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Abstract: A composite container for an electric vehicle (EV) battery module filled with a phase-change
material (PCM) was experimentally tested at various discharge rates. The average cell temperatures
at 1 C, 2 C, and 4 C discharge rates, respectively, might reach 38 ◦C, 50 ◦C, and 70 ◦C in the absence
of any heat-absorbing material. The temperature was noticeably lower with PCM present than with
a conventional battery module. For instance, at 4 C discharge rates, none of the battery cells inside
the PCM-filled module were able to reach 70 ◦C. Unfortunately, the PCM addition also degraded
the composite’s tensile qualities. Further investigations used Paraffin-20 and Caprylone since PCMs
provide a notably different thermal performance due to their distinctive latent heat profiles. It was
observed that a high melting temperature of the paraffin mixture, despite its slightly lower latent heat
capacity compared to Caprylone, could lead to a more uniform temperature. Overall, both PCMs can
be used as passive protection against any potential thermal abuses in EV battery modules, while in
terms of mechanical strength, the use of a composite reinforcement material is strongly encouraged.

Keywords: battery thermal management system; composites; electric vehicles; heat storage; latent
heat; temperature uniformity

1. Introduction

In recent years, there has been a sharp increase in interest in electric mobility opera-
tions. Electric vehicles (EVs) are considered a crucial solution to the long-term objective of
becoming carbon neutral by 2050. However, the biggest obstacle to recent EV breakthroughs
is still energy storage. Due to their long lifespan and high energy density, rechargeable
lithium-ion batteries are utilized in most EVs all over the world. Unfortunately, a battery
of this type is vulnerable to mechanical, electrical, and thermal stresses [1–3]. Vibrations
from rough road surfaces or shocks during collisions are typical causes of mechanical
abuse in vehicles. Meanwhile, conventional vehicles and EVs use various complex electron-
ics to operate, such as gauges, lights, ignition systems or inverters, and air conditioning
systems. Many electric circuits and wiring need to be well conditioned to prevent short
circuits. Lastly, thermal abuse in a vehicle may appear in the form of overheating, par-
ticularly in energy storage systems, which can be caused by extreme atmospheres and
overcharging, overload discharge, or internal electro-chemical failures. Any abuse of the
battery cell may cause a performance decrease or even a hazardous thermal runaway when
uncontained [4–6]. To prevent this, an ample thermal management system needs to be
established.

Current Li-ion batteries used in EVs have a typical optimum temperature range
between 25 and 40 ◦C, which balances their performance and life cycle [7–9]. To pre-
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vent overheating and subsequent thermal runaway, various thermal protection methods
have been developed and reported in recent years, such as liquid or air cooling [10,11],
phase-change materials [12–15], heat pipes [16–18], and hybrid cooling methods [19–21].
Although extensive research has been conducted, major obstacles remain in terms of vehicle
performance, cost, and safety issues.

Phase-change materials (PCMs) are known for their superior latent heat capacity, that
is, they act as heat absorbers without notable temperature increases. PCMs can be used in
many modern engineering applications, such as automotives [22–24], photovoltaics [25–27],
and buildings [28–31], due to their simplicity and affordability on the market. PCMs can
provide passive thermal protection, necessitating no additional power supply. Addition-
ally, PCMs can release trapped heat into their surroundings when no heat is transferred
internally, making them reversible heat absorbers. PCMs are also considered superior for
maintaining thermal uniformity between battery cells [32]. However, organic materials
with relatively poor thermal conductivity make up the majority of PCMs within the op-
timum temperature range for Li-ion batteries, which therefore limits their effectiveness.
Despite this, paraffin and fatty acids are often used due to their relatively constant ther-
mal and chemical characteristics, resilience to corrosives, and affordability compared to
inorganic materials. Both are currently considered promising materials for battery thermal
management applications because of these characteristics, and comparisons with other
PCM types have been thoroughly reviewed, such as in [24]. Several additions, including
graphite/graphene, metal compounds, and nanoparticles, could be used to improve the
issue of thermal conductivity [27,33]. However, there are still several other limitations,
such as weight and environmental side effects, while metal additives in particular require
additional protection against corrosion.

