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ARTICLE INFO ABSTRACT

Keywords: In recent decades, the electric vehicle (EV) industry has expanded at a quicker rate due to its numerous envi-
Liquid-cooled battery thermal management ronmental and economic advantages. The battery thermal management system (BTMS) is an essential part of an
system

EV that keeps the lithium-ion batteries (LIB) in the desired temperature range. Amongst the different types of
BTMS, the liquid-cooled BTMS (LC-BTMS) has superior cooling performance and is, therefore, used in many
commercial vehicles. Considerable ongoing research is underway to improve the performance of LC-BTMS, with
most of the focus on numerical simulations. In view of this, the present article conducts a comparative assessment
of the numerical simulation methodologies adopted for the analysis of LC-BTMS and systematically reviews the
recent investigations of the design, operational, and performance aspects of LC-BTMS designs. The recently
studied designs of LC-BTMS for both cylindrical and prismatic batteries are considered and further classified on
the basis of main design attributes. Based on the existing literature, challenges with the current LC-BTMS
technologies are analyzed, and areas of further development are identified. The review will serve as the basis
for guiding future numerical simulations and the advancement of LC-BTMS technologies.

Electric vehicle
Numerical simulation
Review

their extended cycle life, low self-discharge rate, and high specific en-
ergy and power [6]. LIB offers many benefits, but one drawback is that
its operating temperature range is limited. According to Lu et al. [7], the
ideal operating temperature range for LIBs is between 15 °C and 40 °C.
Furthermore, the temperature differential between the cells in the bat-
tery pack causes an imbalance in the discharging phenomena, which
eventually results in a loss in the capacity of the batteries. The primary
goals of an EV are an extended range and quick charging, which
necessitate maintaining the battery temperature. The rise in tempera-
ture of a LIB during rapid charging and discharging is a primary concern
that results in further adverse consequences, including a reduction in
battery capacity, thermal runaway, and potential explosion [8-12].
Therefore, the design of an effective and efficient battery thermal
management system (BTMS) is much needed.

Both external and internal changes may control the temperature
within a LIB. The electrode thickness, cathode/anode materials, and
cathode/anode particle size are amongst the internal modifications
[13]. The structural alterations to the batteries are limited by the
manufacturing limitations and related expenses [14]. The external
BTMS techniques include controlling battery temperature via the

1. Introduction

In the modern world, energy needs are drastically rising. Currently,
fossil fuels are the primary sources of the world's energy needs,
contributing to about 80 % of all energy produced. The use of fossil fuels
has drawbacks due to their limited supply and unfriendly burning [1].
Transportation is one of the major industries that utilize fossil fuels and
is thus responsible for a great deal of pollution [2]. The second-biggest
contributor to global greenhouse gas (GHG) emissions in 2022, with
an estimated 14 % share, was the transport sector [3]. Therefore, re-
searchers and entrepreneurs worldwide are becoming more interested in
clean, alternative transportation technologies.

Electric vehicles (EVs) powered by chemical batteries have become a
very viable substitute for traditional internal combustion engine auto-
mobiles [4]. In an EV, the battery, electric motor, and chassis are the
essential parts, with the battery as the most important one, as it is the
primary component that determines the charging/discharging rate and,
in turn, the vehicle's range [5]. Amongst the several chemical battery
types, lithium-ion batteries (LIBs) find extensive use in EVs owing to
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Nomenclature

A surface area of active particle material

C capacitance

Ct concentration of Lithium-ions in electrolyte

Cp heat capacity

Cs concentration of Lithium-ions

D effective diffusion coefficient

DoD degree of discharge

Dg diffusion coefficient for Lithium-ions in solid phase
fr electrolyte activity coefficient

F Faraday's constant

is current density in solid phase

I current

I current density in liquid phase

Qgen battery heat generation rate

Qirr. irreversible heat generation

Qohm. ohmic heat generation

Qpol. heat generation due to polarization

Qrev. reversible heat generation rate

Qrx heat generation due to electro-chemical reaction
Re Reynolds Number

Rine. internal resistance of the battery

Ro Ohmic Resistance

SoC State of Charge

t time

2 transfer number of lithium ion

T temperature

Tinax maximum temperature of the battery module
AT temperature difference of batteries in a module

