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Abstract. The conductivity of the electrolyte and the kinetics of Li+ inside lithium-

ion batteries (LIBs) will decrease at low temperatures, which may promote the forma-
tion of lithium dendrite. The growing of lithium dendrites will penetrate the separa-
tor, and cause the internal short circuits and thermal runaway of cells. Thus, battery

preheating is essential to improve the safety of LIBs. To investigate the temperature
changes of battery during discharging and preheating at low temperatures, the elec-
tro-thermal model and the preheating model of LIBs at low temperature are estab-
lished and verified based on the second-order equivalent circuit model. The internal

resistance of battery decreases with the increase of temperature. Moreover, a battery
module with polyimide flexible heating film is proposed, and the heating films are
arranged on both sides of the battery symmetrically. When the power of heating films

is 1 W, 3 W, and 5 W, it takes 395 s, 190 s and 126 s to preheat the battery tempera-
ture from - 10�C to 25�C, respectively. Additionally, different heating powers can be
arranged in the heating process to reduce the heating time and temperature difference

of battery. The research in this study contributes to the preheating of LIBs in cold
regions, and has certain reference value.

Keywords: Lithium-ion battery, Preheating, Low temperature, Polyimide flexible film

1. Introduction

Lithium-ion batteries (LIBs) have been the main power supplies for electric vehi-
cles (EV) with the advantages of high energy density, high working voltage and
long service life [1, 2]. However, LIBs fire cause at least 124 EV accidents in 2020
according to the document of Analysis of Electric Vehicle Fire Accidents in 2020
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provided by TELD, which is the largest charge service operator in China. Com-
mercialized LIBs are generally consists of graphite anodes, lithium metal oxide
cathodes and carbonate electrolytes. The charging and discharging of LIBs are the
reversible transfer of Li+ ion between the anode and cathode of the cell. The
anodes and cathodes are separated by insulating separator to prevent short circuit
of the cell [3]. Occasionally, the mechanical deformation and over-charge/over-dis-
charge of the LIBs may cause the damage of the separator, resulting in the short
circuit and temperature increase of the cell [4].The increasing of battery tempera-
ture accelerates the chemical reactions inside the cell, which leads to the rapid self-
heating or thermal runaway (TR). In addition to the heat released by chemical
reactions, the ejected battery material may be ignited in the air and cause defla-
gration [5, 6]. Moreover, the performances of LIBs are very sensitive to tempera-
ture, and the most suitable working temperature of LIBs is 20 �C and 40 �C [7, 8].
The performance and life of LIBs will be deteriorated significantly at low temper-
atures (below 0 �C) because the conductivity of electrolyte and the diffusion rate
of Li+ ions decreases, and the charge-transfer resistance at the electrolyte–elec-
trode interface increases [9]. The risk of thermal runaway caused by continuous
exothermic reaction in low temperature may be low [10]. However, when the LIBs
charge and discharge in low temperature environment for long time, the kinetics
of Li+ ions is reduced and the Li+ ions may be deposited on the surface of the
electrode in the form of metal [11]. The deposition shape of lithium metal is den-
dritic, which is called lithium dendrite [12]. Then, the growing lithium dendrites
may penetrate the separator, which may cause the internal short circuits. When
the battery is short-circuited, it will generate huge heat in a short time, and the
temperature of the battery will rise sharply and even results in the fires of LIBs.
Therefore, to improve the fire safety and reduce the TR risk of LIBs, battery pre-
heating is important for EVs operation in low temperature environment.