Adding PCM to the EV battery module or pack comes with its own challenges. The
use of porous materials such as metal foams to store the PCM has been extensively stud-
ied [34–37]; however, the main challenges often concern complicated PCM insertion meth-
ods and volumetric change during phase change. Another possibility is to submerge the
battery module or pack in a tight container filled with a PCM. Although this design likely
produces a greater temperature uniformity, the wiring complexity and huge addition of
weight are the main drawbacks. Alternatively, the PCM could be directly immersed in a
certain type of textile, where fiber could also act as a material reinforcement of the com-
posite [38]. Unfortunately, this configuration creates a relatively long distance between the
heat source and the heat-absorbing material, which is undesirable at a higher discharge
rate [39]. This is similar to placing the PCM in a separate carbon container [14], despite
its cost-efficient and simple design, leaving an air gap between the battery and PCM that
requires preventable convective heat transfer, hence delaying rapid heat absorption. A
macro- or microencapsulation alternative has been proposed multiple times, despite its high
manufacturing cost, low thermal conductivity, and dubious capsule strength for enduring
numerous volumetric changes [40–44].

An integrated PCM composite used as a battery holder in the module was experimen-
tally tested under varied discharge conditions and is reported in this paper. Paraffin wax
and Caprylone were selected due to their different latent profiles and compared based on
maximum temperature and uniformity. An organic PCM mixing into a resin composite
could provide closer contact with the battery cell that dissipates heat; hence, it acts as local
thermal protection, where the PCM can effectively isolate the heat dissipation between
neighboring battery cells or modules. It is worth noting that any material addition needs
to be carefully measured, as it reduces the EV’s miles-to-weight ratio [45–47]. As such,
this suggested design could provide a lightweight composite that is more economically
feasible, rather than the other PCM storage types described above. A tensile test was
also performed to quantify the material strength required for vehicle applications and
determine whether a supplementary mechanical reinforcement was needed. Furthermore,
the module composite also needs to be electrically safe to prevent short circuits, especially
considering its naturally compact design. Finally, by analyzing the maximum temperature



Energies 2023, 16, 3896 3 of 12

and the degree of temperature uniformity across all the battery cells, the effectiveness and
suitability of a PCM as a thermal protective layer between each cell locally and the entire
battery module can be evaluated.

2. Materials and Methods

The battery module utilized in this experiment is made up of nine parallel-arranged
(1S9P) 21700 lithium-ion battery cells. Table 1 lists the general specifications of this cell. All
the cells are spot-welded to nickel strips and copper wires to form a single-positive and a
single-negative module tab for charging and discharging processes. The experimental setup
and photos are shown in Figure 1. The module case was made using MEKP (Methyl Ethyl
Ketone Peroxide) and Ripoxy R-804 Vinyl Ester Resin purchased from Justus Kimiaraya,
Indonesia. Two comparable battery module cases were also manufactured, each with 20%
wt Paraffin-20 mix or Caprylone PCM. A higher PCM amount was used but to no avail as
the PCM became no longer fully enclosed by the resin, and thus failed the repeated cycle
test due to the PCM leak. These analytical grade organic PCMs were purchased from Sigma-
Aldrich Singapore. Both PCM samples had their melting points and latent heat capacities
measured using the NETZSCH DSC214 Polyma Differential Scanning Calorimetry (DSC)
(Germany) in N2 atmosphere. Then, 5% wt graphite (G) powder was added to the composite
mixture to enhance its overall conductive heat transfer. All of these materials were heated
in a water bath at 60 ◦C until all the PCM melted, slowly stirred at approximately 60 rpm
for two minutes, and then poured into a 74 mm × 74 mm rectangular mold specifically
designed to contain nine 21700 battery cells in a 3 × 3 configuration, with the smallest
distance between cylindrical cells being 2 mm. The composite was then cured for at least
24 h before its removal from the mold, resulting in a solid battery holder, as depicted in
Figure 1c. The contact part with the battery was smoothed with sandpaper before an Arctic
MX4 thermal paste (less than 1 g for each module) was thinly applied on its surface to
ensure maximum contact and heat dissipation possible from the battery cells to the module.
The total weight of each battery module composite is 75 ± 2 g. Two separate specimens
with the same composition, with and without carbon fiber as a reinforcement material,
were fabricated and cut using CNC milling following the ASTM D638 and ASTM D3039
standards, respectively, in order to evaluate their mechanical properties by means of the
Tinius Olsen 300SL Universal Testing Machine (UTM) (USA). The ASTM D638 is commonly
utilized for material that has a plastic-like consistency. On the other hand, the ASTM
D3039 was applied to the reinforced composite with high-modulus fibers, such as carbon
fiber. Meanwhile, a vacuum infusion method was used for the fabrication process of the
reinforced composite, where a compressor was utilized to let the liquid resin mixture slowly
permeate into the fiber placed in a sealed bag. The vacuum conditions ensured that minimal
air bubbles were trapped inside the composite, resulting in a more homogeneous composite.