U voltage

Uoc open circuit voltage

Vpat. volume of the battery

Greek symbols

5 effective conductivity of solid phase
e volume fraction of electrolyte
Mpol. over potential

p density

pi local current density

T time constant

s solid phase potential
Abbreviations

AC-BTMS Air Cooled Battery Thermal Management System

BTMS  Battery Thermal Management System
CFD Computational Fluid Dynamics

CP Cooling Plate

ECM Equivalent Circuit Model

EG Ethylene Glycol

EV Electric Vehicle

HWFET Highway Fuel Economy Test

HTF Heat Transfer Fluid

LC-BTMS Liquid Cooled Battery Thermal Management System
LIB Lithium-ion Battery

MCDM  Multi Criteria Decision Making technique
MHPA  Micro Heat Pipe Array

MWCNT Multiwall Carbon Nano-tube
P2D Psuedo-2-Dimensional Thermo-electric model
PCM Phase Change Material

battery's exterior case. The battery temperature can be successfully kept
within the specified temperature range with the use of an external BTMS
[15].

External BTMSs can be categorized as active and passive systems, as
shown in Fig. 1 [16]. In an active BTMS, the heat from the battery pack is
removed by a flowing fluid (air, water, or any other miscellaneous). In a
passive BTMS, the battery's heat management is handled without the
need for any energy-intensive systems (using phase change materials
(PCM) or heat pipes). A hybrid BTMS combines passive and active
techniques to achieve a higher level of performance than either
approach alone. BTMSs may be used, depending on the situation, to

Battery Thermal Management System (BTMS)

Air-Cooled l Heat pipe
BTMS based BTMS

PCM based
BTMS

PCM + Air-cooled
BTMS

Active

PCM + Liquid-cooled
BTMS

Hybrid BTMS

Fig. 1. Classification of different types of BTMSs [16].

PCM + Heat pipe
BTMS

raise or decrease the battery pack's temperature. This work focuses on
cooling BTMSs since the greater temperature of LIB is linked to signifi-
cant issues.

There are many BTMS types available to maintain the battery tem-
perature within an appropriate range. For cooling, an active BTMS uses
an active system that moves the cooled fluid (heat transfer fluid - HFT)
through it. Despite its high complexity and operating costs, the active
BTMS provides quick cooling [17]. On the other hand, the low operating
cost of a passive BTMS stems from its lack of need for fluid movement.
However, passive systems are limited in their cooling or storage capa-
bilities [18]. In comparison to active or passive BTMSs, hybrid BTMSs
have marginally better cooling performance. Nonetheless, they have
limited practical use due to their intricate construction and associated
costs [19]. For example, using a leak-proof container for the battery
modules is essential to the PCM implementation but incurs additional
manufacturing and maintenance costs that preclude its practicality.
Moreover, some PCMs are highly inflammable and, thereby, are less
suited to be used in BTMSs [20]. Considering all these aspects, most EV
manufacturers use active BTMSs. Amongst the air-cooled (AC) and
liquid-cooled (LC) active BTMSs, the LC-BTMS is more effective due to
better heat transfer and fluid dynamic properties of liquid compared to
air [21]. Since the battery pack must be kept within the intended tem-
perature range during intense charging and discharging, an effective and
efficient LC-BTMS must be designed and developed.

