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Abstract: In this work, we develop a hybrid battery thermal management (BTM) system for a
7 × 7 large battery module by coupling an epoxy resin (ER)-enhanced phase change material (PCM)
module with internal liquid cooling (LC) tubes. The supporting material of ER greatly enhances the
thermal stability and prevents PCM leakage under high-temperature environments. In addition, the
other two components of paraffin and expanded graphite contribute a large latent heat of 189 J g−1

and a high thermal conductivity of 2.2 W m−1 K−1 to the PCM module, respectively. The LC tubes
can dissipate extra heat under severe operating conditions, demonstrating effective secondary heat
dissipation and avoiding heat storage saturation of the module. Consequently, during the charge-
discharge tests under a 40 ◦C ambient temperature, the temperature of the PCM-LC battery module
could be maintained below 40.48, 43.56, 45.38 and 47.61 ◦C with the inlet water temperature of
20, 25, 30 and 35 ◦C, respectively. During the continuous charge-discharge cycles, the temperature
could be maintained below ~48 ◦C. We believe that this work contributes a guidance for designing
PCM-LC-based BTM systems with high stability and reliability towards large-scale battery modules.

Keywords: phase change material; liquid cooling; battery thermal management; secondary heat
dissipation; thermal conductivity

1. Introduction

The increasing environmental pollution and energy crisis promote the fast develop-
ment of electric vehicles (EVs) in the past decade [1]. Lithium-ion batteries (LIBs) are widely
used to assemble the battery modules in EVs by virtue of their high energy density, long
cycle life and negligible memory effect [2]. Nevertheless, LIBs present particular sensitivity
to the operating temperature [3]. An over-high temperature or over-large temperature
difference (∆T) may aggravate battery material degradation, thus shortening the lifespan
of the LIBs [4]. Furthermore, in extreme cases, thermal runaway of the LIBs occurs when
the heat accumulates seriously, leading to even explosion and other thermal hazards [5].
Generally, it is believed that the maximum ∆T (∆Tmax) and maximum temperature (Tmax)
of the battery modules should be maintained below 5 and 50 ◦C, respectively [6]. Therefore,
designing a battery thermal management (BTM) system to keep the Tmax and ∆Tmax below
the aforementioned values, is an effective strategy to improve the service life and safety of
battery modules.

Among many BTM systems of battery modules, forced air cooling possesses low
cooling efficiency and poor temperature-uniform performance for large battery modules [7].
Although liquid cooling (LC) demonstrates excellent heat dissipation capacity and is
widely used in practical applications, it is still criticized for its complex structure and
coolant leakage risk [8]. The temperature-control technology based upon phase change
material (PCM) has attracted enormous attention in BTM systems due to its high cooling
efficiency, simple installation and passive cooling property compared to forced air cooling
and liquid cooling [9]. In order to conquer the intrinsic drawback of pure PCMs, numerous
works are focused on designing novel composite PCMs (CPCMs) to meet the requirements
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of BTM [10]. For instance, Fan et al. [11] prepared a paraffin/carbon nanofillers CPCM.
They found that the thermal conductivity of the CPCM could be enhanced by increasing
mass fractions of nanofillers. Yang et al. [12] constructed a metallic thermal conductive
skeleton for CPCM by simply filling paraffin (PA) into the a copper foam with a pore size
2–3 mm and a porosity of 97%.

However, in practical applications, the PCM-based BTM technology still faces a chal-
lenge [13]. Under harsh working conditions, the battery module produces a large amount
of heat [14]. Owing to the limited heat storage density of PCM, (localized) heat storage
saturation of the PCM module appears, and consequently loses the temperature-control
ability, leading to a continuous temperature rise in partial batteries [15]. Thus, coupling
an active secondary heat dissipation technology with the PCM module, in other words,
constructing a hybrid BTM system, is an effective strategy to solve this issue [16].

Among various secondary heat dissipation technologies, LC is the most commonly
used technology for the PCM module [17]. Generally speaking, the previous works relevant
to the hybrid PCM-LC system for cylindrical battery modules can be classified into three
categories (Table 1):

(1) Internal heat dissipation. The cylindrical cells and LC components such as LC channels
and LC plates are simultaneously installed into the PCM module.