Table 1. Specifications of the 21700 battery cell.

Parameter Value

Rated capacity 4800 mAh
Nominal voltage 3.7 V

Max. charge voltage 4.2 V
Discharge cut-off voltage 2.75 V

Dimensions 21.2 ± 0.3 mm (diameter),
70.3 ± 0.5 mm (height)

Mass 0.07 kg
Discharge temperature range −20–60 ◦C

Expected cycle life 500 cycles > 80%
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Figure 1. (a) Schematic diagram; (b) still photograph of the experimental setup, consisting of a bat-
tery module on top of a resistive dummy load connected to the data loggers; and (c) photograph of 
the PCM composite prepared for the 21700 battery cells. 

The battery module was connected to a manually adjustable resistive dummy load. 
In this study, constant discharge currents of 43.2 A, 86.4 A, and 172.8 A were used, equat-
ing to discharge rates of 1 C, 2 C, and 4 C, respectively. Each battery cell had a K-type 
thermocouple with a standard error limit of ±(0.4% + 0.5 °C) and a PCE-T1200 temperature 
data logger attached to the positive side of the cell, where typically the highest tempera-
ture can be found [14,48]. An Arduino Uno was connected to an INA219 sensor (±1% ac-
curacy) on the module terminal to record the battery module voltage throughout the run. 
An ambient temperature between 24 and 26 °C was maintained, and the battery module 
was fully charged (CC-CV) to 4.16–4.20 V prior to each run. A cut-off cell temperature and 
voltage of 75 °C and 2.5 V, respectively, were also implemented as safety measures. For 
the requirements of statistical repeatability, each experimental set was performed at least 
twice. In the event that an anomaly of temperature increase was found, the entire run was 
stopped and the respective battery cell was assessed. If defects were found from the cell 
inspection, the battery was replaced with a brand new one. On the other hand, if a problem 
with the connectors (nickel strips or cables) was found, the battery cell remained in use 
and the experimental measurement was restarted after the connectors were repaired. Fur-
thermore, when the module composite was changed, a new set of battery cells was also 
used to nullify the potential adverse effects of cyclic aging. Finally, in addition to a visual 
inspection, the composite was also weighed at the end of the run. If any PCM leak was 
found, the measured data were discarded since the overall heat-absorbing capacity had 
already been affected.  

3. Results and Discussion 
Based on DSC measurements, the latent heat profiles of each used PCM are presented 
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a wide melting spectrum. The overall measured latent heat capacity is 212.8 J/g, with at 
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displays a distinct latent heat profile with a peak at 39.4 °C and an overall latent capacity 
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Figure 1. (a) Schematic diagram; (b) still photograph of the experimental setup, consisting of a battery
module on top of a resistive dummy load connected to the data loggers; and (c) photograph of the
PCM composite prepared for the 21700 battery cells.