The methods of preheating battery at low temperature can be divided into inter-
nal preheating and external preheating. Internal preheating usually uses high bat-
tery impedance at low temperatures to generate a large amount of electrochemical
heat inside the battery when battery charge and discharge. Internal preheating
includes DC internal resistance preheating, AC internal resistance preheating, and
mutual pulse preheating. The internal resistance of the battery at low temperature
is several times higher than that at room temperature, and the heat generated by
the internal resistance is increased [13]. Li et al. [14] combined the thermal model
and the electrochemical impedance model to propose a low-temperature thermo-
electric coupling model for lithium-ion batteries. The results showed that the opti-
mal frequency range was distributed in the high-frequency area. The optimized
heating strategy could achieve a temperature rise from - 20 �C to 0 �C in 520 s.
Zhang et al. [15] embedded a thin nickel foil with certain resistance into the
square battery as the internal heating element at low temperatures. The battery
was heated from - 20 �C to above 0 �C in 12.5 s, which increased the tempera-
ture difference between the inside and the surface of the battery. However, the
high-rate charging and discharging of the battery will aggravate the aging in the
long run [16].
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External heating usually uses a heat source outside the battery to generate heat,
which can be divided into convection preheating and conduction preheating
according to the heat transfer method. Convective heating typically uses hot air or
liquid to heat battery from outside. Wang et al. [17] investigated the potential eco-
nomic benefits of preheating the battery pack through the air heating strategy in
the power system. As compared with the case without preheating process, the pre-
heating strategy could limit the operating cost to 22.3% over 40 driving cycles at
the ambient temperature of - 20�C. Zhu et al. [18] added three heaters in the
pipeline-based liquid cooling system, which were powered by the charging pile.
The results showed that the battery pack was heated from - 10�C to 2�C within
1157 s, and the temperature between batteries was 3.1 �C. Although the air heat-
ing has simple structure and good temperature uniformity, the heating rate is low
and cannot meet the requirements of rapid preheating in low temperature environ-
ments [19]. Then, the liquid heating has high thermal conductivity and good heat-
ing rate, but the cost and leakage risk is high. Conduction preheating means that
the heating installations are attached directly to the surface of the battery and
exchange heat with the battery. Zhang et al. [20] compared the heating effect of
the heating film placed on the side and bottom of the square battery pack. Under
the same energy consumption, the side heating method made the battery system
have higher temperature rise and better temperature uniformity. Lei [21] placed
two wide-wire metal films in the middle of the battery module composed of three
square 35Ah LiMn2O4 batteries. When the battery was preheated with 90 W heat-
ing film at - 40 �C for 15 min, the discharge capacity was restored to the room
temperature level, and the charging capacity was restored to half of the room tem-
perature level. Zhang et al. [22] proposed a battery preheating method combining
phase change materials and heating films, and the heating films were attached on
the two larger side surfaces of the battery. When the heating power was fixed at
20 W, it took about 613 s to heat up the battery from - 20�C to 10�C, while the
temperature difference of battery was less than 5�C. The heating film shows high
efficiency and strong adaptability to the battery structure in battery preheating.
However, the battery is assumed not to discharge during preheating, and there is
no heat generation inside the battery [22]. Actually, the heating film is usually
provided energy by the battery, and the self-heating of battery during discharging
should be considered. Moreover, the temperature of the battery rises during pre-
heating, which will decrease the internal resistance and self-heating of battery. The
electro-thermal model of LIBs at low temperature should be established.

The polyimide flexible (PI) heating film has advantages of high electro-thermal
conversion efficiency, small size, simple structure, and convenient customization.
Meanwhile, the burning point of polyimide is higher than 400�C, and the PI heat-
ing film can be directly pasted on the cylindrical battery for preheating. Thus, a
battery module with PI heating film is proposed in this study. When the battery
provides power to the PI film, the heat generated by the PI film and battery dis-
charge is considered. The electro-thermal model and the preheating model of
18650 lithium-ion battery at low temperature are established based on the second-
order equivalent circuit model (ECM), and the parameters of ECM are measured
using the experiment of Hybrid Pulse Power Characterization. Then, the thermal
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performance of battery that simulated by the MSMD module of FLUENT soft-
ware is verified by experiment. Moreover, the effects of arrangement, heat power,
and heat process of heating film on preheating performance are discussed.

2. Battery Electro-Thermal Model

2.1. Equivalent Circuit Model of Battery

The 18650 cylinder Li-ion battery with LiNi0.8Co0.1Mn0.1O2 as the cathode mate-
rial is selected in this study. As compared with the single-stage Resistor-Capaci-
tance (RC) circuit, the multi-stage RC circuit can reflect more voltage
characteristics of battery. Complex electrochemical reactions are occurred in bat-
tery during the charging and discharging, and the second-order equivalent circuit
model is selected to construct the electro-thermal model of battery as show in
Fig. 1, which can improve the accuracy of simulation. Assuming that the dis-
charge current is positive, the dynamic voltage (Ucell), current (I) and state of
charge (SOC) can be expressed as [23, 24]:

Ucell ¼ Uocv � IR0 � U1 � U2 ð1Þ

I ¼ U1

R1
þ C1

dU1

dt
¼ U2

R2
þ C2

dU2

dt
ð2Þ

SOC ¼ SOC0 �
g
Qt

Z t

0

IðtÞ ð3Þ

where Uocv is the open circuit voltage, V; R0 is the ohmic resistance, X; U1 is the
voltage of first parallel RC circuit, V, which represents the polarization voltage;
U2 is the voltage of second parallel RC circuit, V, which represents the concentra-
tion difference voltage; SOC0 is SOC at the initial stage; g is the Coulomb effi-
ciency coefficient, and Qt is the battery capacity, Ah.

