battery pack. However, the side reaction dominated
the temperature rise and heat generation rate before the thermal runaway. Qi et al. [20]
built an overcharge model of a LIB pack by coupling it with an electrochemical–thermal
model. The pack consisted of three 10 Ah fully charged Li (Ni0.33Co0.33Mn0.33) O2 subjected
to a surrounding temperature of 27 ◦C under a varying overcharge current. Their study
analyzed the battery open-circuit voltage, onset time, and temperature of thermal runaway.
Liu et al. [21] investigated the failure of LiFePO4 batteries in overdischarge circumstances
at a temperature of 25 ◦C. They discovered that overcharging the battery caused it to lose
its electrode surface, resulting in an increase in resistance. However, elevated temperature
is another critical factor in the safety of LIBs. In real applications, the high temperature
of the LIB could be caused by either the failure of the battery management system (BMS)
or by elevated surrounding temperature, which in turn may trigger the failure of the LIB
during the charging operation. In the above studies, the effect of extreme surrounding
temperatures during the overcharging of the LIB is not taken into account.

In this study, a 2D electrothermal model is built to predict the thermal behavior of
LIBs during overcharging at a high surrounding temperature. The prediction accuracy of
the built model is verified through an experimental data set. The failure mechanism of
the overcharged LIB is analyzed up to the activation of the current interrupt device (CID).
The thermal behavior of the LIB was assessed at a charging current of 1C, 2C, 3C, and a
predicted current rate of 4C and 5C at controlled surrounding temperatures of 35, 50, and
60 ◦C. The effect of the convection heat transfer (h) heat distribution and heat generated at
each source was also examined.

2. Modeling of Thermal Behavior of LIB
2.1. Physical Model

A cylindrical battery with a capacity of 2.6 Ah, 18,650 formats is considered in this
study, and the detailed geometry of the LIB and mesh resolution in a half cycle is illustrated
in Figure 1. It comprises a cathode, anode, separators, and current collectors. The chemical
materials of the cathode, anode, and current collectors are LiCoO2, graphite, aluminum,
and copper, respectively. Other components such as positive tabs, insulators, and steel are
not considered [2] because they have minor effects on thermal generation and transport.
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Figure 1. Structure of LIB (a) Geometry of the LIB in half cycle. (b) Mesh resolution of LIB.

The thermal model of the battery is solved using a typical heat conduction equation.
An electrothermal battery model is built to account for the battery surface temperature. As
a result, Equation (1) represents the energy balance equation of the battery system.

ρ · Cp
∂T
∂t

= ∇ · (k∇T) +
·
qgen (1)

Equation (1) can be further written as

ρ · Cp ·
dT
dt

= k
(

1
r

∂T
∂r

+
∂2T
∂r2 +

∂2T
∂z2 +

1
r2

∂2T
∂θ2

)
+
·
qgen (2)

where ρ and Cp are battery density (kg/m3) and specific heat (J/kg·K), k is the whole
battery thermal conductivity (W/m·K), T is the battery temperature (K), and t is the time
(s). The subscripts z, r, and θ denote the properties along each of the radial directions, axial
direction, and tangential direction, respectively. qgen is the heat generation rate (W/m3)
which is a sum of heat due to electrochemical reactions and exothermic reactions.

The transient energy conservation equation and cylindrical coordinates make up the
model. The heat generation is expected to be uniform in space but time-dependent because
of the thinness of the utilized lithium-ion cylindrical battery. In both the radial and axial
dimensions, the battery’s structure is considered as a homogenous solid with isotropic
thermal conductivity. As a result, changes in temperature in the tangential direction are
ignored [22]. Based on these assumptions, a cylindrical coordinate 2D battery heat transfer
equation used for the calculation of battery temperature is presented in Equation (3).

