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This study aims toward the application of composite phase-change material (CPCM) in
electric vehicles, which suffers from leakage, high rigidity, and low thermal conductivity. In
this study, a novel flexible composite phase-change material (CPCM) with high thermal
conductivity and low leakage has been proposed, presented, and utilized in a battery
module. Among these, polyethylene glycol (PEG), as a phase-change component,
styrene–butadiene–styrene (SBS) as support material, and ethylene–propylene–diene
monomer (EPDM) as assisted packaging material could greatly enhance the flexibility
and deformability of CPCM. Besides, boron nitride (BN) was adopted to enhance the heat-
dissipating capacity and reduce the temperature difference in the module. In addition,
compared with other cooling methods, the battery module with compact and efficient
advantages are analyzed at different discharge rates. The results revealed that the flexible
CPCM was controlled below 44.8°C, and the temperature difference was maintained
within 5.6°C at 3C discharge rate. Even during the charge–discharge cycles, it displayed
lower temperature fluctuation within the acceptable range. These outstanding shape
recovery and antileakage performances of BN-based flexible CPCM would provide
insights into battery modules with desirable assembly methods and process flexibility.

Keywords: composite phase change material, thermal contact resistance, thermal-induced flexibility, battery
thermal management, anti leakage property

INTRODUCTION

In order to alleviate the environment and energy crisis, electric vehicles (EVs) and hybrid electric
vehicles (HEVs) have attractedmuch attention in recent years. Lithium batteries, with their high energy
density and without memory effect, have been widely utilized in EVs and HEVs. Nevertheless, a Li-ion
battery displays much sensitivity to temperature, which would greatly affect the delivered capacity and
power capability. Besides, battery failure could cause thermal hazard, and the thermal safety problem of
battery module becomes the focus of the public (Nanthagopal et al., 2020; Turksoy et al., 2020; Zhao
et al., 2021). Therefore, many investigators have concentrated on exploring various battery thermal
management (BTM) systems to control the temperature and temperature difference (ΔT) of the power
battery modules (Qin et al., 2021; Wang et al., 2021; Zhuang et al., 2021).

Among the different BTM technologies, the phase-change material (PCM) cooling method has many
advantages, such as simple installation, temperature homogenizing capability, and outstanding cooling
effect, become an efficient cooling solution for a battery module (Chen et al., 2020; Ding et al., 2020),
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which cannot only absorb and release large amounts of latent heat
during the phase-transition process but also without additional
energy consumption and equipment in the application of battery
module (Safdari et al., 2020; Xiao et al., 2021).

There are some organic solid–liquid PCMs utilized in various
areas owing to higher latent heat, crystalline materials, such as
paraffins (Wu et al., 2015), poly(ethylene glycol) (PEG)
(Sundararajan et al., 2017), fatty acids (Yuan et al., 2014;
Luan et al., 2016; Sang et al., 2019), and fatty alcohol
(Atinafu et al., 2018). Among these, PEG has many
advantages, such as easy preparation, low cost, and high
latent, which had been utilized in buildings, solar energy
storage, and temperature-conditioning system fields. Besides,
it could be applied in the BTM system. The main reason is that
the appropriate temperature range and thermal performance of
PEG can be obtained by regulating the size of molecular weight.
Nevertheless, some drawbacks to restrict the PEG application
range still existed, such as inferior dissipating heat capacity, easy
leakage, and strong rigidity, especially when utilized in EVs
and HEVs.

