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In this study, we analyzed the thermal performance of electric vehicle lithium batteries
with phase-change materials (PCMs) at 26 °C. PCMs and temperature sensors are the major
factors affecting the thermal performance. To improve the heat transfer rate of PCMs in a
lithium polymer pouch battery with 16 Ah capacity, a battery thermal management system
with different PCMs, namely, RT15, RT31, EGS, and EG26, is proposed and experimentally
investigated. The results show that the temperature of the battery surface without PCMs
increased to 35.9 °C at different discharge rates at a room temperature of 25 °C. In the case
of the battery with EG26, its surface temperature was 30.5 °C, which shows a temperature
difference of 5.4 °C from the battery without a PCM. A low temperature-rise rate and a
uniform temperature distribution were observed in the batteries with PCMs. In addition, a
numerical simulation using the computational fluid dynamics software FLUENT was also
carried out. The numerical simulation results are in good agreement with experimental data,
such as the temperatures of batteries monitored with sensors.

1. Introduction

The demand for electric vehicles (EVs) has been increasing, and lithium batteries are
required for high power generation. However, batteries in EVs generate much heat.!)’” Many
researchers have developed various battery thermal management systems (BTMSs) that can
meet various requirements, such as high power, high charging rate, and improved driving
performance. Referring to the literature, the BTMSs can be broadly divided into two categories:
active and passive cooling systems. The active cooling system involves the forced circulation
of cool air and water.?) Air cooling can cool the EVs under normal operating conditions, but
the battery temperature will be high under high charging and discharging conditions. Modified
battery designs, for example, by changing the battery position, adding a guide plate, and
changing the entrance angle, have been proposed; however, air cooling remains insufficient. %
A liquid or water cooling system is better than those of EVs with air cooling designs but the

setup is complex, which will increase the complexity and weight of the vehicle.® "
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The phase-change material (PCM) cooling system is the best alternative to the above-
mentioned thermal management systems. No pump or blower is required in this PCM cooling
system; hence, it is cost-effective and simple in design and construction. The excess heat
generated by the batteries of an EV is absorbed by the PCMs close to the cell in the battery
module. If the temperature of the battery reaches the melting point of the PCM, heat will be
stored as latent heat, thus minimizing the temperature increase. 819

PCMs undergo a phase change upon absorbing or releasing the excess heat from the
battery. This passive PCM cooling mechanism can maintain the operating temperature of
batteries within a relatively constant temperature range. With this mechanism, PCMs are the
best option for the effective thermal management of EV batteries by maintaining a uniform
temperature distribution under any extreme weather conditions. Zhao et al. !V studied different
batteries of thermal management systems, and they concluded that PCMs are very effective
for such systems. Karimi et al.'? experimentally studied thermal management systems using
cylindrical lithium ion batteries with composite PCMs, and they found that metal matrix-
PCM composites decrease the maximum A7 (temperature gradient on battery surface) between
the battery surface and the composite PCMs by up to 70%. Lyu et al proposed a thermal
management system for a LiFePOy4 battery pack with a composite PCM and aluminum wire
mesh plates, and they obtained the decreases in the maximum temperature of the battery surface
by 19, 21, and 26% at 1C, 2C, and 3C discharge rates, respectively. Moreover, the low thermal
conductivity restricts their use of the PCM-based thermal management system in required
applications.' A low-composite PCM (L-CPCM) coupled with a low-fin thermal management
system was proposed. From the results of the experiment, it was concluded that a temperature
difference of 3.6 °C was obtained with expanded graphite composite PCMs. 19

Rao et al.'® experimentally used paraffin/copper foam for the thermal management of a
10 Ah LiFePOy battery. The battery without a PCM showed a temperature of 40.84 °C, whereas
that with a PCM showed a temperature drop of 3.24 °C. When the ambient temperature was
33 °C, the maximum temperature of the battery without a PCM was 42 °C, and the temperature
difference between cells was 4 °C.