Figure 1. Second-order equivalent circuit model.
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The offline parameter identification is selected to calculate the parameters of
second-order ECM. Offline parameter identification is the process that the polyno-
mial fitting is used to identify the parameters based on the obtained experimental
data, and its identification results are usually the fixed values, mappings, or func-
tional relationships. In this study, the experiments of Hybrid Pulse Power Charac-
terization (HPPC) are carried out at different temperatures to obtain experimental
data [25]. However, it is difficult to directly identify the parameters of the second-
order ECM using the offline parameter identification. The identification of the two
RC circuit parameters may fail in the process of mutual coupling. Thus, the first-
order ECM of battery is established firstly in Simulink as shown in Fig. 2a, which
is used to identify the ohmic resistance R0, polarization resistance R1 and polar-
ization capacitance C1 of the battery. Then, a second-order ECM is established in
Simulink, as shown in Fig. 2b, and the identified parameters of first-order RC
equivalent circuit are set as its initial value. The diffusion resistance R2 and diffu-
sion capacitance C2 are identified, and the parameters of R0, R1 and C1 are
slightly adjusted.

2.2. Governing Equations of the BTMS

The energy equation of heat transferring along cells is expressed as [26]:

qbcp:b
@Tb
@t

¼ r � kbrTbð Þ þ G tð Þ ð4Þ

where q is the density, kg m-3, cp is the specific heat capacity, J kg-1 �C-1; k is
the thermal conductivity coefficient, W m-1 �C -1; Tb is the temperature of bat-
tery, �C; G(t) is the thermal source term including battery and heating film,
W m-3.

During the discharging process of battery, the heat generated rate of battery is
expressed as [27]:

qgen ¼
I
Vol

½UOCV � uþ � u�
� �

� Tb
dUOCV

dTb
� þ rþr2uþ þ r�r2u� ð5Þ

Figure 2. First-order (a) and second-order (b) RC ECM in Simulink.
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where the qgen is heat generated rate of battery,W m-3; the r + is the effective
electric conductivity of positive electrode, X-1; r - is the effective electric conduc-
tivity of negative electrode, X-1; u+ is the phase potentials of the positive elec-
trode, V; u - is the phase potentials of the negative electrode, V; Vol is the

volume of battery, m3; Tb is the temperature of battery, �C; and dUOCV
dTb

is the

entropy coefficient of battery, V �C -1.

2.3. Polyimide Film and Power Calculation

PI heating film is made of polyimide film as the outer insulator and metal foil as
the inner conductive heating element, which is pressed at high temperature and
high pressure. The thickness of PI heating film is 0.5 mm, and the thickness of
metal foil is only 0.05 mm. Thus, the physical properties of polyimide are selected
as those of the heating film in this study. The structural and physical parameters
of PI heating film are listed in Table 1. In order to reduce costs and simplify the
model, the rectangular heating film was selected according to the preheating
requirements of batteries at low temperatures as shown in Fig. 3. The length,
width, and thickness of heating film are 50 mm, 25 mm, and 0.5 mm, respectively.
The contact area between the heating films and the battery is 12.5 cm2. When the
battery is applied at high temperature, the battery needs heat dissipation. The
exposure of some surfaces of the battery is conducive to the contact of cold air or
radiator with the battery for heat exchange because of the low thermal conductiv-
ity of PI heating film. Then, two heating films are attached symmetrically on both
sides of the battery, which can evenly heat the battery while leaving more exposed
surfaces on the battery for heat dissipation. The preheating experiment diagram is
shown in Fig. 4. The power of the heating film can be adjusted by using a PWM
controller, which can control the working voltage loaded on both ends of the
heating film. The T-type thermocouple sensor (measurement range: - 50 to
200 �C, measurement accuracy: ± 0.1 �C) is mounted on the surface of the battery
symmetrically, and the temperature data are recorded by the paperless recorder.