In order to overcome these serious problems, it is very
necessary to explore the composite PCM with excellent
flexibility and thermal properties, which could be applied in
many thermal storage fields. PEG can be compounded with
polymers, such as polyurethane (Tang et al., 2016) and epoxy
(Lu et al., 2019) and polyethylene, which would not only exhibit
a higher melting temperature but also sustain the stability
during the phase-change process, so as to avoid the leakage
of PCMs efficiently. Wang et al. (2017) introduced the PCMs
supporting large-scale manufacture of 3D porous structures,
which could be applied in the CNC hydrogel based on UV-
induced click chemistry. Uemura et al. (2010) proposed the
porous coordination polymers combined with PEG to improve
the effect on the energy storage and phase-change temperatures.
Ling Zhou et al. (2020) investigated the cross-linked polymer as
a supporting material to be combined with PEG as templates.
The result revealed that the self-template method has a higher
PEG loading value. Nevertheless, the CPCM with traditional
materials still exhibited a relatively high rigidity and fracture
easily under external force conditions. Thus, it is very essential
to explore a form-stable CPCM with good elastic flexibility.

In surveying the literature, the styrene–butadiene–styrene
(SBS) polymer with a thermoplastic elastic supporting skeleton
can improve the flexible CPCM performance, which could build
three-dimensional network structures with polybutadiene
segments, thus, decreasing the volume change in CPCM. Li
et al. (2019) prepared petroleum asphalt with an SBS composite
material to improve the wider temperature range so as to resist
the fatigue crack. Chriaa et al. (2020) investigated a shape-
stabilized PCM based on hexadecane/LDPE/SEBS, which could
be beneficial in strengthening the stability of deformation. Our
group had investigated the SBS@PA/EG that exhibited an
obviously flexible performance and is utilized in a battery
module to regulate the temperature distribution. However, it
is still needed to improve the elastic and antileakage
performances of the SBS-based CPCM. Considering that the
ethylene propylene diene monomer rubber (EPDM) blends with

the hard segment composed of a crystalline zone and a soft
segment, which can form an amorphous zone, it can display
good flexibility and high resilience at room temperature, which
had been applied in the rubber industry to enhance the
flexibility and aging resistance performance (Huang et al.,
2021). Considering these optimum properties, it has the
potential possibility to improve the mechanical properties of
CPCM. Recently, there are many researchers that have already
focused on battery thermal management system with flexible
phase-change materials. Huang et al. (2020) had prepared SBS@
PA@AlN flexible CPCM, which exhibited an excellent flexibility
and could be easily bent to 180° at 70°C. Zhang et al. (2021) had
proposed a SR@PW@EG@BN flexible CPCM battery thermal
management system, which could not only control the
temperature of the battery but also exhibit an excellent
impact buffer capacity. Wu et al. (2022) presented a flexible
phase-change material with polyether soft chain segments as the
support material, which achieved good flexibility at low
temperature and exhibited excellent thermal management
effect. However, in order to satisfy the dissipating heat
efficiency requirements of CPCM in EVs and HEVs, the
thermal conductivity still needs to be improved further.

Although the CPCMwith EG (Tian et al., 2016; Dongyi Zhou
et al., 2020), carbon fiber (Gao et al., 2020), and metal (Drissi
et al., 2019; Gulfam et al., 2019) has been widely applied in EVs
and energy storage fields, due to their thermal conductivity and
absorbability properties, it only focused on strengthening the
heat transferring capacity. Whereas the chemical stability of
CPCM could be directly affected by the thermal safety
performance of the battery module, it was always neglected
in the application. Boron nitride (BN) is become a promising
material to obtain these objects because it has excellent
insulation performance and high thermal conductivity. Yang
et al. (2017) prepared a CPCM of PEG, graphene nanosheets,
and BN. It has excellent light absorption ability while
maintaining a high latent heat of 133.5 J/g. Jia et al. (2020)
prepared a chitosan-coated PEG composite phase-change
material, which was able to increase its thermal conductivity
to 2.77 W/m·K with the addition of BN, and also had a latent
heat of 136 J/g. To sum up, there are numerous investigators
that have just concentrated on optimizing the various
performances of CPCM. A few researchers deeply analyzed
the requirements of CPCM, applying them in the large-
format lithium-ion battery modules. Herein, a novel flexible
CPCM, with different mass fractions of BN as thermal
conductive addition mixed with EPDM and SBS, has been
proposed. The SBS and EPDM could strengthen the
mechanism performance with a synergistic effect. Besides,
there are various parameters in CPCM, such as thermal
conductivity, thermal stability, and mechanical strength, that
needs to be analyzed. In addition, the 25 ternary batteries that
were assembled in a battery module with various BTM systems
were discussed. Compared with air cooling and rigid CPCM-
based thermal management approaches, the battery module
with flexible CPCM and the thermal management effect
during the long cycles at different discharge rates were was
further investigated.
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EXPERIMENTAL SECTION

