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Abstract. This experimental study investigates the thermal behavior of a 48V lithium-ion battery
(LIB) pack comprising three identical modules, each containing 12 prismatic LIB cells, during
five charge-discharge cycles. A homogeneous liquid cooling system is applied at the bottom of
the modules to control the pack temperature when it reaches 40°C (active cooling phase). The
initial two cycles represent passive cooling, where the cooling liquid remains stationary.
Temperature distribution is measured and analyzed using 27 thermocouples, providing insights
into temperature changes in the cells, modules, pack, and cooling system inlet/outlet. Results
show that in passive cooling cycles, minimum temperature occurs at pack surfaces due to better
convective heat transfer, while maximum temperature is observed in the central LIB cells. The
active cooling phase alters the temperature distribution within the pack. One module is found to
be more sensitive to high currents, generating more heat and releasing it faster. Additionally, the
positive tab temperature is higher than the negative tab temperature within a single cell. The
liquid cooling system decreases the temperature rise from 5.8°C to 3.5°C in the discharge cycles
with a constant current of -237A. This study emphasizes the significance of evaluating the
thermal behavior of individual modules and highlights the complexity of the LIB pack system,
as well as the impact of an indirect liquid cooling system on enhancing its thermal performance.

1. Introduction

Electric Vehicles (EVs) have emerged as a viable solution to address the issue of Carbon Dioxide (CO,)
emissions in the atmosphere. They offer benefits such as reduced pollution levels, lower noise, smoother
operation, and regenerative braking [1]. There are approximately 20 million passenger EVs on the road
as of mid-2022 [2]. However, this number is expected to increase significantly, with a projected 77
million passenger EVs on the road by 2025. These vehicles will constitute 6% of the global fleet, 13%
in China, and 8% in Europe [2]. Despite the short-term setbacks caused by the coronavirus pandemic
during 2019-2022, the long-term outlook for EVs remains undiminished [2].

Hybrid Electric Vehicles (HEVs) combine the efficiency of EVs with the range capabilities of
conventional vehicles [3]. Forecasts have predicted that HEVs will capture 36% of the market share by
2030 [4]. HEVs can be categorized into micro, mild, and full HEVs based on the increasing levels of
electrical system voltage [5]. Among them, the 48V Mild Hybrid Electric Vehicle (MHEV) provides a
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promising solution for reducing both cost and CO, emissions [6,7]. Therefore, the present study focuses
on a 48V battery pack with the application of MHEVs.

For MHE Vs, rechargeable Lithium-lon Batteries (LIBs) are considered an appropriate energy storage
solution due to their high energy density, specific power, and lightweight. Compared to other
rechargeable batteries like lead-acid, nickel-cadmium, and nickel-metal hydride batteries, LIBs exhibit
lower self-discharge rates, higher recyclability, and longer life cycles [8—10]. Moreover, the price of
LIB packs has significantly declined over the past 13 years, dropping nearly 90% from over $1000 per
kW/h in 2010 to $151 per kW/h at the end of 2022 [11,12].

Previous research has highlighted the primary challenges of LIBs, including high temperature and
uneven temperature distribution. For instance, LIB cells experienced a substantial loss of initial power
at elevated temperatures, with more than 60% loss at 50.0°C after 800 cycles and 70% loss at 55.0°C
after 500 cycles [13]. Temperature also influences the cycle life of LIB cells, with a significant drop in
cycles from 3323 at 45.0°C to 1037 at 60.0°C [14]. Therefore, temperature plays a critical role in
determining the life cycle and energy capacity of LIB cells.

To address these temperature-related challenges, a Battery Thermal Management System (BTMS) is
essential for maintaining proper battery temperature and minimizing temperature variations between
cells [15,16]. BTMSs can be classified based on power consumption, heat transfer medium, and contact
between the coolant and battery surface. Conventional techniques for battery cooling include air cooling,
liquid cooling, and phase change materials cooling [17-19].