Table 1
Basic Parameters of PI Heating Film

Parameters Values

Thickness (mm) 0.5

Nominal power (W) 7

Nominal voltage (V) 12

Density (kg m-3) 1400

Specific heat capacity

(J kg-1 �C -1)

1090

Thermal conductivity coefficient

(W m-1 �C -1)

0.15

Working temperature (�C) -50–200
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According to the rated voltage and rated power, the working voltage, current
and heat generated rate of heating film can be calculated by the following equa-
tions.

U ¼
ffiffiffiffiffiffiffiffiffiffi
P � R

p
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P � 12

2

7

r
¼ 4:54

ffiffiffi
P

p
ð6Þ

I ¼
ffiffiffi
P
R

r
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P � 7

122

r
¼ 0:22

ffiffiffi
P

p
ð7Þ

qfilm ¼ P=Vfilm ð8Þ

where P is the rated power of heating film, W; R is the internal resistance of heat-
ing film, X; U is the voltage of heating film, V; I is the current of heating film, A;

Figure 3. Battery model and PI heating film.

Figure 4. Experiment diagram of preheating.
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qfilm is the heat generated rate of heating film, W m-3; and Vfilm is the volume of
heating film, m3.

The rated power of the heating film here is 7 W and the rated voltage is 12 V.
When the heating powers are 1 W, 3 W and 5 W, the output voltage of PWM
controller are 4.53 V, 7.85 V and 10.14 V, respectively. Meanwhile, the currents of
heating film are 0.44 A, 0.768 A and 0.986 A, respectively. Then, the discharge
currents of cell are 0.88A, 1.54 A, and 1.97 A in the process of battery preheating.

3. Parameter Identification of ECM

The experiments of Hybrid Pulse Power Characterization (HPPC) were carried
out at different temperatures. The experiments are conducted in the thermal cham-
bers (GP/T-50, GUANGPIN TEST EQUIPMENT Co., Ltd.) using battery test
system (XINWEI, CT-4008, 5V12A, accuracy: 0.05%). The specific steps of HPPC
were shown as:

(1) The battery was first charged at a constant current of 1C before the cell volt-
age reached 4.2 V and then charged at the constant voltage of 4.2 V until the
current was lower than 0.09 A. Then, the battery was placed under 25 �C
ambient temperature for 1 h.

(2) The battery was discharged at 1C constant current for 10 s, and rested for
40 s. Subsequently, it was charged at 1C constant current for 10 s, and rested
for 40 s.

(3) After the battery was discharged at 1 C constant current for 6 min, which
caused the SOC of the battery reduced by 10%, the battery was rested in the
test temperature for 1 h again.

(4) The above discharge steps were repeated until the SOC of the battery was 0.
The offline parameter identification was carried out at different temperatures

to identify the characteristic data (R0, R1, C1, R2, and C2) according to the
results of HPPC. The specific steps of identification in MATLAB/Simulink
based on ECM were shown as:

(1) The current and voltage data were extracted in HPPC working conditions at
different temperatures, and then these data were uploaded to the workspace in
the MATLAB software.

(2) The first-order equivalent circuit model was established in MATLAB/Simu-
link, and the current and voltage data from the previous step was input into
this model.

(3) The range of the restricted identification parameter was set to be greater than
0, and the parameters of R0, R1 and C1 were identified using the parameter
identification function of Parameter Estimation. In the process of parameter
identification, Sum Square Errors (SSE) was used as the error convergence
function by default.

(4) The first-order model is expanded into second-order model in MATLAB/
Simulink, and the parameters identified in the first-order model are input into
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the second-order model as initial values. Then, the identification process is
repeated to obtain the values of R0, R1, R2, C1, and C2.

(5) The above identification steps are repeated at different temperatures to obtain
the ECM parameters at different temperatures and SOC states.

Figure 5 is the identification voltage of HPPC working condition at ambient
temperature of 25 �C. Figure 5b is the partial enlarged view of the dynamic volt-
age of Fig. 5a when the SOC of battery is 0.5. As compared with the first-order
ECM, the second-order ECM can better describe the details of voltage changes.

