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Abstract— Due to recent trends in environmental uncertainties
and polluted climates, electric vehicles have quickly become
the main driving technology to replace gasoline and diesel-
powered vehicles. The main power source and storage device
for electric vehicles is the rechargeable batteries e.g., Lithium-
ion (Li-ion) cell. Excessive heat generation in Li-ion cells
during charging and discharging periods reduces the
operational lifetime and efficiency of the cell. Extending the
operational lifetime of these batteries is critical for the
improvement and wide-spread acceptance of electric vehicles.
In this article, a series of experimental studies were conducted
to analyze the heat flux behavior of Li-ion electric vehicle
batteries. Three different temperature-controlled environments
were studied: natural convection (in air), inside an enclosed
glass jar, and in a liquid (water). Results demonstrate that heat
flux changes significantly depending on the environment. The
best results are achieved while operating in a controlled
environment deployed by a TEC cooling system which also
improves the battery operation time. In this study, the heat flux
varied between -100 W/m”and 300 W/m” at 20 °C to 23 °C for
9,000 seconds under a 0.5A discharge current.
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L. INTRODUCTION

Electric vehicles have become a reliable mode of
transportation, and are a viable alternative to gasoline and
diesel-driven vehicles. Since fossil fuels are becoming less
abundant and causing environmental pollution, there is a
growing demand for smart electric vehicle technology [1]. The
electric battery is the key system found within electric
vehicles. The performance of the battery depends on many
factors, such as electrochemical reactions, heat generation in
the cell, surrounding temperature, state of charge and health,
operational hours, and so forth [2].

Among various determining factors, heat generation within
the cell is also important to study for Li-ion batteries.
Different battery thermal management systems (BTMS) have
been studied in order to manage the excessive heat generation
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during high charge/discharge cycle [4-6]. This high amount of
generated heat inside the cell causes to reduce battery
operation time and efficiency as well. BTMS such as air-
cooled system [7], using fins [8], phase change materials
(PCM) based cooling system [9], and thermoelectric cooler
(TEC) [10] based cooling system are widely used for EVs.

The aim of this article is to study the heat flux behavior of
the Li-ion cell during charging/discharging periods in order to
identify how much power per unit area does the cell lose
during this period. In order to analyze this characteristic, a
series of experiments were performed under three different
situations that include in natural convection (in air), inside an
enclosed glass jar, and inside the water flow with control
temperature. A thermoelectric cooler (TEC) was used with a
temperature controller to control the water temperature.
Surface temperature and voltage profile of the Li-ion cell were

also examined.

II.  HEAT GENERATION IN LI-ION CELL

Li-ion cell is a chemical power source which mainly linked
to the temperature. A complex electrochemical reaction takes
place inside the cell during charging/discharging cycle [11].
Heat is generated during the chemical reaction and excessive
heat interrupts the normal operation of the Li-ion cell. A
general formula of heat generation from a Li-ion battery was
developed by Bernardi et al. [12] is given in Eq. (1).

q=I(U—V)—I(TZ—[7{j (1)

where ¢ is the generated heat by the cell, / is the operating
cell current, U and V are the open circuits and operating
potential of the cell; receptively, and 7 is the operating
temperate of the cell. The first term on the right side of Eq. (1)
represents the ohmic loss and the second term presents the
irreversible heat generation term [13].

During charging/discharging cycle many complex
mechanisms including electrochemical reactions electricity and
heat transfer are involved, and are changed due to the state of
charge (SOC), state of health (SOH), temperature, time etc.



[13]. The first term is much bigger than the second term in
terms of high charge/discharge current rate. Therefore, the
second term is negligible for electric vehicles (EVs). The
electrochemical reactions and heat generation by a Li-ion cell
varies with different environments [12].