In view of this, the primary objective of the present article is to re-
view and comparatively investigate the various recently studied designs
of LC-BTMSs based on design, operational, and performance parameters.
Published reviews on the different designs of LC-BTMS [22-27], as
summarized in Table 1, have considered the cylindrical and prismatic
battery designs. These reviews further highlight the use of numerical
modeling for the investigation of the performance of the LC-BTMS de-
signs. However, the numerical modeling details in these reviews on
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Table 1
Summary of recent reviews on LC-BTMSs.
Ref. Year  Review specification Considerations Parameters Key findings Remarks
BTMS type Battery design

[22] 2023  Various designs of LC- e LC-BTMS e Cylindrical e Design For LC-BTMS, LC-based hybrid-BTMS LC-BTMSs for cylindrical and
BTMSs and their e LC-based e Prismatic e Operational with PCM cooling, external coolant prismatic LIBs are not presented
optimization hybrid-BTMS channel, and AC system design separately.

enhancement approaches work well.

[23] 2021  Different designs of e Direct and e Cylindrical e Design Compared to other HTFs, water cooling Different studies are categorized
LC-BTMSs with a indirect e Prismatic e Operational was more effective and efficient. based on the HTF type, not on
focus on the HTF type contact type (few studies) e HTF type Nonetheless, a heat transfer barrier is the  the kinds of LIBs and LC-BTMS

LC-BTMSs main drawback of the water-cooling designs.
system.

[24] 2023  Review and e Direct and e Prismatic e Design Different LC-BTMS designs were It is necessary to include
comparison of LC- indirect e Operational recreated and compared to numerical working conditions, application
BTMSs contact type e HTF type results. Every variant possesses unique scenarios, and additional

LC-BTMSs e Comparison merits, and no scheme exhibits absolute variables in the final design.
of designs superiority in all aspects of the
assessment.

[25] 2023  Recent advancements e LC-BTMS e Cylindrical e Design Coolant plate designs provide better Most of the studies included are

in LC-BTMSs e LC-based e Prismatic e Operational performance for prismatic batteries, numerical investigations.
hybrid-BTMS e HTF type whereas coolant channel designs are
advantageous for cylindrical batteries.

[26] 2023  Recent progress on e LC-BTMS e Cylindrical e Design Water is the most commonly used HTFin ~ The design has not been studied
LC-BTMSs e LC-based e Prismatic e Operational the studies and has been commercialized  based on the battery

hybrid-BTMS e HTF type as well. Since liquid metal has superior configuration. Moreover, the
thermophysical properties than water, it  details of numerical studies
is essential to investigate its application were not presented.
in LC-BTMS.

[27]1 2019  Issues in LIBs due to e LC-BTMS e Cylindrical e Design Many researchers have studied PCM- Most of the studies included are
high temperature and e LC-based e Prismatic e Operational based and direct contact-type LC-BTMSs.  numerical investigations.

LC-BTMS as a solution hybrid-BTMS

Still, these designs have practical
limitations which suppress their
applicability in the EV industry.

However, there is no
presentation of the numerical
simulation specifics.

BTMSs are not extensively presented. Therefore, the second objective of
this article is to provide the details of the numerical simulations.
Moreover, in most of the reviews, the studies on both cylindrical and
prismatic are presented separately. The design and operational param-
eters of the cylindrical and prismatic LIBs are different and affect the
numerical simulation methodology. The third objective of this article is
to compare the range of various design, operational, and performance
parameters of the LC-BTMS designs studied with cylindrical and pris-
matic LIBs. This study will help researchers and entrepreneurs design
effective LC-BTMS designs for both cylindrical and prismatic LIBs.

The rest of the present review is organized as follows: in Section 2,
LC-BTMS designs are classified in several ways; in Section 3, different
LC-BTMS designs for cylindrical LIBs are described, discussed and
analyzed comparatively; in Section 4, similar description, discussion and

comparative analysis are conducted for different LC-BTMS designs for
prismatic LIBs; in Section 5, a comparison of LC-BTMS for cylindrical
and prismatic LIBs is made; in Section 6, some major issues and chal-
lenges are identified and future work is recommended; and finally in
Section 7, the conclusion is presented.