Ling et al'? proposed a hybrid active cooling system that can improve the thermal
performance of a thermal management system. They showed that a maximum temperature
difference of 5.4 °C was observed with RT44 or a commercial PCM.

In this study, a PCM-based partially passive thermal management system was developed
for lithium polymer pouch battery packs to improve the thermal performance of batteries. The
main aim is to remove or decrease the excess temperature of the battery module by using a
PCM. The specific objectives are as follows.

1. Identify temperature changes in the battery with temperature sensors.

2. Maintain the battery temperature of a module under safe operating conditions through the
use of PCMs.

3. Design and propose a single lithium polymer pouch battery with a PCM thermal
management system.

4. Conduct the numerical simulation of the proposed model of the battery module with different

PCMs.
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5. Compare the simulation results of voltage drop and temperature distribution on the surface
at different discharge rates.

6. Identify the best PCM on the basis of simulation results.

7. Devise an experimental setup and run an experiment with the proposed PCMs at different
discharge rates of the battery on the basis of simulation results.

8. Repeat the experiment under the same discharge and temperature conditions using different
PCMs.

9. Compare results and identify the best PCM to satisfy the designed specifications and
maintain the thermal performance of the battery under the same operating temperature
limits.

2. Thermal Battery Modeling

The pouch battery is made of a lithium polymer material with the dimensions of
220 x 132 x 7.8 mm® (width, length, and thickness) and a rated capacity of 3.7 V/16 Ah.
Thermocouples were attached to each battery to monitor the temperature. Four battery modules
were electrically connected in series. A schematic representation of the proposed battery
module for the thermal management of lithium polymer pouch batteries is shown in Fig. 1.
Sensors are connected to each battery surface and on the outside surface of PCMs.

Under discharging conditions, the temperature on the battery surface increases gradually.
Hence, to detect these changes in battery temperature, thermocouples as sensors were attached
to the battery and PCM surface. The specifications of the battery module are shown in Table 1.

For free convection in the experiment, the governing equations of the conservation of mass,
energy, and momentum are given as follow.'®

Conservation of mass:

ov Ow

X, %, 1
oy Oz M

where v and w are the velocities in the y and z directions.

Table 1
Battery specifications.

[ RT15 RT31 EG5 |

AN AN\

EG26 |

I\

Name Parameters
Cell type Li polymer
il Module nominal voltage (V) 37V
Module nominal capacity (Ah) 16
? Max discharge current (A) 48 (30)
Max charge current (A) 128 A (15C)
Operating temperature range (°C) —20-60
Charging temperature range (°C) 0-45

Fig. 1. (Color online) Schematic representation of
setup with sensors.
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Conservation of momentum:

olp 0 o pw
)= 12

0
+V(pyw)=V(yAa))—a—p+sz+sb, )
Z
where p is the density, p is the pressure, x is the liquid viscosity, and s,, s, and s; are the source
terms.
The energy equation is given as

%W(pﬂm —V(aAh)—s;, =0, 3

where a is the thermal diffusivity and sj, is the source term. Heat is generated from the battery
and conducted through the pouch battery and PCMs.
The equation for heat generation in the battery is given as

0 = mcyAT, )

where m is the mass of the cell, ¢, is the specific heat of the cell, and AT is the temperature
gradient on the battery surface.
The heat conduction or energy balancing equation is given as

ca—T+c a—T—ka—T+k6—T 5
Pox Poy “oax Yoy ©)

3. Simulation of Thermal Lithium-polymer Pouch Battery
3.1 Heat generation

The proposed model was designed using AUTOCAD with the pouch surrounding the
lithium polymer battery. In the numerical study, the mesh consisted of 50532 elements. The
mesh was finely refined by the refinement method, where there were contact regions with small
thicknesses. The PCMs were incorporated around the battery as shown in Fig. 2. The mode of
heat transfer was free convection. The module was subjected to conjugate heat transfer. The
generated heat was transferred to reach a room temperature of 25 °C, and the battery initial
temperature was 26.1 °C. The internal cell surfaces and other components were coupled with
the boundary conditions that satisfied the continuity of temperature profiles at the boundary
line. This coupling was applied to both terminals of the battery module. The thermophysical
properties of PCMs are shown in Table 2.