ρCp
∂T
∂t

= kr
∂2T
∂r2 +

kr

r
∂T
∂r

+ kz
∂2T
∂z2 +

·
qgen (3)

where ρ is the battery density (kg/m3), Cp is specific heat of the battery (J/kg·K), k is the
battery thermal conductivity (W/m·K), T is the battery temperature (K), and t is the time
(s). qgen is the heat generation rates (W/m3). The explanations of boundary and initial
conditions are given in Equations (4)–(8).

r = 0,
∂T
∂t

= 0. (4)
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Initially, in the radial direction, there is no temperature rise at the lithium-ion battery core.

r = r0,−kr
∂T
∂r

= hr(T − T∞). (5)

In the radial direction, the heat is transferred to the lithium-ion battery surface by
conduction mode

z = 0,
∂T
∂z

= 0. (6)

Initially, there is no temperature rise at the lithium-ion battery core in the axial direction.

z = l,−kz
∂T
∂z

= hz(T − T∞). (7)

In the axial direction, the heat is transferred to the lithium-ion battery surface by
conduction mode

T(r, z; 0) = T0. (8)

At t = 0 s, the LIB surface and ambient temperatures are equal.
In the boundary condition, the parameter r0 indicates a cylindrical battery cross-section

radius (m), r indicates the cylindrical battery cross-section radial length in meters, l means
the battery height in meters, h refers to the coefficient of heat exchange in W/m2·K, T0 is
initial battery temperature (K) at time t = 0 s, T and T∞ stand for surface battery temperature
and ambient temperature, respectively (K). Equations (9)–(11) represent the battery’s total
density, heat capacity, and thermal conductivity.

ρ = ∑
ρiLi
Lb

(9)

Cp = ∑
cp,iLi

Lb
(10)

k =
Lb

∑ Li
ki

(11)

where i {anode, cathode, separator} indicates the index of the parameters corresponding to
the anode, cathode, separator, and current collectors, Li is the thickness of anode, cathode,
separator, and current collectors, whereas the Lb is the thickness of the whole battery. The
term k is the thermal conductivity of the anode, cathode, separator, and current collectors.
The thermophysical properties of the battery are shown in Table 1.

Table 1. Thermophysical parameters of battery layers. Reprinted with permission from Ref. [13].
Copyright 2016 MDPI.

Battery Layers Material Thickness (µm) Density
(kg/m3)

Specific Heat
(J/kg·K)

Thermal
Conductivity (W/m·K)

Cathode LiCoO2 55 2328.5 1269.2 1.58
Anode graphite 55 1347.33 1437.4 1.04

Separator PVDF 30 1008.98 1978 0.34
Positive current collector Cu 10 8933 385 298.15

Negative current collector Al 7 2700 875 170

2.2. Heat Generation

Various sources in the battery contribute to heat generation. Generally, heat comes
from two sources, namely heat generated from electrochemical and exothermic reactions.
Thus, the second term on the right side of Equation (1) can be broken down as shown
in Equation (12). Qele-ch is the heat generation due to electrochemical reactions, which
comprises heat due to Joule heating (irreversible effect) and is influenced by the battery’s
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internal resistance and reversible entropic heat (generated as a result of Li+ intercalation/de-
intercalation at the electrode–electrolyte interphase) as seen in Equations (12)–(15).

·
qgen =

·
Qele−ch +

·
Qexoth (12)

·
Qele−ch =

·
Qjoule +

·
Qentropy (13)

·
Qjoule = i(Eoc − E) (14)

·
Qentropy = −iT

dEoc

dT
(15)

where
·

Qjoule is calculated from the charging current and the open-circuit potential of the

battery, Eoc, and battery voltage E (V);
·

Qentropy accounts for the reversible heat generation

rate with T as a battery temperature (K) and dEoc
dT as an entropic heat coefficient (mV/K).

The value dEoc
dT can be neglected when the battery is overcharged, and the state of charge is

above 1 [14].
The heat generation rate caused by the exothermic reactions can be expressed in

Equation (16) which comprises the heat generation rate due to the decomposition of the
solid electrolyte interphase (SEI) layer, anode, cathode, and electrolyte. To compute the
individual heat generation rate, Equation (17) is employed, where the subscript x represents
the SEI layer, anode, cathode, and electrolyte.