2. Classification of LC-BTMS designs

It is possible to categorize LC-BTMS designs in several ways, as seen
in Fig. 2. One categorization is based on the battery design. Three
distinct forms of LIBs are available for commercial use: pouch, prismatic,
and cylindrical. Since pouch cells have low mechanical strength, they
are susceptible to being damaged by physical forces, which prohibits
them from being effectively used in EVs. The layout of the cooling

Liquid Cooled - Battery Thermal Management
System (LC-BTMS)

Based on heat
extraction location

Based on battery
design

Based on Heat
Transfer Fluid

Cylinderical

. Cooling plate
Out
< uter casmg) ~—>< Ah )

< Terminal ) »éhannel based)

oty casing 2 Miscellaneous
Terminal

Refrigrents With PCM
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nano-particles

Fig. 2. Classification of different LC-BTMS designs.
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channels is yet another method that may be used to categorize LC-BTMS
devices. Regarding commercial applications, cooling plate (CP) based
and channel-based LC-BTMS devices have been used and researched
more often. It is also possible to classify LC-BTMS designs according to
the location of the heat extraction, which might result from the outer
casing, taps, or a mix of these elements or according to the kind of heat
transfer fluids that are used.

Additionally, LC-BTMS designs have been investigated in conjunc-
tion with other BTMS designs in order to provide further insight, thus
LC-BTMS designs may also be categorized according to the sort of hy-
bridization that is used. The categorization of LC-BTMS designs based on
the configuration of LIBs is the most prominent amongst the several
classifications that are available. As a result, the following sections will
discuss several LC-BTMS designs that are based on the configuration of
LIBs, including prismatic LIBs and cylindrical LIBs. Fig. 3 diagrammat-
ically illustrates the organizational framework of the present review
paper.

3. LC-BTMS designs for cylindrical LIBs

The cylindrical LIB is a ubiquitous design used in many applications.
In EVs, many manufacturers are using cylindrical LIB designs for battery
modules because of their high heat dissipation rate and higher perfor-
mance consistency [28-30]. Therefore, numerous LC-BTMS designs for
cylindrical LIBs have been studied. In most of these designs, either CP-
based or channel-based LC-BTMS designs have been studied. The
following sub-sections discuss these studies in detail.

Straightening gratings

Journal of Energy Storage 101 (2024) 113844
3.1. CP-based LC-BTMS designs

A cold plate (CP) is basically a flat rectangular plate with embedded
liquid channels. The passage of the HTF through the CP keeps it cool and
maintains the temperature of the battery module. CPs can be further
classified based on the size and shape of the liquid channel.

Many types of CP-based LC-BTMS designs have been studied. Huang
et al. [31] carried out a numerical investigation of an LC-BTMS design
for cylindrical 18,650 Li-ion cells. In the battery pack, 48 cells were
arranged, and cold plates were arranged on both terminals of the cells,
as shown in Fig. 4(a). The effect of the Reynolds number of flow (Re) was
studied to reveal that the temperature of the battery pack decreased
when Re increased up to a certain point and became steady afterward.
The optimum value of Re was found to be 475. They also reported a
cooling hysteresis with the flow rate, i.e., the battery temperature did
decrease immediately with an increase in the flow rate. Moreover, as
shown in Fig. 5, the battery surface temperature decreased rapidly with
an initial rise in the flow rate. Then, it became almost constant afterward
for all C values considered, where C is a measure of the discharge rate at
which a battery is discharged relative to its maximum capacity, with 1C
rate meaning that the discharge current will discharge the entire battery
in 1 h. For a battery with a capacity of 100 Amp-hrs, a 1C rate equates to
a discharge current of 100 Amps, and a 5C rate for this battery would be
500 Amps. Yang et al. [32] carried out a numerical investigation to
evaluate the cooling performance of a hybrid PCM + LC-BTMS. The
hexagonal battery module, having cylindrical batteries, PCM, and CPs
arranged, as shown in Fig. 4(b), was used for the study. Their results
showed that the designed system was very capable of keeping the
maximum battery temperature (Tyq,) and the temperature difference
(AT) below 309.15 K and 3.8 K, respectively. The pressure drop in the

Designs of
LC-BTMS

o] AS

Fig. 3. Structure of the present review article.
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Fig. 5. Variation of the average surface temperature with the mass flow rate for
different C values (Obtained with permission from Huang et al. [31]).

designed honeycomb channels was also found to be below 11.95 Pa. The
performance of the CP with a honeycomb channel was found to be
comparatively better than the CP with a straight channel. This trend may
be attributed to the more turbulent fluid mixing and eventually
improved heat transfer rate in the honeycomb channels as compared to
the straight channel.