(2) External heat dissipation. The cylindrical cells are inserted into a regular PCM module,
and then LC components are installed on the outer surface of the PCM module.

(3) Single-unit heat dissipation. Each cylindrical cell is inserted into a well-designed
tubular PCM unit. Then, special LC components are designed to match the curve
surface of these “cell-PCM” units, assembling into a battery module.

Table 1. Hybrid PCM-LC systems in previous works.

Category Reference Photos/Diagrams of
the Battery Module

Structural Design
(Module Scale)

Cooling
Performance Method

(1)
Internal heat
dissipation

[18]
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Table 1. Cont.

Category Reference Photos/Diagrams of
the Battery Module

Structural Design
(Module Scale)

Cooling
Performance Method
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The single-unit heat dissipation strategy (category (3)), in spite of its novel structure
and high cooling performance, is still far from practical application because of its complex
structure, tedious assembling process and the difficulty to process tubular PCM units.
Therefore, experimental investigations are only focused on external and internal heat
dissipation strategies. Ling et al. [27] attached four LC plates on the side-surfaces of a
PCM module consisting of 20 cylindrical cells. Li et al. [28] installed two heat sinks on
the opposite surfaces of a PCM module assembled with 15 cylindrical cells. Wu et al. [29]
placed a mini-channel cold plate at the bottom of the PCM module. However, owing to the
diversified heat transfer distances from the cells located in different positions to the outer
LC components, external heat dissipation may lead to a relatively non-uniform temperature
distribution, especially for large-scaled battery modules with large dimensions. In addition,
the LC components outside the PCM module occupy extra space, decreasing the volumetric
energy density of the battery modules. Constructing an internal heat dissipation structure is
considered as a more suitable strategy to reduce the temperature difference and increase the
volumetric energy density of the battery module. For example, Lebrouhi et al. [23] inserted
9 aluminum tubes into the PCM module consisting of 24 cylindrical cells. Kong et al. [18]
holistically inserted 24 commercial cylindrical cells and 5 S-shaped aluminum tubes into
the PCM matrix. Zhao et al. [21] added a ribbon-shaped metallic cooling channel into the
PCM module containing 20 cylindrical cells.

Although significant progresses have been made by the above designs of the hybrid
PCM-LC systems, there still remain obvious problems in the previously reported exper-
imental investigations: (1) relatively small-scale battery modules assembled by no more
than 25 cells are used for the experimental tests, in which serious heat accumulation phe-
nomenon might not appear; (2) pure PCMs or binary CPCMs (adding expanded graphite
(EG) or metallic component into pure PCM) are used to prepare the PCM module. Un-
doubtedly, such PCM modules are thermally instable. Under harsh working environments
like high ambient temperature and/or high-rate/repeated charge-discharge, PCM leakage
and module deformation/collapse will inevitably occur in large battery modules with more
severe heat generation [33]. These problems greatly reduce the feasibility of the hybrid
PCM-LC systems in practical applications.

Therefore, this work aims to construct an efficient and high-stable PCM-based BTM
system suitable for large-scale battery modules. We assembled a relatively large battery
module consisting of 49 cylindrical cells as the cooling target and design a corresponding
hybrid cooling structure by coupling a high stable epoxy resin (ER)-enhanced CPCM
module with internal LC tubes. As highlighted here, under severe operating conditions,
the ER component introduced in the CPCM acts as a thermosetting supporting material to
enhance the thermal stability and prevent PCM leakage of the large CPCM module. The
high thermal conductivity benefiting from the EG component may transfer the extra heat
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to the liquid cooling tubes, avoiding thermal storage saturation in the CPCM module. For
example, under a simulated harsh working condition with a 40 ◦C ambient temperature and
3 C discharge rate, the obtained hybrid PCM-LC BTM system delivers outstanding cooling
and temperature-uniformed performances compared to the PCM-air cooling structure.

2. Experimental Section
2.1. Materials

PA was obtained from Shanghai Joule wax Co., Ltd., Shanghai, China. Natural graphite
sheets were purchased from Qingdao Yanhai carbon materials Co., Ltd., Qingdao, China.
ER was purchased from Hunan BAXIN brother Materials Co., Ltd., Changsha, China. All
the materials were used as received without further purification. The 18650 cylindrical LIBs
were obtained from Tianjin Lishen Battery Co., Ltd., Tianjin, China.