Air cooling, classified as free and forced convection cooling, is a cost-effective method used in earlier
versions of EVs such as the Volkswagen EV race car and Nissan Leaf [17—19]. It offers advantages such
as simplicity, low cost, electrical safety, lightweight design, ease of maintenance, and no leakage
concerns.

Liquid cooling systems, on the other hand, provide superior thermal performance and cooling
efficiency compared to air cooling due to a higher thermal conductivity and specific heat capacity of
liquids. This technique for battery cooling can be used directly, also called dielectric liquid, or indirectly
in contact with the coolant and battery surface (indirect liquid cooling system). This commercialized
technique is used in liquid-cooled EVs such as the Chevrolet Volt, Tesla Model S and Model 3, BMW
13, and 18 [17-19]. In this study, we consider an indirect liquid cooling system.

Existing research on LIBs has primarily focused on individual cells or packs with a limited number
of thermocouples to monitor thermal behavior [6,7,20-25]. For instance, cell studies have investigated
thermal uniformity, the influence of charging and discharging rates, and the effect of cell sizes on
temperature distribution [20,21]. However, these studies lack a comprehensive analysis of external
parameters, like the presence of other cells, on LIB cell behavior. There is also a limited scope of
research on the thermal behavior of 48V LIB packs. While some pack studies have examined the overall
temperature, voltage, and current of a battery pack during driving cycles, they did not explore
temperature distribution across individual cells within the pack [6,22]. Consequently, there is a gap in
understanding the detailed temperature distribution of a complete LIB pack in automotive applications.

To address these gaps, this study focuses on a LIB pack employing an indirect liquid cooling system.
The thermal performance of the pack is experimentally investigated through five full charge-discharge
cycles, utilizing 25 thermocouples positioned at various locations within the pack. The extensive use of
sensors in this study provides valuable insights into the thermal behavior of the battery pack, which is a
novel approach not previously reported in the literature to the best of the authors’ knowledge.
Additionally, two temperature sensors are employed to monitor the cooling liquid temperature at the
inlet and outlet of the pack. With respect to our previous work [26], in which the temperature distribution
of a 48V LIB pack during two fully charge-discharge cycles was examined, this paper introduces a
notable advancement. The effectiveness of an indirect liquid cooling system in managing the
temperature of the LIB pack when it exceeds the desired maximum threshold is investigated in the
present study.
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Table 1. Main characteristics of the LIB cells and pack used in this study.

Parameter Cell value Pack value
Shape type (-) Prismatic 12s3p
Chemistry (-) NCM NCM
Nominal capacity (Ah) 8.23 24.69
Nominal voltage (V) 3.7 444
Maximum voltage (V) 4.17 50

Maximum current (A) 233 700
Dimensions — lengthxwidthxheight (mm) 144x17%x60 660%x475%132

The rest of this work is organized as follows: section materials and methods provides an overview of
the experimental setup, LIB cell and pack parameters, the indirect liquid cooling system, notations, and
the theoretical background. Section results and discussion presents the findings of the experimental tests
and their discussion, including temperature measurements, average temperature, and temperature
differences between battery cells, modules, and the pack, as well as inlet and outlet temperatures of the
liquid cooling system. Finally, section conclusion summarizes the conclusions drawn from this study
and future research is provided in this section as well.

2. Materials and methods

2.1. Lithium-ion battery cell parameters

LIB cells consist of positive and negative electrodes, electrolytes, separators, and current collectors. In
the automotive industry, cylindrical, prismatic, and pouch shaped batteries are commonly employed
[27,28]. Among them, prismatic shaped batteries are preferred due to their increased space utilization
and flexibility. Thus, prismatic shaped LIBs are utilized in this study.

In the EV battery industry, the use of Lithium Nickel Manganese Cobalt Oxide (NCM) batteries,
LiNiMnCoO,, is on the rise [11,29]. NCM batteries offer advantages such as high C-rate capability
during charge and discharge, long lifespan, and good performance at low temperatures [30]. Therefore,
NCM LIB cells are considered in this study. Each LIB cell has a nominal voltage and capacity of 3.7V
and 8.23Ah, respectively. Table 1 presents the geometrical and electrical parameters of the LIB cells
used in this study.