Zeng et al. [33] investigated the thermal performance of an LC-BTMS
having reciprocating flow. The LC-BTMS was made up of a micro heat
pipe array (MHPA), CPs, tubes, and a solenoid valve. Instead of using a
single fluid flow direction (as in other studies), the solenoid valve was
used to alter the flow direction after a specific time. Two critical pa-
rameters of the reciprocating flow, i.e., velocity and reciprocating fre-
quency, were thoroughly investigated. It was found that the reciprocal

Journal of Energy Storage 101 (2024) 113844

(11 f10) o

g 3 3

.

(b)

Fig. 4. CP-based LC-BTMS designs were studied by (a) Huang et al. [31] and (b) Yang et al. [32].

flow reduces both the temperature differential and energy usage by 55.3
% and 15.6 %, respectively.

Amongst different CP-based LC-BTMS designs, some had the flow of
the HTF from the CP and the channels designed on the outer casing of
the LIB. Many such designs have been studied that are able to extract
heat from both the taps and outer casing of the cylindrical LIB. Zhao
et al. [34] carried out a numerical investigation to evaluate the thermal
performance of a mini-channel-based LC-BTMS. The design included a
thin metallic jacket around each cell of the battery pack with eight mini
channels, as shown in Fig. 6. The effect of the flow direction in the
channels was studied in terms of Ty, and AT. The results revealed that
the LC-BTMS design was able to keep Tpqx below 40 °C.

In another study, Dong et al. [35] conducted a numerical analysis to
evaluate the cooling performance of an LC-BTMS. A cylindrical jacked
around the cylindrical cells with a helix-shaped cooling channel was
used for the LC-BTMS. The optimization for the helix pitch, tube diam-
eter, and HTF flow rate was carried out using the multiple criteria
decision-making (MCDM) technique. The designed system kept the
module's Tyq, and AT below 32.36 °C and 6.98 °C, respectively. Simi-
larly, Lai et al. [36] numerically investigated the thermal performance of
a lightweight LC-BTMS at a discharge rate of 5C. The designed system
included two CPs on both sides of the cylindrical LIB and thermal
conductive structures (TCS). The effects of the TCS's mass flow rate,
inner diameter, contact surface height, and contact surface angle were
examined. It is found that when the liquid flow rate is >1 x 10~ kg/s,
Tmax can be kept within 313 K for the battery pack.

3.2. Channel-based LC-BTMS designs

Another typical design of LC-BTMSs that has been widely studied is
the channel-based LC-BTMS, wherein the HTF passes through different
channels, which are generally placed on the outer casing of the LIB.
Wang et al. [37] carried out both experimental and numerical in-
vestigations for the thermal performance evaluation of a novel modular
LC-BTMS. The modular design included a rectangular channel with
staggered indents on both long sides for cylindrical cell placement, as
shown in Fig. 7. The parallel and series flow arrangements were inves-
tigated for the LC-BTMS design at a 3C discharge rate. The performance
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et al. [41].

of the LC-BTMS design, which had a parallel flow channel, was found to
be superior to that of the series arrangement. The designed system was
able to keep Tax and AT at 37.67 °C and 5.76 °C, respectively.