·
Qexoth =

·
QSEI +

·
Qan +

·
Qcath +

·
Qelect (16)

·
Qx = ∆Hx ·mx · Ax · exp

(
− Ea,x

RT(t)

)
· cx. (17)

From Equation (17), ∆Hx is the enthalpy change of the chemical reaction x; mx is the
mass of battery reactant; Ax is the frequency factor; Ea,x is the energy activation; R is the
universal gas constant (8.314 J/mol·K) [11]; cx is the reactor concentration. The parameter
values of ∆Hx mx Ax Ea,x, and cx for each reaction are shown in Table 2.

Table 2. Exothermic parameters.

Reaction Parameter Abbreviation ∆Hx
(J/kg)

mx
(kg)

Ax
(s−1)

Ea,x
(J mol−1)

cx
(-) Ref.

SEI SEI 2.57 × 105 0.219 1.667 × 1015 1.3508 × 105 0.15 [13]
Anode an 1.714 × 106 0.219 2.5 × 1013 1.3508 × 105 0.75 [13]

Cathode cath 3.14 × 105 0.36198 6.667 × 1013 1.396 × 105 0.04 [14]
Electrolyte electro 1.55 ×105 0.1708 5.14 × 1025 2.74 × 105 1 [13]

The solid electrolyte interphase (SEI) layer decomposes at high temperatures (65 to
120 ◦C) [23]. The heat created by the breakdown reaction raises the temperature of the
battery, generating a chain reaction and thermal runaway. The kinetic equation’s reaction
rate is depicted below.

·
QSEI = ∆HSEI ·mSEI · ASEI · exp

(
−Ea,SEI

RT(t)

)
· cSEI . (18)

At a temperature of roughly 120 ◦C, the SEI decomposes to a substantial extent and
fails to prevent the negative electrode from reacting with the electrolyte, resulting in a
reaction between intercalated lithium and the electrolyte inside the negative electrode. This
response will also result in the formation of additional SEI, which will slow the process
down. The reaction rate is computed as follows.
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·
Qan = ∆Han.man.Aan. exp

(
− Ea,an

RT(t)

)
.can. (19)

The positive electrode material decomposes separately at higher temperatures of
170 ◦C. It could also react with electrolytes, releasing oxygen and increasing heat output.
The kinetic equation’s response is as follows.

·
Qcath = ∆Hcath.mcath.Acath. exp

(
−

Ea,cath

RT(t)

)
.ccath. (20)

Exothermal interactions between the positive electrode material and polyvinylidene
fluoride (PVDF) continue when the electrolyte begins to degrade. Due to the internal short
circuit and heat venting caused by the three reactions, the temperature of the battery rapidly
rises. High temperatures trigger the reaction of the kinetic equation but the maximum
temperature in this study was not greater than 90 ◦C; so, only QSEI is taken into account in
this exothermic reaction.

·
Qelect = ∆Helect.melect.Aelect. exp

(
−

Ea,elect

RT(t)

)
.celect. (21)

2.3. Numerical Simulation Process

A partial differential equation (PDE) based commercial software, Matlab R2020a, is
used to solve the electrothermal model presented in this study. The applied charging
currents 1C, 2C, 3C and predicted charging currents of 4C and 5C with surrounding
temperatures of 35, 50, and 60 ◦C are used as the model’s input parameters. The output
of the model is the battery surface temperature distribution. The model is set to stop at
a condition similar to the first failure incident (CID opening) depending on the charging
current and temperature. The results of the predicted thermal behavior are compared with
those from the experiment. For the final step, the relative error method was employed to
validate the prediction accuracy of the model.

3. Experiment for Model Validation
3.1. Experimental Setup

A commercial off-the-shelf cylindrical lithium-ion battery with a 2.6 Ah nominal
capacity, 18,650 forma, lithium cobalt oxide (LiCoO2) coated on the aluminum sheet,
termed as a positive current collector, and a graphite anode coated on the copper sheet,
known as a negative current collector, and electrolyte were employed for overcharge tests.
A battery cycler with an in-built electronic load controller and data acquisition system was
used to pre-cycle the battery as recommended by the manufacturer. The standard current
charging of 0.52 A, as shown in Table 3, was set to first charge the battery to its charging
cut-off voltage of 4.2 V in constant current constant voltage (CC/CV) mode. All pre-cycling
tests were performed at ambient temperature. Then, the batteries were stored in a cold
environment of 25 ◦C for 24 h to stabilize their voltages.