2.2. Lithium-ion battery pack parameters

The thermal performance of a 48V LIB pack, which includes a cooling system, with the application on
an MHEYV is investigated in this study. The choice of a 48V LIB pack is based on its ease of installation
in an MHEV, minimal impact on the overall weight, safe and compact modular design, and cost-
effective performance in terms of fuel efficiency. The battery pack consists of multiple individual cells
connected in series and parallel configurations to increase voltage and capacity, respectively. The LIB
pack utilized in this study aligns with previous works by the same authors [26,31]. A 12s3p configuration
is used, meaning that three cells are connected in parallel, and 12 sets of these three parallel cells are
connected in series. Table 1 provides the properties of the battery pack used in this study, and Figure 1a
illustrates the structure of the pack, modules, and cells. The LIB cells are separated by thin thermal
barriers. In the original pack, there are various wirings, a Battery Management System (BMS) circuit,
electrical devices such as shunt and relay, and an aluminum chassis which have not been reproduced as
they are complex both from a structural point of view and from that of the materials used. The whole
components are surrounded by a metal sheet as its dimensions are reported in Table 1 as well.
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Figure 1. a) A trimetric view of the battery pack showing the connections and dimensions of the cells
and the positions of the thermocouples. b) A top view of the model showing thermocouple positions
and names in Modulel, Module2, and Module3.

A homogeneous indirect liquid cooling system is employed at the bottom of the three modules when the
pack temperature reaches approximately 40.0°C. They are connected through two inlet and outlet tubes
to transfer the liquid to the channels. The liquid cooling used in this study is a mixture of water and
ethylene glycol. The cooling system can be divided into two distinct phases based on its operation.
Firstly, during the passive cooling phase, the cooling system is filled with the liquid; therefore, it remains
stationary without any circulation. Secondary, when the liquid within the cooling system circulates

(when the temperature threshold is reached), resulting in an active cooling system.

2.3. Experimental setup
Figure 2 depicts the experimental test setup utilized in this study, consisting of five main parts:

e a battery pack including a BMS,
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Figure 2. A schematic of the LIB pack thermal performance and cooling system setup.

a high voltage - high current AVL battery emulator controlled by AVL PUMA system,

27 K-type temperature sensors with two data acquisition modules (ES620 ETAS),

a liquid circuit for the cooling system comprising a water pump and a heat exchanger, and

a computer unit for monitoring and storing data.
Among the 27 thermocouples, 25 ones are used to measure the temperature of the LIB cells, as
illustrated in Figure 1. The thermocouples are positioned in three modules of the battery pack referred
to as Modulel, Module2, and Module3, as shown in Figure 1b. The naming convention for the
measurement points is defined in Theoretical background section.

The highest temperature in LIB cells occurs near the tabs [23,24,32]. The tabs refer to the thin metal
strips that are attached to the electrodes within the battery cell allowing the flow of the electrons between
the electrodes and the external circuit. Thus, in this study, Tsz 04 and T, ,, are positioned in close
proximity to the positive and negative tabs of the same cell (Figure 1b). In addition, the two remaining
thermocouples as labeled by Tj; and Tj,, measure the temperature of the inlet liquid cooling to the
battery pack and the outlet one, respectively.

The experimental campaign aimed at analyzing the thermal performance of the battery pack was
conducted at the "Center for Studies of Vehicle Components S.p.A" in Bosch plant in Modugno 70026,
Bari, Italy.
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2.4. Charging and discharging cycles

Five full charge-discharge cycle tests have been conducted in this experiment, starting at an initial
temperature and State of Charge (SOC) of 26.2°C and 47%, respectively. The maximum and minimum
currents recorded during the cycles are 237A and —237A, respectively, while the SOC ranges from 10%
to 91%. The test concludes when the SOC reaches its maximum value at the fifth cycle. These cycles
help to monitor the thermal behavior of the battery pack under different SOC values during both
charging and discharging.