Materials
SBS with excellent bending and stretching properties, which
plays the role of a supporting material, was purchased from
Guangzhou Yongzheng Chemical Co., Ltd. EPDM (Anhui
Lixin Rubber Technology Co., Ltd.), as a cross-linking
agent, can play a role in improving the flexibility of
composite phase-change materials. PEG2000 with a melting
point of 46°C was purchased from Jiangsu Haian
Petrochemical Plant. Hexagonal boron nitride, with a
thermal conductivity of 33 W/m·K, was obtained from
Liaoning Borda Technology Co.

Preparation
In order to investigate the effects of EPDM and BN on the
mechanical and thermomechanical properties of the composite
phase-change materials, different mass ratios of EPDM and BN
were added to the samples, as shown in Table 1. The composite

phase-change materials were prepared by the solvent
volatilization method, which is not only simple but also has a
low-energy consumption compared with the conventional melt
blending method. The details of the preparation process of
CPCM are shown in Figure 1. In addition, different
proportions of BN in the composite were defined using
SPEB1, SPEB3, SPEB5, SPEB7, and SPEB9, corresponding to
1%, 3%, 5%, 7%, and 9% of BN in the CPCM, respectively.

Figure 1 shows the specific preparation method of the CPCM.
The preparation method of CPCM is solvent volatilization, which
is simpler and less energy intensive than the traditional melt
blending method for preparing phase-change materials.

The preparation process of CPCM is divided into five steps.
First, PEG and BN are poured into an oil bath at 80°C and
heated, and then stirred for 30 min using a stirrer after complete
melting. In the second step, the liquid mixture of PEG and BN
was solidified at room temperature and smashed into powder
form by a pulverizer. Then the solid SBS and EPDM were
dissolved into a gel-like mixture of SBS and EPDM with the

TABLE 1 | Various proportions of each component in composite phase-change material (CPCM) samples.

Sample Styrene–butadiene–styrene (SBS):ethylene–propylene–diene monomer
(EPDM) = 9:1

Polyethylene glycol (PEG) Boron nitride (BN)

SP 40 (pure SBS) 60 0
SPE3 30 70 0
SPE4 40 60 0
SPE5 50 50 0
SPEB1 40 59 1
SPEB3 40 57 3
SPEB5 40 55 5
SPEB7 40 53 7
SPEB9 40 51 9

FIGURE 1 | The preparation process of SBS@PEG@EPDM@BN flexible composite phase-change material (CPCM).
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aid of a magnetic stirrer using a CCl4 solvent. Subsequently, the
PEG and BN mixture powder was mixed with the gel-like SBS
and EPDM mixture, and poured into a mold. It is worth
mentioning that during the mixing process of PEG and BN
powders with SBS and EPDM gel-like blends, it is necessary to
reduce the pore space inside the material by repeated extrusion.
Finally, while waiting for the CCl4 solvent in the SBS@PEG@
EPDM@BN material to volatilize completely at room
temperature, the flexible CPCM was prepared.

The Characterizations of Different samples
The Microstructure Analysis and Chemical
Characterization
Fourier transform infrared spectroscopy (FT-IR, Bruker
Tensor-27) was utilized to characterize the different samples,
which ranged from 500 to 4,000 cm−1 at 2 cm−1 resolutions with
a KBr disk.