Gao et al. [38] numerically and experimentally investigated a novel
gradient channel design (GCD) based LC-BTMS. The design of the LC-
BTMS is also presented in Fig. 7. The performance of the designed sys-
tem was compared with the uniform large channel design (ULCD) and
uniform small channel design (USCD). Compared with the ULCD and
USCD, AT of the battery module with the optimal GCD is significantly
reduced in the whole flow range, especially at low inlet flow rates, which
is effective in reducing external power consumption. Liu et al. [39]
studied the performance of an LC-BTMS for cylindrical battery cells with
liquid metal (gallium indium alloy, Ga®°In?°) as the HTF. The system's

performance was compared to that of a system with water as the HTF. It
was observed that the system with liquid metal as the HTF performed
significantly more effectively as compared to that with water as the HTF,
as shown in Fig. 8. Moreover, a variable flow velocity strategy (VFVS)
was designed based on the discharging rate and ambient conditions and
the performance was compared to the traditional constant flow velocity
strategy (CFVS). Results show that the designed VFVS can maintain the
same Tpqy in the battery module as CFVS with 47 % less pump power
consumption.

Rao et al. [40] carried out a numerical investigation to evaluate the
cooling performance of an LC-BTMS for cylindrical LIB cells. The LC-
BTMS was made up of concave aluminum blocks placed between the
cylindrical cells for a larger heat transfer area, and five cylindrical
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Fig. 8. Variation of Ty,q with depth of discharge (DOD) for water and liquid
metal as the HTF at different flow velocities (Obtained with permission from Liu
et al. [39]).

channels were passed through them for the HTF passage. They reported
that the designed system was able to significantly reduce Ty;q and AT in
the battery cell to be below 40 °C and 5 °C, respectively, when the HTF
flow rate was 0.5 m/s. Tang et al. [41] numerically studied the thermal
performance of an LC-BTMS having heat-conducting blocks with
gradient contact surface angles. A novel approach for varying the con-
tact surface angle in the LC-BTMS was adopted. The straight LC-BTMS
was divided into four equal parts, and different contact angles were
selected for different sections. Results demonstrated that when the
contact angle near the inlet and outlet was the smallest and largest
respectively, the minimum AT between the cells was observed to be
8.05 °C. In another study, an almost similar design was evaluated
similarly [42]. Instead of flat microchannel, five microtubes were used
and almost the same designs of the heat conductive blocks were studied.
The designed system kept Tpq and AT below 34.6 °C and 2.9 °C,
respectively, at the discharging rate of 2C. Fan et al. [43] reported a
different type of strategy for improving the charging time of the EV in
conjunction with an LC-BTMS. A genetic algorithm was developed based
on the cell temperature for charging current and voltage. During
charging, the LC-BTMS actively cooled the battery. Results showed that
the designed charging method cuts 11.9 % off the time it took to charge
compared to the constant current-constant voltage method. Mitra et al.
[44] experimentally investigated the cooling performance of different
nano-fluids in LC-BTMSs. Two serpentine rectangular tubes were used
for the LC-BTMSs. Multiwalled carbon nanotubes (MWCNT) were added
in different fractions (0.15 %, 0.3 %, and 0.45 %) within the water +
Ethylene Glycol (EG) mixture. Three different arrangements of fluid
flow, namely single channel flow, double channel-parallel flow, and
double channel-counter flow, were investigated at different battery
discharging rates. It was observed that at the 2.1C discharge rate, Tpqx
reached 47.2 °C, which can be effectively reduced by 30.5 % with the
help of nano-fluid of 0.45 % MWCNT in the flow arrangement of the
double channel - counter flow.

Another primary channel design for LC-BTMSs is a flexible channel.
There are many studies on LC-BTMSs with flexible channels, generally in
a serpentine shape in the LC-BTMS. Xie et al. [45] numerically investi-
gated the thermal performance of an LC-BTMS, which is an improve-
ment of the patent design of the Tesla-S model BTMS, as shown in Fig. 9
(a). A baffle was introduced on the sides of the serpentine tube for better
fluid mixing. The Psuedo-2-Dimensions (P2D) model was used for the
battery heat generation. The result revealed that the modification in the
LC-BTMS design significantly improved the heat transfer rate. Yin et al.
[46] studied the thermal performance of an LC-BTMS in a vibrating
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LIB studied by (a) Xie et al. [45], (b) Yin et al. [46], (c) Cao et al. [47], and (d)
Qi et al. [48].