2.5. Theoretical background

The temperature effects on batteries are mainly related to internal materials and chemical reactions
occurring within them. Heat generation within LIB cells (Qgep) is associated with charge transfer and
chemical reactions during charging and discharging [30,33]. The heat generated taking place in LIB
cells, Equation 1, can be divided into reversible (Qey) and irreversible (Q;.) processes [32,34-36].

Qgen = Qirr + Qrev (1)
The reversible heat originates from the reversible entropy change during electrochemical reactions

(Equation 2), while the irreversible heat is caused by various processes such as active polarization,
ohmic heating, and enthalpy change (Equation 3) [33,37-39].

au
Qrev = _I'T'% )
Qirr = I (Ugevy — Vo) (3)

where [ is the terminal current (4), whose sign is positive when discharged, T is the temperature in the
battery (°C), Ugcy is the open circuit voltage (V), and V; is the terminal voltage. Q;.- becomes zero
when the current reaches zero; therefore, the heat of mixing is not considered.

According to the laws of thermodynamics, the transient behavior of the heat generated inside the LIB
cells results in different temperatures over time and distance. Thus, the resulting temperature on different
LIB cells represents the heat generation of a complex system.

To analyze the thermal behavior of the LIB cells and pack, specific temperature positions are
identified and named according to their module, cell, and tab position (Figure 1b), as illustrated in
Equation 4:

Tiz1,..,25(0) = T (D 4)

where m presents the module number (1, 2, or 3), c indicates the cell number and assumes one value in
the range of 01 to 12, as each module contains 12 cells, and the superscript z, either - or +, represents
the negative or positive tab, respectively.

The maximum and minimum temperatures (T;,.x(t) and Ty, (t)) are defined as the highest and
lowest temperature reached in the battery module or pack at each time between the measured
temperature using thermocouples. The temperature difference (AT(t)) is calculated as the difference
between Tyax(t) and Ty (). Trise 1s the difference between the initial and final temperature in a
specific period. The temperature average (Tayg(t)) is calculated as the average temperature over a
specific number of temperature points.

Furthermore, to study the thermal performance of the cooling system, the temperature difference
(AT (1)) is calculated as the difference between the temperature of the inlet and outlet (T; ;(t) and Tj , (t))
liquid at each time.
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Figure 3. The dynamic changes in current, SOC, and voltage of LIB pack.

3. Results and discussion

3.1. State of charge and voltage

Figure 3 provides a comprehensive visualization of the voltage, current, and SOC of the battery pack.
The applied current ranges from -237A to 237A, representing the minimum and maximum values,
respectively. To facilitate a detailed analysis of the results, the test duration has been divided into two
sections for each of the five cycles, namely the discharge period (D) and the charge period (C). The
numerical indicators from 1 to 5 have been assigned to each abbreviation, corresponding to cycles 1 to

5, respectively.

In the initial section of the first cycle (D1), the current is maintained at -237A for 140s to transition
the SOC from 47% to 10%. During this period, both the pack voltage and cell voltage decrease from
44.16V and 3.68V to 39.24V and 3.27V, respectively (assuming the cell voltage is estimated as 1/12 of

the pack voltage).
resulting in an SOC of 33% and an increase in pack voltage to 44.71V (high current charging portion).

Subsequently, the current decreases to 33A, leading to an SOC of 91% and a battery pack voltage rise
to 48.68V. The second cycle starts at 959.5s (D2). Throughout the remaining cycles (D2 and C2 to D5

and C5), the pack current, SOC, and voltage exhibit temporal evolution similar to that described for D1
and C1. The only difference lies in the discharge periods (Ds) since, unlike the first cycle, they initiate

Moving to the second section of the first cycle (C1), the current remains constant at 237A until 226.5s,

at the maximum value of the SOC. The test finishes at 5180s.