In a simulation to evaluate the performance of PCM, the following assumptions are
considered: free convection in heat transfer, constant battery thermal conductivity, average
specific heat, radiation effects, and zero contact resistance. In the present work, the only heat-
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Table 2
Thermophysical properties of PCMs.

Pouch battery

PCM Melting point Thermal conductivity

°C) (W/mK)
RTIS 15.0 0.2
RT31 310 0.2
EGS5 5.0 7.0
EG26 26.0 2.5

Fig. 2. (Color online) Modeling of proposed Li
polymer pouch battery BTMS.

generating component is the battery, whose amount of heat generated depends on the discharge
rate.
The general energy balance equation is considered as

du dT
q:I(u_V_TEJ:hsA(T_Tamb)—i_McellcpE, ©)

where / is the battery operating current, ¥ and v are the open circuit potential and battery
operating potential, respectively, T is the battery operating temperature, C, is the specific heat
of the cell, A is the heat transfer coefficient, 4 is the area of the battery, 7, is the ambient
temperature of the cell, and M, is the mass of the cell. The governing equation is the sum of
Gibbs free energy, electric work, and entropy generation,

0 =AG + Weie + TAs, 7
where G is the Gibbs free energy and s is the entropy.
3.2 Finite volume method

The finite volume method is used to discretize the governing equation. The partial
differential equation [Eq. (8)] consists of the transient term, diffusion term, and a source term:

0 ~

ox

where 6 is considered 1 and 0 for the energy and continuity equations, respectively, Iy is the
diffusion coefficient, and sy is the source term. According to the experimental setup, the PCM
melted zone is defined and restricted by the battery surface, and there is no flow circulation in
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this domain. The thermal energy equation is analyzed and discretized as follows; the equation
is assumed and considered only in two dimensions, that is, in the x and y directions.”

%(pcpT) +%(pucpT) +§(pvcpr) = a—ik(g—ij - %k[%] +5 ©)

To determine the temperature, the source term in the governing energy equation includes
the amount of latent heat absorbed during the phase change process at a control volume, where
sp is the source heat term and p is the density of the entire cell zone, where the volumetric
heat source is constant. However, in the PCM, heat is not generated and only melting and
solidification occur. The viscosity of the solid zone increases, similarly to the porous medium
behavior in the mushy zone (melting zone).

The linear source term and linear liquid fraction terms are assumed for the melted or
solidified interface. This gives an effective porosity of 0.5. To obtain this output, the liquid
fraction can be expressed as

b=—rm, (10)
where H = h + AH, with the specific enthalpy as

T
Ah=hy.,p + J. c,dT 11)
Tref

The liquid fraction can become 0 or 1 when temperatures are greater or smaller than the
melting temperature:

=0, T>T,, p=1,T<T,.
3.3 Simulation results

Under the simulation conditions, the initial battery temperature was 26.1 °C and the room
temperature was 25 °C. When the batteries were subjected to discharge for 30 min, the
battery temperature reached 35.9 °C without PCMs. After applying a load, the temperature
distribution was observed in the batteries. The simulation results of the batteries are shown
in Figs. 3(a)-3(e); temperature distributions in the batteries with and without PCMs were
compared. With PCMs, the temperature of the battery surface was low. The simulation results
of the batteries with and without PCMs are also shown in Table 3.
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Fig. 3.
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(Color online) Simulation results of proposed BTMS design: temperature profiles for (a) battery without

PCM, (b) battery with RT15, (c) battery with RT31, (d) battery with EGS5, and (e) battery with EG26.

Table 3

Simulation results of batteries with and without PCMs.