After parameter identification, the equivalent resistance parameters at different
temperatures are shown in Fig. 6a, 6b and 6c. It can be seen that the values of
R0, R1 and R2 increase with the decrease of temperature. When the ambient tem-
perature reduces from 25 �C to 0 �C, the ohmic resistance R0 increases from 0.02
X to 0.06 X at 0.5 SOC. However, the value of R0 rises by 0.07 X while the ambi-
ent temperature reduces from 0 �C to -15 �C. The lower the ambient temperature,
the greater the increase rate of battery resistance. The reason is that the conduc-
tivity of the battery electrolyte and solid electrolyte interface is reduced with the
decrease of temperature. It proves that the offline parameter identification based
on temperature changes conforms to the laws of physics. At the start and end of
the discharge, the SOC change will have a significant impact on the values of R0,
R1 and R2. The identification accuracy is evaluated with error sum of squares
(SSE) in Fig. 6d, and the maximum SSE is less than 0.18. Therefore, the identifi-
cation accuracy is satisfied for the study requirements. The obtained parameters
are used to calculate the heat generated rate of battery through the interpolation
fitting. The fitted polynomials of ECM parameters at different temperatures are
summarized in Appendix A.
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Figure 5. Identification voltage of the first-order and second-order
ECM in 25 �C.
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4. Numerical Simulation and Verification

4.1. Heat Generation of Battery

According to the symmetrical structure of the battery module, the battery simula-
tion model in the MSMD model of Fluent is established as shown in Fig. 7. The
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Figure 7. Simulation model of battery module.
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properties of the 18,650 cylinder LIB with LiNi0.8Co0.1Mn0.1O2 are listed in
Table 2. The positive current collector, negative current collector, and reaction
material of battery correspond to the positive region, negative region, and reac-
tion region in simulation model, respectively. The positive contact surface and
negative contact surface are applied to set the series–parallel connection between
multiple batteries. The contact surfaces between the reaction region and the posi-
tive/negative region are set as interior interface. The outer surface of the air zone
is set as symmetry. It is assumed that the battery module is insulated from the
outside environment. In this study, the average temperature of the battery module
is used to verify the grid independence. The SIMPLE method is selected for
numerical simulation, and the residual convergence of the energy equation and
UDS diffusivity are set to 1.0 9 10–10 and 1.0 9 10–8, respectively. The solution
time step is set to 1 s, and the number of calculation steps is set to 200. The anal-
ysis model is divided into three grid numbers, which are 106537, 211478 and
460545. The relative deviations of the average battery temperature are 0.16%
when the grid number changes from 211478 to 460545. Thus, the grid number of
211,478 is used in the following models.

At different ambient temperatures (- 10�C, - 5�C and 0�C), the surface tem-
perature and voltage changes of the battery at different discharge rates (1C, 1.5C
and 2C) in the test and simulation are compared in Fig. 8. According to the ambi-
ent temperature (- 10�C, - 5�C and 0�C), the discharge currents of 1C are set as
1.71 A, 1.82 A and 2.02 A, respectively. The terminal voltage of the battery
decreases gradually with the discharge of battery, while the surface temperature of
the battery increases. Then, with the increase of discharge rate, the discharge time
is reduced and the maximum temperature of battery is raised. Especially, in the
early discharge stage of 2 C-rate, the terminal voltage first decreases rapidly at
ambient temperature of - 10�C, then gradually rises, and finally continues to
decline. In this process, the surface temperature of battery increases by 15�C. In
low temperature environment, the resistance of the battery change sharply with
temperature. As the temperature of the battery increases, the resistance of the bat-
tery decreases, and the terminal voltage increases.

In the comparison of test and simulation at different ambient temperatures and
discharge rates, the changes of terminal voltage and temperature changes are very
similar. It can be seen from Table 3 that the maximum relative errors of terminal

Table 2
Properties of the Parts of the Battery [28, 29]

Properties Reaction region Positive region Negative region

Diameter (mm) 18 18 18

Height (mm) 63 1 1

Density (kg/m3) 2575.5 8030 8979

Thermal conductivity coefficient (W m-1 �C -1) 5 387.6 300

Specific heat capacity (J kg-1 �C -1) 1157.8 502.48 381

Conductivity ( 9 105 S/m) 354 833 580
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voltage and surface temperature are 0.023 V and 0.5 �C, respectively. It indicates
that the ECM of battery can adjust the internal parameters according to the SOC
and temperature of battery, and the terminal voltage and surface temperature sim-
ulated by the model this study have high accuracy at low temperature.
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Figure 8. Comparison of test and simulation at different ambient
temperatures and discharge rate.
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4.2. Preheating of PI Film