The battery module was connected to a manually adjustable resistive dummy load. In
this study, constant discharge currents of 43.2 A, 86.4 A, and 172.8 A were used, equating
to discharge rates of 1 C, 2 C, and 4 C, respectively. Each battery cell had a K-type
thermocouple with a standard error limit of ±(0.4% + 0.5 ◦C) and a PCE-T1200 temperature
data logger attached to the positive side of the cell, where typically the highest temperature
can be found [14,48]. An Arduino Uno was connected to an INA219 sensor (±1% accuracy)
on the module terminal to record the battery module voltage throughout the run. An
ambient temperature between 24 and 26 ◦C was maintained, and the battery module was
fully charged (CC-CV) to 4.16–4.20 V prior to each run. A cut-off cell temperature and
voltage of 75 ◦C and 2.5 V, respectively, were also implemented as safety measures. For
the requirements of statistical repeatability, each experimental set was performed at least
twice. In the event that an anomaly of temperature increase was found, the entire run
was stopped and the respective battery cell was assessed. If defects were found from the
cell inspection, the battery was replaced with a brand new one. On the other hand, if a
problem with the connectors (nickel strips or cables) was found, the battery cell remained
in use and the experimental measurement was restarted after the connectors were repaired.
Furthermore, when the module composite was changed, a new set of battery cells was also
used to nullify the potential adverse effects of cyclic aging. Finally, in addition to a visual
inspection, the composite was also weighed at the end of the run. If any PCM leak was
found, the measured data were discarded since the overall heat-absorbing capacity had
already been affected.

3. Results and Discussion

Based on DSC measurements, the latent heat profiles of each used PCM are presented
in Figure 2. Due to the possible mixture of different carbon chains, paraffin tends to have
a wide melting spectrum. The overall measured latent heat capacity is 212.8 J/g, with at
least two major peaks at 34.9 ◦C and 53.8 ◦C. The Caprylone sample, on the other hand,
displays a distinct latent heat profile with a peak at 39.4 ◦C and an overall latent capacity
of about 277 J/g. The different latent heat characteristics of both PCMs lead to a different
response toward heat dissipation [49]. The wide profile of the paraffin-filled module results
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in consistent heat absorption at a slow discharge rate. As soon as the battery module
reaches approximately 30 ◦C, heat absorption starts. On the other hand, the effective heat
absorption process does not begin until as high as 36 ◦C in a module containing Caprylone.
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The mechanical properties of the composite are typically compromised by the inclusion
of paraffin. As shown in Table 2, the paraffin specimen’s overall durability to resist
mechanical stresses is nearly 70% lower than the composite without PCM. Graphite has
the benefit of creating a more evenly distributed mixture and improving overall heat
transfer, but it also further reduces the maximum force and stress. Meanwhile, PCM
addition has almost no effect in terms of elongation. A dedicated battery protection system
or a reinforced composite, such as carbon fiber, could address this shortcoming of EV
battery pack application [50–52]. Figure 3 illustrates the substantial rise in the specimen’s
maximum force and stress when a carbon-fiber-reinforced PCM composite is created
using the vacuum infusion process. Unfortunately, it is still challenging to fabricate a
reinforced PCM composite battery module, i.e., to properly fit the carbon fiber in between
the battery cells. Further developments to investigate the module strength under other
direct mechanical abuses, such as object penetration and long-term vibrations, as well as a
vehicle crashes, are ongoing. As such, the following thermal performance discussion in
this manuscript is limited to a composite without any reinforcement materials.

Table 2. Tensile test results of the PCM composite.