PCM Thermal conductivity Maximum battery
(W/mK) surface temperatures (°C)

None 0.02 359

RT15 0.2 33.3

RT31 0.2 322

EG5 7.0 31.6

EG26 2.5 31.3
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4. Experimental Results and Discussion
4.1 Experimental methodology

The experimental setup consisted of four battery modules placed inside an aluminum
container one after the other, as shown in Fig. 4. All four batteries were mounted on a common
base and had four different PCMs closely packed on both sides of each battery.

The temperature sensors were attached as shown in Fig. 5; T, T, T3, and T4 were attached
to the front and back of batteries. The excess temperatures were measured with sensors 75, Tg,
T7, and Tg placed on the front and back of the PCMs. Batteryl, battery2, battery3, and battery4
were closely attached to RT15, RT31, EGS5, and EG26, respectively. All these batteries were
electrically connected in series for charging and discharging. The sensors were attached to the
battery and PCM outer surfaces to monitor temperature variations.

" o AV

{ }
i 1
H 1
1 T DAQ
i 1 NI Pxle-1062Q
Load Test H
i i
i 1
i 1
| 20600 C J NI TB-4353
B e 32 Channel
Thermocouple
SIGNAL
CONDITINOR
32 Channel }

Fig. 4. (Color online) Schematic representation of experimental setup.

e | - |

Fig. 5. (Color online) Schematic representation of sensors on BTMS.
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The temperature sensors after their calibration were connected to the signal conditioner.
Also, the National Instrument Data Acquisition (NI DAQ) (NI Pxle) was connected to the
signal conditioner from one side, and the other side of the DAQ was connected to a computer
monitor to display the temperature variations in each battery connected to the load discharge
unit, as shown in Fig. 629 The thermal conductivities of EG5/26 and RT15/31 PCMs with
the dimensions of 115 x 220 mm? were measured. The thermal conductivities of EGS5, EG26,
RT31, and RT15 were 7.0, 2.5, 0.2, and 0.2 W/mK, respectively, as in the data sheet provided by

the manufacturer.

The experimental results are shown in Figs. 7(a)—7(d). Figures 7(c) and 7(d) show that the
maximum battery temperature without PCMs is 35.9 °C, and with EG26 and EG5 PCMs, the

-

o Battery Module

Digital Ther .
e

]

Fig. 6. (Color online) Experiment setup of BTMS.
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(Color online) Maximum temperature drop for batteries with and without PCM: (a) RT15, (b) RT31, (c)
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maximum battery temperatures are 30.7 and 30.5 °C, respectively. These results show that the
battery performance is tremendously improved, and better thermal management of the pouch
battery is achieved. The temperature drop of each PCM during discharge is shown in Fig. 8.

As shown in Fig. 9, for comparison between batteries with and without PCMs, we considered
“no PCM” as the atmospheric air condition, and hence the thermal conductivity of air was
taken to be 0.02 W/mK. To improve the thermal management system in batteries, various
thermal parameters, such as heat transfer and thermal conductivity, were compared between
batteries with and without PCMs. The maximum temperatures in the batteries with and
without PSMs are shown in Fig. 9(a). The maximum temperature difference between batteries
with and without PCMs are shown in Fig. 9(b). Among all PCMs, EG26 showed the maximum

temperature difference of 5.4 °C. Figure 9(c) shows the heat transfer between the PCM and the
battery surface.
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Fig. 8. (Color online) Temperature drop in batteries with and without PCM.
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Fig. 9. (Color online) (a) Maximum temperature difference in PCMs, (b) maximum temperatures obtained with
and without PCMs, and (c) heat transfer in batteries with and without PCMs.
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Table 4
Thermal performance of proposed PCMs under load test conditions.
Load Without PCM Temperatures of Batteries with PCMs
Voltage (V) Current (A) Power (W) (°C) RT15(°C) RT31(°C) EG26 (°C) EG5(°C)
14 10.8 151.2 26.1 26.1 26.1 26.7 26.2
12.2 10.2 124.4 27.3 27.0 26.5 27.2 26.5
7.4 6.3 46.6 28.8 27.9 27.1 275 271
5.5 4.5 24.8 30.5 28.9 27.6 277 27.5
44 3.6 15.8 33.0 304 28.5 28.2 28.0
33 2.7 8.9 359 32.5 31.3 30.5 30.7
Table 5

Thermal performance of proposed PCMs.