Two PI films were attached to the surface of the battery for preheating symmetri-
cally, and simulation model of battery is shown in Fig. 9a. When the PI films pre-
heat the battery at -10 �C with power of 1 W, 3 W and 5 W respectively, the

Table 3
Maximum Relative Error of Terminal Voltage (V) and Surface
Temperature (�C) at Different Temperatures and Discharge Rate

Parameter Discharge rate

Ambient temperature

-10�C -5�C 0�C 25�C

Terminal voltage (V) 1C 0.015 0.023 0.013 0.022

1.5C 0.011 0.017 0.017 0.019

2C 0.011 0.015 0.014 0.022

Surface temperature ( �C) 1C 0. 3 0.3 0.3 0.2

1.5C 0.4 0.2 0.3 0.3

2C 0.3 0.5 0.3 0.3
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Figure 9. Simulation preheating model (a) and temperature change
under 1 W (b), 3 W (c), and 3 W (d).
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changes of the battery temperature are shown in Fig. 9 b-d. With the increase of
heating power, the rise rate of the battery temperature increases gradually. In the
middle section of the battery, the temperature under the PI film is the highest, and
the minimum temperature is located at the center of the battery. The heat pro-
vided by PI films radiates from the films to the surrounding and the center of the
battery, which cause the temperature rise of the battery. Meanwhile, the surface
temperature of the battery is higher than the central temperature because the self-
generated heat of the battery is very lower than that of PI film. The surface tem-
perature of simulation was compared with the experimental data. The errors
between test data and simulation data are less than 5%, which proves the
rationality of the simulation model.

5. Effect of Preheating Strategy

5.1. Effect of the Arrangement of Heating Film

In order to explore the influence of the arrangement of heating film on the heating
performance of the battery, the two kinds of arrangement cases are compared as
shown in Fig. 10. In the symmetrical case, two PI films are pasted symmetrically
on both sides. The sum of the contact area Ssym is 25 cm2 calculated as in Eq. 9.
In the spiral case, a PI heating film is attached spirally to the battery surface. The
number of spiral turns is 3, and the height of the spiral line and the width of heat-
ing film is 14.6 mm and 14.3 mm, respectively. The contact area Sspi is around 25
cm2 calculated as in Eq. 10. The heating power of the spiral arrangement PI film
is 6 W, and the heating power of the two symmetrical arrangement heating films
is 3 W respectively.

Figure 10. Different arrangement of heating film.
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Ssym ¼ 2� l� d ¼ 2� 50mm � 25mm ¼ 2500mm2 ð9Þ

Sspi ¼ 3�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p� Dð Þ2þs2

q
� 14:3 ¼ 3�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p� 18mmð Þ2þ14:6mm2

q
� 14:3mm

� 2500 mm2

ð10Þ

The temperature changes of battery on middle section are shown in Fig. 11.
The maximum temperature (Tmax) of battery on middle section increases with pre-
heating time, and the values of Tmax in symmetric case and spiral case are 27.7 �C
and 29.2 �C, respectively. The temperature difference (DT) of the battery on mid-
dle section increases rapidly and then decreases slightly. After discharge for 200 s,
the DT values for symmetric case and spiral case are 2.1 �C and 2.2 �C, respec-
tively. The temperature contours of battery in two cases are shown in Fig. 12 at
ambient temperature of -10 �C after preheating the battery for 200 s. The temper-
ature at both ends of the battery is significantly lower than that in the middle,
while the temperature on the surface of the battery is higher than that in the cen-
ter. The uniformity of temperature distribution of symmetric case is better than
spiral case.