Table 3. Specifications of 2.6 Ah LCO battery.

Particular Value

Nominal voltage (V) 3.70
Discharge end voltage (V) 3.00
Maximum charging voltage (V) 4.2
Maximum capacity (Ah) @ 25.5 ◦C, discharge 0.52 A, 2.75 V 2.60
Standard constant charging current (A) 0.52
Maximum charging current (A) 1.30
Internal impedance (Ω) 0.06
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The overcharge tests involved current rates of 1C, 2C, and 3C with a maximum voltage
of 5 V. A battery was placed inside a thermal chamber capable of containing explosion
fumes. The battery surface temperature was measured using one K-type thermocouple
with accuracy to 1.1 ◦C attached near the cathode and a GL220 data logger collected second-
by-second temperature data. The experimental setup with the thermocouple locations
on the battery under test and testing equipment is depicted in Figure 2. The controlled
temperatures of 35, 50, and 60 ◦C were set by heating the chamber and keeping it steady for
about 30 min while holding the tested battery inside the chamber. The charging currents of
1C, 2C, and 3C at the fully charged state were then employed to overcharge until the first
failure (activation of current interrupt device—CID) occurred. This physically separates the
cathode from the circuit, and as a result, the current stops flowing through the battery to
protect the battery against explosion. At this point, gases are released, and the temperature
starts to decrease.

Figure 2. Experimental apparatus (a) Schematic of the experimental apparatus (b) Photo of the
experimental apparatus.

3.2. Observation of Battery Surface Temperature

The overcharging experiment was carried out under three different surrounding
temperature conditions: normal surrounding temperature (35 ◦C) and high surrounding
temperatures (50 and 60 ◦C). We overcharged the battery by different currents of 1C, 2C,
and 3C at each surrounding temperature. The measured temperature curves under 1C
charging rate at 35 ◦C are shown in Figure 3. Three overcharge stages were identified from
the surface of the battery. The first stage (I) is heat accumulation, mainly caused by Joule
heating and entropy change. At this stage, the battery surface temperature increased at
a relatively low rate, approximately 0.17 ◦C/s. The surface temperature grew to 49.8 ◦C
within the first 1700 s. There was neither an obvious side reaction nor gases evolving inside
the battery. As a result, there was a small increase in surface temperature.

The second stage (II) is fast heat accumulation, where the battery temperature starts to
increase more rapidly as the Joule effect and exothermic reactions predominantly cause the
heat. In the meantime, a large amount of gas is produced and pressurizes the space between
the current interrupting device (CID) and the safety vent disc. The observed temperature
profile in Figure 3 shows that the battery surface temperature rises to nearly 62.6 ◦C in less
than 550 s. The increasing rate of surface temperature is much higher (0.27 ◦C/s). The third
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stage (III) is a critical surface temperature for battery failure, where the battery is unable to
accept further charge due to the activation of the internal safety device (CID). As a result,
the battery surface temperature begins to gradually cool to ambient temperature.

Figure 3. Three stages of the battery under 1C condition at 35 ◦C.

In addition, as illustrated in Figure 4a–c, the rising temperature at 1C, 2C, 3C and
projected rising temperature at 4C and 5C with a surrounding temperature of 35, 50, and
60 ◦C were observed. At 35 ◦C, the rising temperature amounted to 49.8, 54.6, and 58.3 ◦C,
respectively, with overload rates of 1C, 2C, and 3C. As shown in Figure 4a, the predicted
temperature rises at 4C and 5C were 61.1 and 64.8 ◦C, respectively. Moreover, at high
surrounding temperatures of 50 and 60 ◦C, as shown in Figure 4b,c, the rising temperatures
were 56.3, 61.8, 65.3 ◦C, and 69.6, 71.9, 75.1◦C, respectively. Furthermore, at 4C and 5C at
50 and 60 ◦C, the predicted rising temperature based on empirical equations as shown in
Figure 4b,c is 64.5, 66.7 ◦C, and 77.7, 80.5 ◦C, respectively. This demonstrates that, due to
the Joule effect, increased surge currents raise the surface temperature of the battery. As a
result, the extra current contributes significantly to the battery surface temperature.