Thermal Melting Maximum battery temperature . . .
.. . : p - ; Experiment Simulation
PCM conductivity point Exp. without Exp. with Simulation AT (°C) AT (°C)
(W/mK) (°C) PCM (°C) PCM (°C)  with PCM (°C)
RTI15 0.2 15.0 359 32.5 333 3.4 2.6
RT31 0.2 31.0 35.9 31.3 32.2 4.6 37
EGS 7.0 5.0 35.9 30.7 31.6 5.2 43
EG26 2.5 26.0 359 30.5 31.3 5.4 4.6

The thermal performance of the proposed batteries with PCMs during the experiment is
shown in Table 4. The initial battery temperature was 26.1 °C before starting the discharge, and
the initial voltage of the batteries was 14 V. After 30 min of battery discharge up to 3.3 V, the
temperature of the battery without a PCM increased to 35.9 °C, whereas those of the batteries
with RT15, RT31, EG26, and EGS, were recorded as 32.5, 31.3, 30.5, and 30.7 °C, respectively.
From the experimental results, we observed that among various types of PCMs, composite
expanded graphite PCMs can be used to control the battery temperature to below 30.5°C. The
thermal performance of the proposed PCMs is given in Table 5.

As indicated in Ref. 17, the RT44HC/EG PCM has a high thermal conductivity of 7.85
W/mK. For the battery without a PCM, its temperature reached 46.3 °C, but with a PCM,
its temperature was controlled to 36.3 °C; hence, the maximum temperature difference AT
obtained was 7.0 °C. Huang et al.?" concluded that the thermal conductivity of PCMs ranges
from 1 to 3 W/mK, with a good decrease in temperature A7 of 6.7 °C being observed, but when
the thermal conductivity increased from 7 to 15 W/mK, they observed no significant changes in
temperature drop and only a temperature change of 0.31-0.66 °C was seen.

Hence, in this research, expanded graphite materials with low melting points in the range of
5-26 °C yielded better results, and a maximum temperature difference of 5.4 °C was obtained
with EG26.

5. Conclusion
The temperature distribution and thermal performance of PCMs in batteries were examined

in detail in this study using a lithium polymer pouch battery with 3.7 V/16 Ah at different
discharge rates and other various conditions, such as practical load conditions. The results
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provided data that satisfied the design specifications and enabled the control of battery

temperature under safe operating conditions. The conclusions obtained from the experimental

results are summarized as follows.

The sensors used to monitor the temperatures of batteries enabled the detection of the
maximum and control temperatures of batteries with selected PCMs.

The maximum battery surface temperature reached 35.9 °C during discharge under different
load conditions without PCMs.

EG26 in the simulation showed that the temperature of the battery with load was 31.3 °C.
However, without PCMs, the battery surface was 35.9 °C. Hence, the maximum temperature
difference was 4.6 °C. This means that the temperature of the battery decreased owing to
the high thermal properties of EG26. The experimental results obtained with EG26 showed
that the battery surface temperature was 30.5 °C, whereas without EG26, the battery surface
temperature was 35.9 °C. A difference of 5.4 °C was observed with EG26.

The simulation results are in agreement with the experimental results with a deviation
of 0.8-1 °C.

Among all the selected PCMs, EG26 best controlled the battery temperature.

Hence, we recommend EG26 as the best PCM for use in the BTMS.

In the future, we will apply this effective battery thermal management to a 6 kW battery
module.
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