While in the literature of studying LIB cells, it is common to consider only battery limitations in
terms of SOC, it is worth noting that LIB pack applications in the real world often require high constant
currents for extended periods of time. Consequently, the BMS reduces the output well below the
maximum static limit to ensure safety and prevent damage. Figure 3 illustrates this trend, with a constant
current of 237A, where the limit drops suddenly during the last part of each charging portion. The
decrease in battery limits is due to battery thermal management elaborations to protect the battery.
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3.2. Thermal performance

3.2.1. Cell stud y

As mentioned previously, the first portion of the test is named passive cooling, which is shown with a
white background in Figures 4 and 5. In addition, the second portion of the test with the presence of the
liquid cooling system is named active cooling, that is depicted by the blue portion in Figures 4 and 5.

The temperature time histories of the 25 thermocouples positioned in Modulel, Module2, and
Module3 are depicted in Figure 4. In the passive cooling portion, T;'y, and T 1, represent the Ty, (t)
for Modulel and Module2, respectively. T3, corresponds to the second lowest temperature value
observed in Module3. However, in the third and fourth cycles, these values, relative to other points
within the same module, increase, and in the final cycle (cycle 5™), they represent the Ty, (t) for the
respective module (active cooling portion).

Furthermore, during the passive cooling portion, the T4 (t) is observed in the middle cells; in
particular, in Modulel, Ty,ax(t) is recorded in Ty g3, Tr'o4, and Tiloe. In Module2, Tyax(t) occurs in
T, 04 and Ty ;. Module3 exhibits Ty, (t) in three internal cells: T4, T5 g, and T3 ;. However, in the
subsequent cycles (active cooling portion), all of these highest temperatures shift towards the middle or
lowest temperature points within each module.

The transition between Ty, .5 (t) and Ty, (t) between passive and active cooling portions, can be
attributed to two factors. Firstly, in the absence of flowing liquid during the first two cycles, the main
heat transfer occurs to the air. Consequently, due to convective heat transfer from the boundary cells to
the ambient environment, cells located on the surfaces of the pack exhibit the lowest temperatures, while
the middle cells experience the highest temperatures during the initial cycles. Moreover, in cycles with
the active cooling system (depicted by the blue portion in Figure 4), the heat transfer to the liquid
medium becomes more influential compared to air. As the middle cells tend to have higher temperatures,
the temperature difference between these cells and the liquid medium is greater, resulting in higher
energy transfer between the middle cells and the liquid medium.

Furthermore, it is worth noting that Ty,;, (t) of Module3 consistently occurs in T3, across all cycles
(Figure 4c). This observation emphasizes the complexity of this dynamic system and underscores the
significance of evaluating the temperature behavior of a substantial number of battery cells within a
battery pack during the research phase.

Finally, the temperature time histories of thermocouples positioned close to the negative and positive
tabs on the same LIB cell are captured by T o, and Ty, respectively. It is observed that the positive
tab temperature (T5o,) is higher than the negative tab temperature (T4), which aligns with findings
reported in the literature [23,24,32,34]. The maximum temperature difference between them is
approximately 0.6°C.

3.2.2. Module study

Figure 4a illustrates the temperature behavior of Modulel during each cycle. The Ty, .4 (t) of Modulel
at each cycle happens in the charging periods (C1 to C5). In C2 to C5, the maximum temperatures occur
at the beginning of the corresponding charging cycles, reaching values of 40.2°C, 44.1°C, 45.8°C, and
45.3°C. These points correspond to the times when the high current charging of 237A concludes. In C1,
unlike the other charging periods, two maximum temperature points are observed (approximately
32.7°C), with the second one occurring in the middle of that time section. The evolution of Ty, 4, (t) in
Module2 and Module3 in the five cycles shows a similar pattern to that described for Modulel in C1 to
CS5 (Figures 4b and 4c). Finally, the highest temperature values for Modulel, Module2, and Module3
throughout the entire test are observed at the beginning of C4, measuring 45.8°C, 45.0°C, and 44.6°C,
respectively.