2.2. Preparation and Characterizations of the CPCM

In order to endow the resultant PCM module with a high thermal stability and thermal
conductivity, we prepared a CPCM by selecting PA, EG and ER to be the PCM, thermal
conductive filler and thermosetting supporting material, respectively. The preparation of
PA/EG/ER-based CPCM adopted a physical-blending method shown in Figure 1. Pure
PA was added into a container placed in an oil bath pot at 90 ◦C (DF-101S, Shanghai
mutual Instrument Co., Ltd., Shanghai, China) under mechanical stirring (JJ-1 200 W, Xuri
experimental instrument factory) until PA was completely melted. Then, EG obtained from
natural graphite sheets was added. After stirring for 2 h, ER was added into the mixture and
kept stirring for another 0.5 h, obtaining a stable and uniform slurry. The mass proportions
of EG and ER in the slurry were 5.5 wt% and 15 wt%, respectively. Finally, the slurry was
poured into the molds with various dimensions and cooled to room temperature. After
cured for 24 h, CPCM specimens with various dimensions were obtained for a thermal
conductivity test, mechanical test and DSC test.
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Figure 1. The preparation process of the CPCMs via the physical-blending method.

A thermal conductivity analyzer (LFA447, NETZSCH-Gerätebau GmbH, Selbu, Ger-
many) and a differential scanning calorimeter (DSC, METTLER TOLEDO DSC3, Zurich,
Switzerland) were utilized to test the thermal conductivity, latent heat and phase change
temperature of the CPCM. The mechanical strength of PA and CPCM was measured with a
Hounsfield universal testing machine.
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2.3. Structural Design of the Battery Module Cooled by CPCM Coupled with Forced
Air Convection

Figure 2a shows the structural design of the battery module cooled by CPCM coupled
with forced air convection. In brief, the aforementioned slurry-state PA/EG/ER mixture
was poured into a cuboid mold with dimensions of 162 × 162 × 55 mm3 and cooled
to room temperature. After the mixture solidified to a cuboid CPCM module, 49 holes
(7 holes in row and 7 holes in column) were drilled on the upper surface (162 × 162 mm2),
which were then used for installing the 18650 cylindrical cells. The diameter of each
hole was 18.5 mm, and the distance between the geometric centers of every two ad-
jacent holes was 23 mm. After that, 49 cylindrical LIBs were inserted into the holes,
and connected into 7 series (S) × 7 parallel (P). Table 2 shows the detailed parameters
of the LIBs. Subsequently, a fan (Yueqing electronic equipment Co., Ltd., Guangzhou,
China with a size of 80 mm × 80 mm) connected to a DC power supply (YK-CD3050,
Yuku network equipment Co., Ltd., Guangzhou, China) was installed 30 cm away from
the side surface of the CPCM module. The airflow velocity was measured by a digital
anemometer (Shenzhen jumaoyuan Technology Co., Ltd., Shenzhen, China). For conve-
nience, this battery module cooled with CPCM and forced air convection was abbreviated
as the CPCM-air module.
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Table 2. Technical parameters of a 18650 LiFePO4 battery.

Item Specification

Mode 18650
Rated Capacity 1.5 Ah
Rated Voltage 3.2 V
Internal Resistance 30~50 mΩ
Weight 40 ± 2.0 g

2.4. Structural Design of the Battery Module Cooled by CPCM Coupled with LC

Figure 2b displays the structural design of the battery module cooled by CPCM
coupled with LC. Likewise, according to the procedure in Section 2.2, a cuboid CPCM
module was prepared, and 49 holes were machined on the module to install the cells.
Subsequently, 36 relatively small holes (6 holes in row and 6 holes in column) (Φ4 mm)
were also machined in every geometric center of 4 adjacent cells for inserting the copper
tubes. After that, 49 cylindrical LIBs and 36 copper tubes were then inserted in the holes,
respectively. The LIBs were also connected with a configuration of 7 S × 7 P. Flowing water
with different temperatures was used as the coolant. The copper tubes were connected to



Energies 2022, 15, 5863 7 of 15

a water pump (Zhongshan HAIGUAN Electric Appliance Co., Ltd., Zhongshan, China).
The temperatures of the inlet water were set to be 20, 25, 30 and 35 ◦C, respectively. For
convenience, this battery module cooled with CPCM, and water flow was abbreviated as
the CPCM-liquid module.