Figure 4. The rising temperature at 1C, 2C, 3C, and predicted rising temperature of 4C and 5C at (a)
35 ◦C (b) 50 ◦C, and (c) 60 ◦C.



Energies 2022, 15, 2284 9 of 16

In the simulation, as a condition of the integration between the first and second
stage equation, the rising temperature was used. In contrast, Figure 5 shows the critical
temperature for battery failure, where the battery was unable to accept further charge
due to the activation of the internal safety device (CID). As a result, maximum critical
temperature occurs at 62.6 to 78.9 ◦C, 66.4 to 83.5 ◦C, and 72.1 to 86.6 ◦C at 1C, 2C, and
3C, respectively, where the battery surface temperature began to gradually cool to ambient
temperature. Furthermore, if the battery does not have an internal safety device (CID), the
battery will explode due the current continuing to flow through it.

Figure 5. The critical temperature of LIB at 1C, 2C, and 3C at 35, 50, and 60 ◦C.

4. Results and Discussions
4.1. Thermal Behavior of Overcharged LIB at a Different Charging Current

Figure 6 shows the battery profile under the charging rates of 1C, 2C, 3C, and battery
temperature forecast charged by 4C and 5C at an initial surrounding temperature of 35 ◦C.
The simulated and test results seem to be closely coordinated. The average surface temper-
ature of 62.6, 67.1, and 72.8 ◦C, at overload rates of 1C, 2C, and 3C, respectively, exceeded
the surrounding temperature of 35 ◦C. In addition, the temperature profile prediction was
carried out at charging currents of 4C and 5C and reached maximum surface tempera-
tures of 77.6 and 82.6 ◦C. This shows that increasing surge currents increase the battery
surface temperature, mainly due to the Joule effect. Thus, the excess current contributes
substantially to the temperature. In addition, as shown in Figure 6, the developed model
fits the experimental results well, especially in the early heating process. However, in the
fast-heating stage, the model results showed a significant deviation, especially for 3C. This
phenomenon agrees with those observed in [24]. This divergence is due to the significant
influence of the positive thickness of the electrode and the increase in the solid electrolyte
interface (SEI) resistance [16].

Furthermore, heat distribution in 2D was evaluated at a surrounding temperature
of 35 ◦C with 1C, 2C, and 3C charging rates. However, the battery simulation also took
place at 4C and 5C in order to determine the thermal response of the batteries. As shown in
Figure 7, the thermal distribution results in various charging currents, where the battery
surface temperature is virtually uniform and tends to grow towards the positive terminal.
The highest temperature differential on the battery’s surface is roughly 10 ◦C, indicating
that as the charging current increases, the battery’s surface temperature rises.
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Figure 6. Simulation and experimental results of LIB charged by 1C, 2C, 3C and predicted temperature
results of 4C and 5C at surrounding temperature of 35 ◦C.

Figure 7. Simulated temperature distribution of LIB with 1C, 2C, 3C and predicted temperature
distribution of 4C and 5C at surrounding temperature of 35 ◦C.