In Figure 5 the time histories of Tgyg, Tinax> Tmin, and AT are presented for the entire battery pack
as well as for each module. The T4, of Module2 and Module3 exhibits a similar trend as the T4 of
the LIB pack. However, the Ty, ; of Modulel is slightly higher than that of the pack in discharge periods
and at the beginning of the charging periods (when high currents of 237A are involved, either in charging
or discharging). This observation shows that Modulel is more sensitive to high currents and thus
generates more heat compared to the other modules.

8
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Figure 4. Temperature time histories of the thermocouples placed in a) Modulel, b) Module2, and c)
Module3. In all plots, the light blue area depicts the active cooling portion of the test.
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Figure 5. a) Tgyg, Tnax, and Tpy;p, OF the pack and modules, as well as T;; and T; , of the liquid cooling

system; b) AT behavior of the LIB pack and AT; of the liquid cooling system. In both plots, the light
blue area illustrates the active cooling portion of the test.

Furthermore, as the test progresses and enters into the active cooling portion, the maximum difference
between Tg,,4 of Modulel and the pack increases at each cycle (Figure Sa). In particular, the difference
between T4 of Modulel and the pack at the end of each high charging period in the passive cooling
portion is approximately 0.6°C. Then, the difference increases and reaches a maximum difference of
0.9°C in the final cycle (C5) of the active cooling portion. This phenomenon illustrates the effect of the
cooling system in amplifying the difference between the temperature behavior of each module and
highlights the importance of conducting temperature distribution tests throughout the pack. Furthermore,
it demonstrates that even within the same battery pack, different modules may exhibit varying
temperature behaviors due to the cooling strategy. This underscores the need to optimize cooling
strategies to minimize temperature differences.

3.2.3. Pack study
As shown in Figure 5a, the maximum temperature of the Ty, of the battery pack occurs during the

charging periods (C1 to C5). Specifically, the maximum temperatures are observed at the beginning of
the corresponding charging cycles, which is the position between the maximum charging current (237A)
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and the remaining time. It is worth noting that during the low current charging periods of the passive
cooling portion, the pack's temperature remains relatively constant. However, in the active cooling
portion, the temperature decreases, resulting in a negative Tj;5.. The maximum decrease is observed in
CS5, where the temperature decreases by 5.4°C from the initial temperature of 42.9°C. This observation
shows that during the low charge current period, the heat generated by the LIB pack is lower than the
heat absorbed by the liquid medium, leading to a decrease in the pack's final temperature.

Examining Figure 5a, the T, during a full discharge in the passive cooling portion (D2) is
approximately 5.8°C from the initial Ty,  of the pack, which is 31.8°C. In the active cooling portion,
the Ty;5¢ decreases to 4.2°C, 4.3°C, and 3.5°C for D3, D4, and D5, respectively, with initial Ty,,4 values
of 37.8°C, 39.8°C, and 39.4°C. Therefore, the liquid cooling system effectively reduces the Tj;ge
compared to the passive cooling portion of the test.

Furthermore, the temperature rise in all discharge periods (Ds) follows a monotonic behavior, except
for D3 (Figure 5a). This non-similarity can be attributed to the initial timing of the liquid cooling system
activation, which occurs in the middle of D3. During this phase, there is an initial rise in ATj(t) of the
liquid cooling system, resulting in increased heat absorption from the battery pack (Figure 5b). This
temporary change in the Ty, slope is influenced by the rise of ATj(t). The maximum value of AT (t) is
approximately 6.0°C and occurs shortly after the initial time of the active cooling portion (in 100s).
AT;(t) maintains this temperature for about 60s before gradually decreasing. At the minimum value,
which occurs in C5, ATj(t) reaches 1.7°C.

It is worth noting that the active cooling system starts at 2102s, coinciding with the Tpax (), Tapg,
and AT of the LIB pack reaching 40.2°C, 39.3°C, and 2.5°C, respectively (Figure 5a). Ty ; (t) starts at the
initial value of 27.2°C, reaches its maximum in the middle of C3 (37.9°C), and maintains this maximum
temperature until the end of D4. Subsequently, its value gradually decreases, reaching 32.7°C by the
end of the test. Similarly, Tj ,(t) follows a similar pattern but with a higher temperature due to heat
absorption during the test cycles.