2.5. Setup of the Experimental Testing Platform

In order to test the temperature variation of the battery modules, 6 thermocouples
(T-type, accuracy of ± 0.1 C, USA) were attached on the center of the surface of the
cylindrical cells, and the distribution of thermocouples in the battery modules are shown
in Figure 3. The tested temperatures of the six cells were denoted as T1, T2a, T2b, T2c, T2d
and T3. As shown in Equation (1), T2 represented the average value of T2a, T2b, T2c and
T2d. At the same time, according to Equations (2) and (3), the difference between the T3 of
the central battery and T1 of the corner battery was recorded as ∆T13, and the difference
between the T3 and T2 was recorded as ∆T23. T3 reflected the temperature variation of
the whole module, and thus was used to evaluate the heat dissipating performance of the
cooling module, because the central battery usually presented the highest temperature.
∆T13 and ∆T23 were used as indexes to evaluate the temperature-uniform capability of the
BTM system.

T2 = (T2a + T2b + T2c + T2d)/4 (1)

∆T13 = T3 − T1 (2)

∆T23 = T3 − T2 (3)
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For the temperature-control tests, the experimental setup is displayed in Figure 4. The
battery modules were put in a thermostat, and the temperature of the thermostat was set to
be 40 ◦C to simulate a high ambient temperature environment. The charging process of the
battery module adopted a constant current combined with constant voltage mode, and the
discharging process adopted a constant current mode. Charging-discharging parameters
are displayed in Table 3.
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Table 3. Detailed parameters of the charge-discharge protocols of a battery module.

Step Operating
Time Voltage Current Cutoff Current

1 Constant current and constant
voltage charge - 25.55 V 10.5 A 0.8 A

2 Rest 20 min - - -
3 Constant-current discharge - 17.5 A 31.5 A -
4 Rest 20 min - - -
5 Cycle Starting step: 1, Cycle number: 10

2.6. Uncertainty Analysis

The uncertainty of this work is derived from the measurement error of the instrument,
including the temperature, voltage, internal resistance and air velocity. According to the
previous investigations [34,35], the temperature error (σT), internal resistance error (σR),
voltage error (σV), and air velocity error (σv) can be calculated depending on the following
Equations (4)–(7):

σT = ±
√
(σt2 + σc2) (4)

σV = ±

√
∑N=5

i=1 (Vt(i)− Va)
2

N
(5)

σR = ±

√
∑N=5

i=1 (Rt(i)− Ra)
2

N
(6)

σv = ±
√

1
N − 1 ∑N=5

i=1 (vt − va)2 (7)

where, σt, σc, Rt(i), vt(i), Vt(i), Ra, va, and Va were the maximum error of thermocouple,
collection error (σc) of the temperature, tested resistance, voltage, velocity, average values
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of resistance, air velocity and voltage, respectively; The calculating results are presented
in Table 4.

Table 4. Results of the uncertainty analysis.

Parameters Error

Temperature 2.95%
Resistance 4.30%

Voltage 0.92%
Velocity 6%

3. Results and Discussion
3.1. Characterizations of the CPCM

In this work, PA is selected as the PCM because of its low cost (~6 USD kg−1) and
high latent heat (251.2 J g−1), which ensures a high thermal storage density [36]. However,
pure PA is not yet suitable for BTM application owing to its thermal conductivity of
0.23 W m−1 K−1, poor mechanical strength and melting phenomenon after phase change
occurs [37]. Thereby, EG is adopted to enhance the thermal conductivity of the CPCM
due to its low density and well dispersed ability [38]. Additionally, benefiting from the
thermosetting property and room-temperature solidification ability, ER is selected as the
supporting material with the aim of improving the mechanical strength and thermal
stability of the obtained CPCM specimen/module [39].