III.  EXPERIMENTAL TESTS AND RESULTS
A. Experimental et-up

In order to analyze the heat flux and surface temperature
during charge/discharge of Li-ion cell at different
environmental conditions i.e., in natural air flow, inside a
vacuum glass jar, and inside liquid flow, a series of
experimental tests were performed. Figure 1 illustrates the
experimental set-up for charging a Li-ion celll A
charge/discharge battery tester (Model: iMax B6AC v2,
supplier: SKYRC) was used to charge the Li-ion cell (Model:
BRC 18650 2200mAh, 3.7 V rated, supplier: Ultrafire) during
charging cycle. The voltage of the cell during
charging/discharging period was recorded by a data
acquisition device (Model: NI USB-6221, supplier: National
Instruments). Two K-type thermocouples were used in order
to measure the surface and surrounding temperature of the cell
by Omega-HH374 thermometer. Heat flux generated by the
cell during charging/discharging cycle was measured by a
PHFS-0le heat flux sensor (supplier: FluxTeq) which was
tightly attached to the surface of the cell. Thermal conductive
paste (OT-201-2, OMEGA) was used between the heat flux
sensor and the cell to make a good contact.
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Figure 1. Schematic presentation of the experimental set-up for charging Li-

ion cell.

Different environmental situations were considered during
the discharging cycle of the cell. A schematic diagram was
shown in Fig. 2 to present the experimental set-up in natural
air and inside a vacuum glass jar. At first, the Li-ion cell was
discharged in the air in normal condition (see Fig. 2(a)). A
fixed load (6.75 Q, which draws around 0.5 A) was used in all
cases to discharge the cell. After that, the experimental tests
were performed inside a sealed glass jar (see Fig. 2(b)). The
bottom part of the glass jar was sealed so that no air goes
inside or coming out to make a vacuum environment.
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Figure 2. Schematic diagram of the experimental set-up (a) in natural air
flow and (b) inside a vacuum glass jar during the discharge period.

Lastly, in order to control the surrounding temperature of
the cell, the Li-ion cell was placed inside a cylindrical
container full of water as shown in Fig. 3. A thermoelectric
cooler (TEC) was incorporated to control the water
temperature. TEC is the key component of the cooling
module. The cooling module includes a TEC (4 cmx4 cm),
fins, a cooling DC brushless fan (12 V, 0.3 A) and aluminum
water block (4 cmx4 cm) which was attached to the cooled
side of the TEC. A DC brushless pump (4.5 W, Model: DC
30A-123) was used to circulate the water through the
container with connecting tubes. The flow rate of the pump
was 1852 mL/min. Though it’s dangerous to keep the battery
without any protection inside the water; however, at first both
ends of the battery was soldered and then covered with
electrical tape, and then covered by glue so that water cannot
go inside.
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Figure 3. Pictorial diagram of the experimental set-up with the TEC system.

B.  Charging cycle test

Li-ion cell was charged using the charge/discharge tester
using three different current inputsi.e., 1 A, 1.5 A, and 2 A. At
first the cell was discharge up to its safety level (2.9-3.2 V)
and then it was charged up to nearly 4.1 V. A voltage profile
with respect to time was presented in Fig. 4. It is seen that the
charging voltage rapidly increases with time. However, there
is a sharp rise in the voltage profile starting from 3.8 V to 4.1
V during 2 A and 1.5 A current input whereas it takes more
time to go to 4.1 V. As times passes the voltage becomes a
steady state.
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Figure 4. Voltage profile along with time during different charging cycles.

Figure 5 shows the heat flux profile with time under three
different current inputs. It is seen that the heat flux and surface
temperature increase gradually with time when there is a jump
in voltage from 3.8 V to around 4 V. Moreover, when the
voltage becomes stabilize (battery was generating less amount
of heat) then the heat flux and surface temperature starts to
decrease until the cell was fully charged. The heat flux starts
from a negative value and as times passes the value varies
between 0 W/m® to 75 W/m® under different charging current.
Moreover, it is noticed that the decreasing trends of the heat
flux are almost the same for different current input as the cell
is generating almost the same heat due to the steady voltage
level.
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Figure 5. Heat flux pofile along with time during different charging cycles.