4.2. Thermal Behavior of Overcharged LIB at High Surrounding Temperature

The effects on the average surface temperature of the battery due to overcharging at a
high surrounding temperature of 50 and 60 ◦C with current rates of 1C, 2C, and 3C and
predicted current rates of 4C and 5C are discussed in this section. Figure 8a,b show a similar
trend between the expected and experimental results of the battery surface temperature. It
can be found that the maximum battery surface temperature at 50 ◦C is lower than that
at 60 ◦C in both C-rates. The temperature profile prediction was also made at 4C and 5C
overload currents and reached a surface temperature of 81.6 and 84.7 ◦C at 50 ◦C, and 89.6
and 92.2 ◦C at 60 ◦C, respectively. It seems that the higher surface temperature of the battery
at a higher surrounding temperature [11] appears to be caused by overlithiation, which
reduces the internal resistance of the battery. Thus, the lower internal resistance could
hasten the chemical reaction and elevate the interior and surface temperatures. Moreover,
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heat generation intensity is exacerbated by the temperature degradation of materials in
the battery such as the decomposition of SEI, typically occurring at temperatures from
70 to 90 ◦C as emphasized in [25,26]. For that reason, overcharge at a high surrounding
temperature is prone to hastening the battery’s chemical reaction, which elevates the
battery’s internal and surface temperatures. In addition, the higher internal temperature
could lead to the degradation of the battery materials and permanent failure of the battery.

Figure 8. Simulation and experimental results of 1C, 2C, 3C and predicted results of the surface
temperature of 4C and 5C at (a) 50 ◦C and (b) 60 ◦C.

Furthermore, the maximum heat distributions of the Li-ion battery in radial–axial
coordinates at high surrounding temperatures of 50 and 60 ◦C with charging currents of
1C, 2C, and 3C and predicted current rates of 4C and 5C are shown in Figures 9 and 10. It
appears that the battery surface temperature remains relatively constant and tends to grow
towards the positive terminal due to the high resistance of positive materials. The highest
temperature difference with different current rates on the battery’s surface is around 19 ◦C,
proving that a high ambient temperature has a considerable impact on the temperature
of the battery. It seems that the battery surface temperature rises faster at a higher rate of
charge, and the temperature profile with the charge time changes, which could be attributed
to an internal heat generation.

Figure 9. Simulation temperature distribution of LIB at 1C, 2C, and 3C and predicted thermal
distribution at 4C and 5C with a surrounding temperature of 50 ◦C.
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Figure 10. Simulation temperature distribution of LIB at 1C, 2C, and 3C and predicted thermal
distribution at 4C and 5C with a surrounding temperature of 60 ◦C.

4.3. Effect of Heat Transfer Coefficient on Battery Surface Temperature

Figure 11 depicts the effect of the convective heat transfer coefficient (h) on the LIB’s
surface temperature when overcharged by 1C. To observe the impact of heat transfer on
the environment, the h was set at 0 W/m2·K is heat insulation, and 4 to 10 W/m2·K is
natural convection. By employing the natural convection (h = 10 W/m2·K), the surface
temperature declined from 83.1 to 60.1 ◦C. Thus, it is clearly observed that increasing the h
reduces the battery surface temperature.

Figure 11. Temperature profile under different heat transfer coefficients at 1C.

4.4. Analysis of Heat Generation Rates of Battery Overcharged at the Various Current Rate

This section compares the overall heat generation and heat generation rate of each
heat source as expected by modeling at various current rates. Figure 12a illustrates the
total heat generation rate projected by the modeling at different C-rates of 1C, 2C, and 3C.
As shown in Figure 12a, by increasing the charging currents, the total heat generation rate
increases, mainly because of increasing the Joule heat. On the other hand, a large amount
of heat appears to have been generated at 3C. In addition, the heat generation rate for each
heat source at 1C is illustrated in Figure 12b. It seems that the two dominant heat sources
in the charging process appear to be cathode and anode heat sources.
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Figure 12. Heat generation rate (a) total heat source at 1C, 2C, and 3C (b) heat generation of each
heat source at 1C.

4.5. Model Validation

A systematic experiment was conducted to validate the presented model at surround-
ing temperatures of 35, 50, and 60 ◦C with different C-rates of 1C, 2C, and 3C abused at
the fully charged state. Referring to the stages explained in Section 3.2, the battery surface
temperature at Stage I in the developed model was calculated using the Joule effect and the
entropy heat equation, whereas for Stage II, the battery surface temperature was calculated
from the exothermic reaction equation. The validation was based on relative error using
Equation (22). Through this approach, the differences between the errors of the predicted
and experimental values were determined, thereby evaluating the accuracy of the model.