After being incorporated with 5.5 wt% of EG, the CPCM demonstrates a greatly
increased thermal conductivity from 0.23 to 2.2 W m−1 K−1, which results from the contin-
uous thermal conductive framework formed by EG. On the other hand, the ER component
acts as a supporting skeleton to enhance the mechanical strength and thermal stability of
the CPCM after phase change occurs. Figure 5a shows the tensile strength, bending strength
and compressive strength of the specimens. Each measurement was performed three times.
It can be clearly seen that the average values of the bending strength, tensile strength and
compressive strength of the CPCM are 0.52, 2.74 and 5.91 MPa, which are 0.40, 2.69 and
2.12 MPa higher than those of pure PA, respectively. After placing a cake-shaped CPCM at
a high ambient temperature of 50 ◦C for 150 min (above the phase change temperature), the
specimen still showed a stable shape without any deformation and leakage trace (Figure 5b),
which confirms the great thermal stability of the CPCM benefiting from the ER supporting
skeleton. Figure 5c demonstrates the DSC curves of the PA and obtained CPCM. It was
found that compared to pure PA, the CPCM (PA/EG/ER) possesses a relatively low phase
change onset temperature of 45.6 ◦C and a decreased latent heat of 189 J g−1. This is because
the additional components in the CPCM will reduce the latent heat, and the reinforced
thermal conductivity accelerates the heat penetration speed from the tested sample towards
the calorimeter during the tests. Such superior thermo-physical properties, coupled with
the good thermal stability, are suitable for the CPCM to be used in BTM applications.

3.2. The Temperature-Control Performance of the CPCM-Air Module

All the temperature-control tests were executed under an ambient temperature of
40 ◦C with a 3 C discharge rate of the battery module. Figure 6a shows the temperature
and ∆T variation curves of the CPCM-air module with an air velocity of 1.5 m s−1. Because
the corner battery is close to the outer heat dissipating surface of the module, it presents
the slowest heating rate and thereby results in the lowest temperature value (T1) at the
termination of discharge. Meanwhile, the T3 of the center battery delivers the fastest
heating rate and leads to the highest value at the termination of discharge. This is because
of the more severe heat accumulation at the center of the battery module. As a result, ∆T13
is much larger than ∆T23 during the entire discharge protocol. The maximum temperature
of the central battery is up to 50.09 ◦C, and the temperature difference (∆T13) between the
center battery and the corner battery reaches 3.25 ◦C.
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Subsequently, we tried to increase the air velocity to 2.5 m s−1 to enhance the heat
dissipating effect of the module. As displayed in Figure 6b, unfortunately, no obvious
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reduction of the temperature rises and ∆T can be observed. The T3 of the central battery still
remains at 50.01 ◦C, while the maximum ∆T13 is comparable to that under the air velocity
of 1.5 m s−1. This phenomenon can be ascribed to the relatively low heat transfer coefficient
between air flow and the relatively small outer surface of the bulk CPCM module. As we
further increased the air velocity to 3.5 m s−1, similar phenomena were obtained (Figure 6c).
The T3 of the central battery and ∆T13 are still up to 50.24 and 3.56 ◦C, respectively. The
slightly increased ∆T13 with an increase of the air velocity results from the faster heat
dissipating rate of the corner battery at a higher air velocity. Then, the CPCM-air module
was executed by 10 charge-discharge cycles at a discharge rate of 3 C with an air velocity of
3.5 m s−1 (Figure 6e). During the cycles, T3 of the central battery reaches a maximum value
of 50.98 ◦C, and the ∆T13 between the central battery and the corner battery is up to 3.03 ◦C.
Overall, the relatively low heat dissipating efficiency of the forced air convection is because
the bulk and compact CPCM module lacks airflow channels and outer surface for secondary
heat exchange. Therefore, the CPCM-liquid module was designed by constructing water
flow channels inside the CPCM module.