5.2. Effect of the Power of Heating Film

Preheating time, temperature difference and power consumption of battery are
important evaluation values of the preheating performance. In this section, the
effect of preheating power (1 W, 3 W and 5 W) of heating film on the preheating
performance is studied at ambient temperature of -10 �C as shown in Fig. 13.
With the increase of heating power of PI films, the time of preheating the battery
to 25 �C reduces, while the power consumption increases. When the PI films work
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Figure 12. Temperature contours of battery with different layout of
heating film.
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at 1 W, it takes 395 s to preheat the battery temperature to 25 �C, while 190 s and
126 s are required at 3 W and 5 W, respectively. The temperature difference
change is opposite to the change trend of preheating time. As listed in Table 4,
with the increase of heating power, the temperature difference of battery increases
gradually. In particular, when the heating power is 5 W, the temperature differ-
ence on the battery is 8.5 �C. It can be seen that the temperature difference of the
battery is caused by the temperature difference between the two sides and the mid-
dle of the battery in Fig. 14. Considering preheating time, power consumption
and temperature difference, the battery can get good preheating performance
when PI films work at 3 W.

5.3. Effect of Preheat Process on Temperature Difference

The battery is discharging during battery preheating, and the increasing of tem-
perature difference will reduce the performance and life of battery. The require-
ment of battery preheating is that the temperature of the battery is quickly heated
to a specific temperature, and the temperature difference is required to be less
than 5 �C. It can be seen from the Sect. 5.2 that increasing the power of heating
film can reduce the preheating time, while the temperature difference of battery is
raised. Thus, different heating powers can be arranged in the heating process, and

Table 4
Comparison of Parameters Under Different Heating Powers

Power/W Current/A Time/s Consumption/J DT in middle section/�C DT in battery/�C

1 0.44 395 395 1.2 2.6

3 0.76 190 570 2.4 5.2

5 0.99 126 630 3.8 8.5

Figure 14. Temperature contours of battery with different heating
power.
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the heating speed and temperature difference can be considered comprehensively.
The battery is heated at high heating power firstly, and then the heating power is
decreased. Four kinds of preheating strategies are described in Table 5 to discuss
the effect of preheat process on temperature difference of battery. The power con-
sumptions of four kinds of strategies during preheating are 540 J, which is the
power consumption when the heating power is 3 W in heating process. The Tmax

and DT in battery change with different preheating process are shown in Fig. 15.
The Tmax of battery is raised quickly and exceeds 20 �C at the end of preheating
with different heating strategies. However, the heating time for four kinds of cas-
es is different. The heating time of Case 3 is 140s, shortest among four kinds
of strategies, while the preheating times of Case 1, Case 2, and Case 4 are 180 s,
200 s and 180 s, respectively. However, the DT value of battery at the end of pre-
heating in Case 4 is lowest, which is 2.8 �C, and the DT values of battery for Case
1, Case 2, and Case 3 are 5.1 �C, 3.6 �C and 3.2 �C, respectively. As compared
with Case 1, the preheating time and temperature difference of Case 3 are reduced

Table 5
Different Preheating Process of PI Heating Film

Strategies Preheat process Time (s)

Case 1 Preheating the battery with 3 W power for 180 s 180

Case 2 Preheating the battery with 3 W power for 170S, and then preheating the

battery with 1 W for 30 s

200

Case 3 Preheating the battery with 5 W power for 100 s, and then \preheating the

battery with 1 W for 40 s

140

Case 4 Preheating the battery with 5 W power for 60 s, preheating the

battery with 3 W for 60 s, and then preheating the battery with 1 -

W power for 60 s

180
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by 40 s and 1.9 �C. The heating power of the battery is 5 W first in Case 3, and
reduces to 1 W subsequently, which can improve the preheating performance com-
prehensively.

6. Conclusion

To reduce the fire risk of LIBs, battery preheating is important for EVs operation
in low temperature environment. In this study, the electro-thermal model and
the preheating model of LIBs at low temperature are established and verified
based on the second-order ECM, and the temperature changes of battery dis-
charge at low temperatures and preheating with PI heating film are investigated.

(1) The thermal performance of simulation is verified by experiment, and the
ECM of battery can adjust the internal parameters according to the SOC and
temperature.

(2) When the battery is preheated from - 15 �C to 25 �C, the ohmic resistance of
battery decreases from 0.12 X to 0.05 X at SOC of 0.5.

(3) When the power of symmetrical heating films increases from 1 to 5 W, the
heating time reduces from 395 to 126 s, while the power consumption and
temperature difference are worsened.

(4) As compared with Case 1, the preheating time and temperature difference of
Case 3 are reduce by 40 s and 1.9 �C, which can improve the preheating per-
formance comprehensively.

SUPPLEMENTARY INFORMATION

The online version contains supplementary material available at https://doi.org/
10.1007/s10694-022-01251-0.
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