Relative error =
(

Ts − Te

Te

)
× 100% (22)

where Ts and Te are simulated temperature and measured temperature respectively.
In contrast, Figure 13 shows that the maximum relative error at the normal temperature

(35 ◦C) was 1.64, 1.71, and 1.61% at 1C, 2C, and 3C, respectively. In addition, the maximum
relative errors of the model at a higher temperature of 50 and 60 ◦C are 0.87% to 1.14%
and 0.42% to 1.33%, respectively. As shown in Figure 13, increasing the current rates
from 1C to 3C increases the maximum relative errors. At these surrounding temperatures
and charging currents, the maximum relative error is below 10%. Therefore, the low
magnitudes of the relative errors indicate better performance of the model in predicting the
LIB thermal model.
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Figure 13. Relative error at charging current of 1C, 2C, 3C at 35, 50, and 60 ◦C.

5. Conclusions

In this study, a 2D electrothermal model for a 18,650 LiCoO2 battery is proposed to
predict the thermal behavior during charging conditions at different surrounding tempera-
tures. Overcharge tests at various charging currents of 1C, 2C, and 3C were conducted in
thermally controlled environments of 35, 50, and 60 ◦C to verify the model. Furthermore,
the model was used to predict the battery surface temperature at 4C and 5C to determine
the thermal response of the batteries. Good agreement between the predicted and experi-
mental results of the battery surface temperature was obtained and the maximum relative
error of 1.71% was achieved. Results reveal that increasing the overcharge current sharply
increases the battery surface temperature, i.e., at the predicted 5C, triggering the exother-
mic reactions inside the battery. Similarly, the surrounding temperature contributed to an
increase of 11.40 and 19.70 ◦C at 2C and 3C, respectively. As revealed from the analyses,
the surrounding temperature plays a more prominent role in elevating the battery surface
temperature. It was also discovered that relative error increases when overcharge currents
increase. Furthermore, the battery heat distribution appears almost uniform and tends
to increase towards the positive terminal because the cathode material is highly resistant.
In addition, when the convective heat transfer coefficient rises, the temperature of the
battery falls and becomes more uniform. The rate of total heat generation increases as the
overcharge currents grow, owing to an increase in Joule heat.
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Nomenclature

Aan-so anode–solvent decomposition frequency factor (s−1)
Aca-so cathode–solvent decomposition frequency factor (s−1)
Ae electrolyte decomposition frequency factor (s−1)
ASEI SEI decomposition frequency factor (s−1)
can amount of lithium within the anode (dimensionless)
ce amount of lithium within the electrolyte (dimensionless)
cSEI amount of lithium containing meta-stable species in the SEI (dimensionless)
Ea,an-so anode–solvent decomposition activation energy (J/mol)
Ea,ca-so cathode–solvent decomposition activation energy (J/mol)
Ea,SEI SEI decomposition activation energy (J/mol)
Han-so anode–solvent heat (J/kg)
Hca-so cathode–solvent heat (J/kg)
He electrolyte decomposition heat (J/kg)
HSEI SEI decomposition heat (J/kg)
me reaction order for ce
mSEI reaction order for SEI
Ran-so anode–solvent decomposition rate (s−1)
Rca-so cathode–solvent decomposition rate (s−1)
Ea,-so the anode decomposition activation energy (J/mol)
Re electrolyte decomposition rate (s−1)
RSEI SEI decomposition rate (s−1)
∆Hx enthalpy of the chemical reaction of layer x
.

Qconv heat rate dissipated due to convection (W)
.

Qexo heat rate due to exothermic reaction (W)
.

Qel−ch heat rate due to electrochemical reaction (W)
.

Qrad heat rate dissipated due to radiation (W)
PVDF polyvinylidene fluoride
SEI solid electrolyte interphase layer
Subscripts
x electrochemical layers
0 initial condition
r radial direction
z axial direction
Greek symbols
ρ density of air (kg/m3)
k thermal conductivity (W/m·K)
Cp specific heat (J/kg·K)
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