3.3. Temperature-Control Performance of the CPCM-Liquid Module

Figure 7 presents the ∆T and temperature curves of the CPCM-liquid module with
various water temperatures of 20, 25, 30 and 35 ◦C at a 3 C discharge rate. With the
lowest inlet water temperature of 20 ◦C, the temperatures of the whole battery module
including T1, T2 and T3 decrease first and then increase. This can be explained as follows:
the temperature of the inlet water (20 ◦C) is far lower than the initial temperature of the
battery module (equivalent to ambient temperature of 40 ◦C), and thus the temperature
of the module decreases first. Then, as the generated heat accumulates continuously, the
temperature of the module switches to an increasing trend. At the termination of discharge,
T3 presents the highest value of 40.48 ◦C due to heat accumulation, which is comparable
with the ambient temperature, and the corresponding ∆T13 is 3.73 ◦C.
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Figure 7. Temperature and ∆T variation curves of the CPCM-liquid module with different inlet water
temperatures of (a) 20 ◦C, (b) 25 ◦C, (c) 30 ◦C and (d) 35 ◦C; (e) Comparison of the testing results at
the termination of discharge.
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When the inlet water temperature is raised to 25 ◦C, all the temperatures show similar
decreasing and then increasing trends as above. The slightly decreasing extent results from
the higher inlet water temperature. At the termination of discharge, T3 and ∆T13 increase
to 43.56 and 3.92 ◦C, respectively. As the inlet water temperature is further increased to
30 and 35 ◦C, the initial decreasing trend of T3 disappears because the water temperature
is close to the ambient temperature. Consequently, the T3 reaches 45.38 and 47.61 ◦C,
respectively. Interestingly, ∆T13 demonstrates a decreasing trend as increasing the inlet
water temperature, i.e., 3.73 and 3.08 ◦C with the water temperature of 30 and 35 ◦C,
respectively. This phenomenon is because while the temperature of the inlet water turns
closer to the ambient temperature, the heating rate of the corner battery increases and will
be closer to that of the center cell.

The main purpose of constructing this hybrid PCM-LC system is to meet the cooling
and stability demands of relatively large-size battery modules, particularly under harsh
working environments. Therefore, the charge–discharge of the CPCM-liquid module at
high discharge rate (3 C) and high ambient temperature (40 ◦C) was then executed for
10 continuous cycles. As evidenced in Figure 8, it is clearly seen that the CPCM-liquid
module demonstrates different heating rate and maximum temperature with various
inlet water temperatures at the first charge–discharge cycle. Nevertheless, after thermal
equilibrium at the subsequent cycles, comparable maximum temperature at around 48 ◦C is
obtained. These aforementioned results strongly prove that the as-designed CPCM-liquid
module possesses great feasibility and reliability towards large cylindrical battery modules,
even under extreme working conditions. This outstanding performance not only derived
from the thermal storage performance of the CPCM module and the high heat dissipating
capability of the internal LC strategy, but also benefits from the high thermal stability of
the CPCM module.
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4. Conclusions

In order to construct an efficient and high-stable PCM-based BTM system suitable
for practical applications, we assembled a relatively large battery module and designed
a corresponding hybrid cooling structure by coupling a high stable ER-enhanced CPCM
module with internal LC tubes. The ER component introduced in the CPCM acts as a
thermosetting supporting material to enhance the thermal stability and prevent PCM
leakage of the large CPCM module under harsh working environments. Moreover, besides
the high latent heat of the CPCM (189 J g−1) that absorbs abundant generated heat, the
high thermal conductivity (2.2 W m−1 K−1) of the CPCM plays a crucial role in transferring
the extra heat to the water cooling tubes, which avoids heat storage saturation of the
module. Under a 40 ◦C ambient temperature, the maximum temperatures of the CPCM-air
module with various air velocities always exceed 50 ◦C at a high discharge rate of 3 C. By
contrast, the CPCM-liquid module demonstrates better cooling performance by controlling
the maximum temperature at much lower values. For instance, with the inlet water
temperature of 20, 25, 30 and 35 ◦C, the maximum temperature of the CPCM-liquid module
is 40.48, 43.56, 45.38 and 47.61 ◦C, respectively. During the continuous 10 charge–discharge
cycles, the temperature of the module can be maintained below ~48 ◦C. We anticipate
that this new strategy would promote the progress of the PCM cooling technology for
BTM applications.
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Nomenclature
PCM phase change material
BTM battery thermal management
CPCM composite PCM
EVs electric vehicles
LIBs lithium-ion batteries
∆T temperature difference
Tmax maximum temperature
PA paraffin
EG expanded graphite
ER epoxy resin
DC direct current
DSC differential scanning calorimeter
∆Tmax maximum ∆T
LC liquid cooling
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