In summary, in the LIB cells, modules, and pack, the temperature consistently rises during periods
of high current (237A) such as the discharge cycles (Ds) and the beginning of each charging cycle (high
current of Cs). Therefore, the over time T,,,,,, during each cycle occurs at the end of the constant charging
portion of 237A (Equation 2). This temperature increase is attributed to a higher number of lithium-ions
moving through the separator and producing more heat.

Furthermore, Figure 5b demonstrates the maximum AT values for each cycle, which occur in the
middle of the charging sections (between the high charging current and the low charging current). The
maximum AT values for the first to fifth cycles are 2.1°C, 3.3°C, 3.3°C, 3.1°C, and 3.9°C, respectively.
These results indicate that the maximum AT of the pack remains below 4°C, which falls within the
acceptable range for the temperature difference in a LIB pack [14,40—42]. The behavior of AT in the
third cycle is similar to the temperature behavior and is influenced by the activation timing of the liquid
cooling system (Figure 5b).

4. Conclusion

In conclusion, this study provides valuable insights into the thermal behavior of a 48V LIB pack under
five dynamic charging-discharging current profiles. Understanding the thermal characteristics of LIB
packs is essential for ensuring their safe and reliable operation, particularly in applications that demand
high power and energy densities. This experimental study focused on a battery pack comprising three
modules, each equipped with 12 prismatic LIB cells, and evaluated the impact of an indirect liquid
cooling system on the pack's thermal behavior.

A homogeneous indirect liquid cooling system was applied to the bottom of the LIB modules once
the pack temperature reached approximately 40.0°C (active cooling portion). Therefore, in the
approximately first two cycles, the liquid did not flow through the cooling system (passive cooling
portion). The temperature distribution of the battery pack and cooling system was measured and
analyzed using 27 thermocouples. The high number of thermocouple utilization enabled a detailed
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analysis of temperature behavior within the battery pack, facilitating a comprehensive evaluation of

temperature distribution and identification of potential maximum temperature.

The results revealed the complex and nonlinear nature of the temperature behavior across different
LIB cells, modules, and the entire pack, as well as the influence of the indirect liquid cooling system on
the pack's thermal performance. Several key findings emerged from this study:

e The positive tab temperature was found higher than the negative tab temperature within a single
cell, which is consistent with existing literature.

e One module exhibited higher sensitivity to high current, leading to a faster temperature rise and
increased heat generation. This insight could only be obtained by studying all the modules within
the same LIB pack.

e The temperature rises primarily resulted from high currents and the heat generated by moving
lithium-ions through the separator.

e In the passive cooling portion, the external cells of the battery pack exhibited lower temperatures
compared to the internal cells due to better convective heat transfer.

e The implementation of an indirect liquid cooling system (active cooling portion) altered the
temperature distribution within the pack.

e The implementation of an indirect liquid cooling system demonstrated its effectiveness in
controlling the maximum temperatures.

o The initial activation of the indirect liquid cooling system had a rapid impact on the LIB pack, driven
by the high temperature difference between the inlet and outlet liquid temperatures.

e The liquid cooling system mitigated the temperature rise in high constant current conditions,
enhancing the thermal performance of the LIB pack.

e The indirect liquid cooling system increased temperature differences within the pack. However, they
remained within the safe range.

Future research could build upon these findings by investigating additional factors that may influence
LIB thermal performance, such as different operating cycles, environmental conditions, and alternative
cooling strategies. By considering these aspects, further advancements can be made toward optimizing
the BTMSs of LIB packs and ensuring their reliable and safe operation in various applications.
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Definitions/Abbreviations

BMS battery management system

BTMS battery thermal management system
co, carbon dioxide

EV electric vehicle

HEV hybrid electric vehicle

LIB lithium-ion battery

MHEV mild hybrid electric vehicle

NCM lithium nickel manganese cobalt oxide

SOC state of charge
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