Besides, the X-ray diffractometer (Rigaku D/max-2550) using
Cu Kα radiation (0.154056 nm) was applied to test the chemical
structures. The 2θ range of the XRD is from 10 to 80° with a
scanning speed of 10°/min.

The Morphology and the Mechanical Characterization
The samples of various CPCMs were described through the SEM
(Hitachi S-3400 N, Japan), which was under the condition of 20-
kV accelerating voltage. The mechanical strength was described
with bending and tensile strength. The measurement samples
were fabricated as long strips with a size of 12 * 6 * 2 mm and were
tested with a universal tension machine (CTM8000 Xie Qiang
Instrument Manufacturing Co., Ltd., China).

The digital display thermostat heating platform
(GermayHeater STC803-II, China) and electronic balance
(SheYanYiQi JA1003, China, accuracy is 0.001 g) were utilized
to measure the shape stability of CPCM. The Qn each hour using
the electronic balance was adopted to evaluate the quality of the
different samples.

Different 30 mm diameter circular samples were heated on a
digital display heating platform at 50°C for 7 h. The quality of
samples was recorded as Qn each hour using an electronic
balance. The quality maintenance rate (R) could be calculated
by Formula 1. Q0 indicates the initial quality of samples in
Formula. 1.

R � Qn

Q0
× 100% (1)

Thermodynamic Characterization
The differential scanning calorimeter (DSC, Q20, TA
Instruments Inc.) was characterized by the latent heat of
CPCM. Every sample weighing 5 mg was heated from 20°C
to 80°C, which was under the condition of nitrogen atmosphere
at a rate of 5°C/min. Through discussion of the heat flow versus
time curves among these samples, the corresponding latent heat
values were measured. Besides, various CPCM samples were
prepared to smoothen the circular blocks to test the

corresponding thermal conductivity with the hot-disk
thermal conductivity meter.

Battery Thermal Management System
Evaluation
In order to investigate the cooling effect of CPCM-based
thermal management for a battery module, as seen in
Figure 2, serials of charge/discharge temperature
measurement experiments were set up. The battery modules
under the 26°C thermostat (CK408G, Dongguan Qinzhuo
Environmental Test Co., Ltd., China) were built, which were
tested with an equipment (BTS-4000, Shenzhen NEWARE Co.,
Ltd., China) during the charge and discharge process. In order
to evaluate the temperatures of the battery module in this
process, some special position batteries were connected to the
temperature collector by thermocouples (OMEGA type,
accuracy of ±0.1°C, Tqidec Co., Ltd., China). The measuring
equipment and temperature collector measured the dates and
were recorded in the corresponding test system of the
computer.

RESULTS AND DISCUSSION

Chemical Characterization
The crystal structures of different materials were characterized
by XRD. Figure 3A shows the XRD curves of SPEB7, SPE4, SP,
PEG, and BN. The XRD curves of the three CPCMs of SPEB7,
SPE4, and SP display two sharp derived peaks at 2θ of 19.32° and
23.56°, which are the characteristic peaks of PEG. In addition,
toward the XRD curve of SPEB7, there are also derivative peaks
at 2θ of 28.96°, 36.58°, and 60.88°. They could be ascribed to the
7% BN addition. Besides, it can be clearly observed that the
intensity of the characteristic peaks of PEG at 2θ of 19.32° and
23.56° are significantly higher than the intensity of the derived
peaks of SP, SPE4, and SPEB7. The main reason was that PEG
content in the three CPCMs is a considerable limitation,
respectively. Besides, the SBS, EPDM, and BN in the CPCM
restricted the crystallization of PEG. In addition, compared with
the XRD curves of SPEB7 and BN, it could be observed that no
new derivative peaks appeared, which indicates that the BN
added into CPCM could not bring about extra chemical
reactions.