C. Discharging cycle test

The environmental influence on the cell was tested under
the discharging cycle at three environmental conditions. A

fixed load of 6.75 Q (0.5 A) was used to discharge Li-ion cell
in this experiments just to identify the characteristics of the
cell discharge voltage, the heat flux, and surface temperature
at different environmental situations. The surrounding
temperature effects on voltage and heat flux was clearly
presented in Fig. 6 and Fig. 7. Figure 6 shows the voltage
profile during 0.5A discharge current. Though the cell was
fully charged; however, when it was connected to the load it
started to discharge it's voltage from around 3.9 V and
gradually decreases from 3.9 V to 0.6V with time (In total
9000 seconds).

5

\

Voltage (V)

Inside glass jar

In air

In water (without TEC)

In water (with TEC, 20-23 °C)

NI TR NANEET ATANEVATE AANEVINE SAVNINE SYAVEAT NAATE
0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Time (sec)

(]
LI Y L O B N B B Y I B

Figure 6. Discharge voltage profile with time under 0.5 A discharge current.

The experimental tests show that it takes longer time to
discharge the voltage in the colder environment. The voltage
decreases rapidly and takes less time to discharge under
vacuum situation due to the effect of the surrounding
environment. Since the place was closed, so there was no air
flow in or out which means the surrounding temperature was
almost fixed with time under normal situation. However, the
cell was continuously generating heat during the discharging
period which affected the surrounding temperature to heat up.
The cell could not radiate heat smoothly as it could do under
normal air flow condition. It means the cell heats up itself
more and slows down the speed of the chemical reaction
which reduces the operation time. In order to control the
surrounding temperature, a TEC based cooling system was
used with a temperature controller (supplier: INKBIRD). In
this experiment, the surround the temperature was controlled
between 20 °C to 23 °C.

Figure 7 shows the heat flux behavior of Li-ion cell under
the natural convection, vacuum place, and inside the water
with a controlled environment. The trend of the heat flux
increases as the surrounding temperature decreases. Almost
similar trend is noticed under natural air, inside the vacuum
glass jar, and inside water at 0.5A discharge current. However,
this heat flux behavior is completely different for the cell due
to the cooling system in a controlled environment. The cell is



generating less heat under a cold environment which reduces
the heat flux as well.
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Figure 7. The characteristics of Li-ion cell in terms of generating heat flux

with time under different environmental conditions.

Figure 8 presents the temperature profile under different
environmental conditions at 0.5A discharge current. Similar
trends are noticed under natural air flow and inside the glass
jar whereas it is different underwater and in a controlled
environment. The surface temperature under natural
convection and enclosed glass jar increase gradually; however,
it increases rapidly at the end when the battery has does not
have enough power to supply. The temperature gradually
increases with time without any distortion under water because
water has specific heat which helps to keep a steady
temperature rise in the cell. Furthermore, the surface
temperature of the Li-ion cell fluctuates. The environment
temperature is also fluctuating during the test which is seen
from the graph by the green line.
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Figure 8. Temperature profile with time under different environmental
conditions.

IV. CONCLUSION

In this paper, the heat flux and the surface temperature
behavior of the Li-ion 18650 cell was experimentally studied.
Three different environmental conditions (natural air flow,
inside the enclosed glass jar, and inside water) were considered
to analyze different behavior under charging and discharging
cycles. Three different charging current levels (1 A, 1.5 A, and
2 A) were examined to characterize the voltage, heat flux, and
surface temperature profiles of the Li-ion cell.

Best results were achieved under the controlled-
environment with a TEC cooling module. In other words,
fixing the water temperature between 20 °C to 23 °C in terms of
voltage, heat flux, and surface temperature under 0.5 A
discharge current. Moreover, the operational time of the battery
increased due to the colder environment. However, heat flux
changed more from -100 W/m® to 300 W/m® than other
environmental conditions. Future work will focus on the
battery packs of Li-ion cells and characterize its behavior under
different controlled-environment temperatures. The TEC based
cooling system is a suitable fit for this application and will be
utilized and explored further.
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