Parameter No PCM Paraffin Paraffin + Graphite

Ultimate force (N) 604 ± 16 225 ± 16 140 ± 35
Ultimate stress (MPa) 62.2 ± 0.9 23.2 ± 3.8 10.1 ± 2.5

Modulus (MPa) 1835 ± 135 598 ± 101 349 ± 36
Total elongation (%) 3.56 ± 0.02 3.75 ± 0.54 3.63 ± 0.21
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To design and investigate the most suitable thermal management for a battery module,
it is important to start from the energy balance and heat dissipation mechanism. Theoreti-
cally, the heat generation of a battery cell q can be defined as follows [1]:

q = qir + qrv + qs + qm (1)

where qir and qrv are irreversible (Ohmic and polarization, including overpotential) and
reversible (due to entropy change) heat generation [47,48,53], described as

qir = I(U − V) = I2R (2)

qrv = −I
(

T
∂U
∂T

)
(3)

where U and V are the open-circuit voltage and battery operating voltage, respectively.
Meanwhile, qs is the heat generated from any side reactions, and qm is the heat generated
by mixing processes. These two terms can be neglected as long as the battery is of a good
quality and does not experience serious degradation under constant current testing [1,54].
Therefore, the simplified governing equation is

q = qir + qrv = I2R − I
(

T
∂U
∂T

)
(4)

where I is the battery current during charge or discharge, R stands for the total internal
battery resistance, and

(
T ∂U

∂T

)
is an entropy heat coefficient, which is affected by the

battery surface temperature and state of charge (SOC). The second term sign is substituted
for charge and discharge, always resulting in an exothermic process [55]. This could
also explain why more heat is dissipated from the battery when the surface temperature
is higher.

Figure 4 shows the typical temperature profiles and voltage depletion over time in a
module casing made of pure resin, which can be used as a reference for further analysis.
The so-called one C-rate corresponds to the discharge current such that a fully charged
battery voltage reaches its cut-off in one hour, whereas 4 C indicates that the battery
will be completely discharged in about 15 min. Considering that the heat dissipation is
proportional to the square of the discharge currents (Equation (4)), it can be seen that for
1 C, 2 C, and 4 C discharge rates, the average cathode temperatures might increase to 38 ◦C,
50 ◦C, and 71 ◦C, respectively. Overall, there was no notable variation in temperature
between the center cell temperature and the average temperature, which suggests that heat
dissipation was very uniform during the discharge operation.
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Thermal protection is provided by PCM when it is added to the battery module case
matrix, reducing the impact of a battery cell’s heat dissipation on its neighboring cells.
As seen in Figures 5 and 6, the average temperature is notably lower than the ordinary
battery module. This is due to the equally distributed PCM’s ability to sufficiently absorb
the heat that each cell generates. The end temperature indicates that both PCMs could
protect the overall temperature at continual discharge rates up to 2 C. When the module is
run at a higher discharge load, where the Li-ion battery cell normally releases more heat,
as expressed in Equation (4), the temperature reduction effect is more noticeable. As for
the most extreme case in this study, an additional thermal management system, such as
air or liquid cooling, is vital. Additionally, since there was at least ten hours between the
charging and discharging periods, and the module was kept open for natural convection,
it was anticipated that the PCM would entirely release the absorbed heat, making the
process reversible.
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There is also a notable difference between the average and middle cell temperatures for
both PCMs. While there is essentially no temperature difference for lower discharge rates
in the paraffin-filled case, there is a difference of more than 7 ◦C at the 4 C discharge rate. In
contrast, in the Caprylone PCM case, even at a 2 C discharge rate, the middle temperature
is already slightly higher than the overall temperature. At the end of an experiment using
a 4 C discharge rate, the average temperatures are approximately 56.7 ◦C and 57.9 ◦C for
paraffin and Caprylone, respectively. This could be due to the different characteristics
and latent capacities of the materials, as shown earlier by DSC results. A wide latent heat
profile of paraffin enables the dissipated heat to be steadily absorbed over time, successfully
avoiding local heat accumulation. Furthermore, it can be seen that the deviation between
the center and the mean temperatures tends to rise dramatically after the respective PCM
reaches its melting peak, which occurs at 34.9 ◦C and 53.8 ◦C for paraffin and at 39.4 ◦C
for Caprylone.
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Figure 7 shows that the use of a PCM composite under a 1 C discharge rate in this
study improves the overall temperature uniformity, which can be described by first using
the following equation:

Xn =
X − Xmin

Xmax − Xmin
(5)

where Xn is the normalized value of temperature or voltage at any given time. A typical
discharge process would begin (t = 0) with the minimum temperature Tmin and maximum
voltage Vmax. At the end of the discharge (t = 1), the module voltage reaches its lowest
Vmin, and at least one of the thermocouple readings will show the maximum temperature
Tmax. The degree of uniformity is then defined as the Tn value at the end of the run since
throughout the process the temperature is always expected to never decrease below the
initial temperature Tmin.
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A previous report shows that the degree of uniformity ranges between 0.60 and 0.79
for a battery module without any PCM and module with PCM stored in a battery-like con-
tainer [14]. The uniformity range value increased to 0.88 due to the integration of PCM into
the composite, which eliminated any convective heat transfer between the battery surface
and PCM, allowing the dissipated heat to be locally contained. Unfortunately, the degree of
uniformity for PCM composites at higher discharge rates of 2 and 4 C is substantially lower
than the reference composite without PCM, as shown in Figures 8 and 9, respectively. For
the paraffin composite, the discharge rates are inversely proportional to the temperature
uniformity: from 0.88 at 1 C to 0.78 and 0.69 at 2 C and 4 C discharge rates, respectively.
This is when the PCM heat absorbing rate can no longer cope with the dissipation rate from
the cells, resulting in a larger margin between the highest and the lowest temperatures. On
the other hand, the Caprylone composite shows an increasing trend, with approximately
0.68 for 2 C and 0.72 for 4 C discharge rates. Further investigations are required to depict
and evaluate the PCM distribution inside the composite. Since the highest temperature
typically occurs in the middle of the module, assuming that all battery cells operate in a
similar condition and generate the same amount of heat. This number could be improved
further if the PCM becomes somewhat more concentrated near the center rather than
evenly distributed in the composite. Since the Caprylone composite seems to have a better
temperature uniformity than paraffin for the 4 C discharge rate, it can be concluded that the
higher latent heat capacity plays a more significant role in such a case, rather than having a
wider melting temperature profile. This result is in good agreement with the previously
reported comparative analysis between paraffin and fatty acid PCM [49]. Overall, the PCM
composite could offer relatively adequate battery module thermal protection for at least up
to a 2 C discharge rate. Given the present cost of EVs, which is greatly influenced by battery
cost, as well as the necessity for effective battery recycling and waste management [56], the
results from this study could support a longer life cycle of the used lithium battery, which is
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advantageous. Additionally, the usage of organic PCM composite in this study could lessen
its environmental impacts since recycling and reusing such materials are relatively viable.
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4. Conclusions

In this study, an experimental observation was conducted for the thermal protection
against heat dissipation provided by phase-change materials (PCM) added to battery
module composites. A substantially lower surface temperature might be achieved via the
use of paraffin or Caprylone, whose melting temperatures are close to the temperature at
which lithium-ion batteries operate at their best. However, the addition of such materials
significantly reduces the overall mechanical stress of the composite by more than 50 percent.
Although the use of reinforcement materials such as carbon fiber is highly encouraged to
overcome this drawback, composite fabrication has become significantly more complex.
Finally, it can be stated that each PCM’s latent heat properties have an impact on how well
they absorb heat. The use of PCM composites is proven to be better than having a separate
container, especially in terms of temperature uniformity, as it has direct contact with the
battery surface. Caprylone composites appear to have a better temperature uniformity than
paraffin for the 4 C discharge rate, which may suggest that the higher latent heat plays a
more significant role in a high C-rate condition than having a wider melting temperature
profile. Nonetheless, the promising usage of both PCM as thermal protection in the EV
battery module has been demonstrated, particularly for a constant discharge rate up to 2 C,
where the overall temperature could be kept below 45 ◦C.
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