The chemical structures of the different samples were
characterized by FT-IR spectroscopy. Figure 3B shows the
comparison of FT-IR spectra among PEG, SPE4, and SPEB7
samples. The maximum absorption peaks at 3,447, 2,921, 1,101,
and 950 cm−1 correspond to hydroxyl (–OH) stretching, alkyl
(–CH2) stretching, –C–O–C– symmetric stretching, and crystal
peaks, respectively. As for the FT-IR spectrums of SPE4 and
SPEB7, the corresponding absorption peaks with PEG is at
698 cm−1, which is caused by the –CH vibration in EPDM.
In addition, compared with the FT-IR spectra of SPE4 and
SPEB7, it reveals that no absorption peaks were generated or
flattened after the addition of BN to the CPCM. It could also be
demonstrated that there is only physical mixing between BN
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and CPCM. No chemical reaction was produced during the
synthesis process of CPCM.

Micromorphology Analysis
In order to analyze the CPCM from themicroscopic perspective, the
morphology of the different samples was characterized by SEM. As
shown in Figure 4A, the PEG displays a compact long strip shape.
As shown in Figure 4B, the pure SBS exhibits a smooth and
continuous morphology, but it lacks sufficient cross-linking
points among the CPCM. The SEM images of EPDM and BN
are shown in Supplementary Figure S1, which shows that EPDM
has a rough and irregular surface. As displayed in Figure 4C, when

EPDMwas added into the PEG/SBS, a distinct cross-linked network
could be built among the composite materials, which exhibits
excellent elastic performance. In sample SPEB7, the three-
dimensional cross-linked structures of EPDM and SBS can be
beneficial in improving the encapsulation of PEG and granular
BN with synergistic effect. Besides, it could be observed that the BN
can distribute uniformly in the composite material, which can
greatly improve the thermal conductivity of CPCM. Therefore, it
should be concluded that the three-dimensional cross-linked
structures can support CPCM with deformation stress, so as to
strengthen the bending strength and tensile strength of the CPCM
performances.

FIGURE 2 | Battery charging/discharging temperature measurement system.

FIGURE 3 | (A) XRD curves of the different samples. (B) Fourier transform infrared spectroscopy (FT-IR) spectra of the different samples.
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FIGURE 4 | SEM images of (A) polyethylene glycol (PEG), (B) styrene–butadiene–styrene (SBS), (C) SPE4, and (D) SPEB7.

FIGURE 5 | (A) Twist test results of the different samples. (B) Tensile strength and bending strength curves of the different samples. (C) The quality maintenance
rate curves of the different samples. (D) The quality maintenance rate curves of the different samples with boron nitride (BN).
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Shape Stability and Mechanism
Performance
In order to investigate the flexible performance of the different
CPCMs, twist tests were carried out in the samples, such as PEG, SP,
SPE4 and SPEB7, as shown in Figure 5A. It can be observed that
PEG is a rigid material, which could not be twisted under external
force conditions. On the basis of the experiment results, the SP is
slightly twisted under external force owing to the SBS wrapping.
Besides, SPE4 with EPDM added is able to be twisted by 540° under
external force, which is more significant than that of SP. The results
indicate that EPDM can greatly improve the flexible performance of
SBS-coated PEGmaterials. In addition, after adding the SBS/EPDM/
PEG with 7% BN, it could be observed that the flexible performance
was able to be twisted by 1,080° under a similar external force
condition.

To illustrate the mechanical characterization of the different
samples clearly, the bending and tensile strength among PEG,
SP, SPE4, and SPEB7are analyzed, and the results are shown in
Figure 5B. It can be observed that the tensile strength of the samples
increased from 0.15 to 0.48Mpa. It is concluded that the SBS/EPDM
exerted a positive effect to improve the mechanism effect, which
formed a tight three-dimensional structure to restrict the PEG to
fracture. In Supplementary Figure S2, when the BN proportion in
CPCM surpassed 7%, the bending strength had a decreasing
tendency. It was observed that the flexible property of PSEB
decreased as the BN correspondingly increased. The excessive BN
affected the continuity of the SBS among the composite material,
which could cause the decreasing flexibility of CPCM.

Besides, the quality maintenance of CPCM could directly affect
the servicing lifespan of CPCM, especially utilized in the battery
module. If the CPCM incurred severe liquid leakage, it would
decrease the enthalpy of CPCM and seriously affect the safety of
the battery module. The quality maintenance rate curves of thte
different samples, as shown in Figure 5C, could indicate that the
EPDM and SBS could be beneficial in improving quality
maintenance. The main reason was that the EPDM with three-
dimensional cross-link assisted SBS to prevent PEG leakage.

In further analyzing the influence of BN on the composite
material, as shown in Figure 5D, it could be obtained that the
quality maintenance rates among SPEB9 are from 97.2% to
98.1%, so it can be concluded that BN played a little effect on
the leakage of CPCM. In order to visually describe the shape
stability of different shapes, the samples on the filter paper
were photographed to analyze the wetting range of various
samples. When the various BNs were added to the CPCM, the
shape stability almost remained invariable.

In addition, the thermal conductivity is very important as it
affects the rate of heat storage release and absorption during
the phase-change process, especially in the battery module.
Figure 6C exhibits the thermal conductivity of various samples
with the mass ratio of BN. The thermal conductivity of CPCM
without BN is only 0.21 W/m·K. By adding different
proportions of BN in CPCM, the thermal conductivity of
SPEB1, SPEB3, SPEB5, SPEB7, and SPEB9 are 0.37, 0.56,
0.69, 0.77, and 0.83 W/m·K, respectively. Nevertheless, the
increase in the value of thermal conductivity incurred a
decreasing tendency after the BN surpassed 7%. The main
reason was that among the CPCM, BN filling was sufficient, so
as to restrict the SBS/EPDM distribution uniformly. Thus, it
should be concluded that the thermal conductivity obtained
the optimum value when BN proportion was 7% in the CPCM.

As we know, the absorbed heat degree of CPCM was very
essential to affect temperature distribution in the battery
module. Figure 6D displays the DSC of the different
samples, such as PEG, SPE4, SPEB7, and SPEB9. The latent
heat value (H) and melting temperature relationship could be

FIGURE 6 | (A) Thermal conductivity curves of the different samples. (B) Differential scanning calorimeter (DSC) test curves of the different samples.

TABLE 2 | Latent heat and melting temperature of CPCM.

Sample Latent heat (J/g) Melting temperature (°C)

PEG 176.7 46.3
SPE4 122.4 45.7
SPEB7 102.4 45.1
SPEB9 93.5 44.5
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obtained, which is calculated in the Table 2. The latent value of
SPEB7 was obviously lower than pure PEG. This is ascribed to
the latent heat that was contributed by the PEG. The content of
PEG was obviously reduced, so H decreased. Besides, with the
increase in the CPCM, H has a decreasing tendency. The
reason for this is that the BN with high thermal
conductivity could transfer the heat absorbed by PEG timely
and quickly.

The Evaluation of Battery Thermal
Management
To clearly analyze the cooling effect of battery modules with
various thermal management systems, three battery modules,
such as air cooling, rigid CPCM, and flexible CPCM, were

investigated, as described in Figures 7A–C. From the

aforementioned analyzed results, the flexible CPCM with

PSEB7 was applied in the battery module. In contrast with

that, a similar mass ratio of PEG and BN was utilized to prepare

the rigid CPCM.

Compared with air cooling and rigid CPCM, flexible CPCM,
in Figures 7D–F, shows the temperature curves of the battery
modules at different discharge rates. The maximum
temperatures of the battery module with rigid PCM and
flexible CPCM are 32.2°C and 31.5°C, respectively, which
are obviously lower than the air cooling effect at a discharge
rate of 1 C. This is primarily due to the thermal conductivity of
air, which was markedly lower than CPCM. The maximum

FIGURE 7 | Three battery modules with various cooling systems: (A) Air cooling, (B) rigid CPCM, and (C) flexible CPCM. Temperature curves of the three battery
modules with different cooling systems: (D) Air cooling, (E) rigid CPCM, and (F) flexible CPCM at 1C, 2C, and 3C discharge rates.
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temperature of the battery module with rigid PCM is close to
that of the module with flexible CPCM.

However, the maximum temperature of air-based and rigid
CPCM battery module at 3C discharge rate could reach 65.8°C
and 50.6°C, respectively, as shown in Figure 7F. In contrast,
the flexible CPCM for a battery module could control the
maximum temperature to 44.8°C, which is lower than air
cooling and rigid CPCM. This is probably due to the
flexible CPCM, which could make a tight contact fitting
with batteries and further decrease the contact thermal
resistance. The corresponding mechanism diagram is shown
in the inset figure in Figures 7D–F.

In addition, the temperature difference (ΔT) has been
recognized as the vital parameter to indicate the thermal
behavior of the battery module. Figure 8A displays the
temperature difference curve among battery modules with
various cooling approaches. The maximum ΔT values of
these battery modules at different discharge rates are
summarized in Figure 8C. Especially at 3C discharge rate,
the maximum ΔT of the battery module with air cooling was
severely inconsistent, which could easily cause thermal
runway. Compared with that, the maximum ΔT of the
battery module with flexible CPCM is just 5.7°C. It reveals

that the temperature difference could significantly decrease
during the discharge rate, especially at a high discharge rate.
Therefore, it could lead to the conclusion that the flexible
CPCM for battery module demonstrates the optimum
temperature capacity, which could be in a much closer
contact with batteries than rigid CPCM and, thus, improve
the transferring heat efficiency.

The temperature stability of the battery module is an
important indicator in evaluating thermal management
effect during the charge and discharge process. In
evaluating the capacity of the battery module with various
BTM systems, 10 cycles were carried out at 1C, 2C, and 3 C
discharge rates. The temperature curves of the different battery
modules are displayed in Figure 9. It could be seen that the
temperature of the flexible CPCM-based battery module is
only 44.8°C, which is markedly smaller than the value of air
cooling system, and is also lower than the temperature of the
battery module with rigid CPCM. Therefore, it can be induced
that the battery module assembled with flexible CPCM could
obtain an optimum controlling temperature effect during long
multicycle operating conditions, which would enhance the
thermal safety of the battery module.

FIGURE 8 | (A) Temperature difference curves during the discharge process of the three battery modules with different cooling methods. (B) Maximum
temperature values during discharge of the battery modules with three different cooling methods. (C) Maximum temperature difference values during discharge of the
battery modules with three different cooling methods.
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CONCLUSION

In this study, a passive battery module management system
with flexible composite PCM has been proposed and
experimentally researched. Initially, the structure, thermal
property, and morphology of composites were investigated
in detail. Then, the battery modules with various cooling
systems were designed and carried out at different discharge
rates during 10 charge and discharge cycling processes. The
main results are summarized as follows:

1) A good compatibility of the PEG/SBS/EPDM/BN composite
material is exhibited. The quality maintenance rate of the
flexible CPCM is maintained at 98.1%, surpassing by 7.7%,
under 50°C heating condition for 7 h, the 90.4% SBS/EPDM
in the composite material.

2) BN with its high thermal conductivity could enhance the
heat transferring capacity of CPCM, which could reach up to
0.83 W/m·K when the BN proportion was 9%.

3) Compared with air cooling and rigid CPCM, the shape
recovery of the flexible CPCM can effectively reduce
thermal contact resistance, so as to increase the thermal
stability of the battery module. The maximum temperature
could be controlled below 44.8°C at 3C discharge rate.

In summary, this research reveals that the flexible CPCM
can provide excellent thermal management effect and have
great promising prospects in the application of energy storage
fields.
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