environment. They studied three different designs of LC-BTMSs, i.e.,
plain rectangular channel, rectangular channel with protrusions on side
walls opposite to each other, and rectangular channel with protrusions
on side walls in a staggered scheme, as shown in Fig. 9(b). Their results
showed that the LC-BTMS design with the plain rectangular channel did
not have any effect of the vehicle vibration. In contrast, the heat transfer
rate was found to be improved with vibration for the second and third
designs because of vortex formation near the protrusion design. They
found that the average Nusselt Number on the wall for the third design
was twice that of the first design. Cao et al. [47] investigated the thermal
performance of an LC-BTMS for a full-size cylindrical battery pack, as
shown in Fig. 9(c). The design of the LC-BTMS included a wavy rect-
angular pipe with mini channels for the HTF passage. The study included
the consideration of a battery pack at the full scale, consisting of 22
modules, which held a total of 5664 LIBs of the 18,650 type. The results
revealed that the designed system was able to keep the battery tem-
perature below 40 °C and 11 °C under the discharging rates of 0.5C and
1C, respectively. The study on the effect of the HTF flow rate found that
the performance improved with increasing the HTF flow rate.

Qi et al. [48] numerically investigated the thermal performance of a
flexible Swiss-roll type LC-BTMS, as shown in Fig. 9(d). The performance
of the designed LC-BTMS was analyzed, and optimization of channel
width and height was carried out by forming orthogonal test combina-
tions. Tmgx and AT for the optimized design were found to be 300.4 K
and 3.3 K, respectively. They also compared the performance of the
designed system with the serpentine flow channel type LC-BTMS and
found that Tj,,q, and AT for the developed system were 1.2 K and 0.2 K
lower than the conventional system, respectively. Ke et al. [49] exper-
imentally evaluated the performance of the serpentine-type LC-BTMS
having micro-channels for the retardation of thermal runaway propa-
gation. The effect of the HTF flow rate on the thermal runaway propa-
gation was studied. They reported that the thermal runaway
propagation in the battery pack is inversely proportional to the HTF flow
rate. For the 96 1/h flow rate, the thermal runaway propagation rate was
found to be minimal.
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Apart from the conventional rectangular flexible channels, some
other shapes of the channels have also been studied. Bohacek et al. [50]
study numerically the cooling performance of the LC-BTMS design made
up of polymeric hollow fibers. The selected design of the LC-BTMS used
alternating hot and cold tubes on the circumference of the cylindrical
cells, as shown in Fig. 10(a). The performance of the designed system
was studied at a 1C discharging rate, and it was found that the designed
system maintained Tpg and AT in the ranges of 49 °C-35 °C and
14.6 °C-4.6 °C, respectively. Zhou et al. [51] conducted a numerical
investigation to analyze the performance of the LC-BTMS design, which
included the spiral screw-thread-type jackets for the cylindrical batteries
made up of half-helical tubes as shown in Fig. 10(b). The effect of the
liquid flow rate, pitch, diameter, and number of starts was investigated.
It was shown that Ty, decreased from 66.7 °C to 30.8 °C and AT
decreased from 31.8 °C to 5.4 °C when the intake mass flow rate
increased from 1 x 107° kg/s to 3 x 10~ kg/s.

Another subtype of the channel-based LC-BTMS is the block-based
design. In this design, a block with an embedded HTF channel is used.
Many researchers studied different block-based LC-BTMS designs. Yates
et al. [52] conducted a numerical study and compared the thermal
performance of two different block-based LC-BTMS designs, which are
the channel-cooled heat sink (CCHS) design and mini-channel-cooled
cylinder (MCC) design, as shown in Fig. 11(a). Results of the study
revealed that the thermal performance of both systems improved with
the increase in the flow rate. The optimized designs of MCC and CCHS
were able to keep Tgy and AT below 213 K and 5 K, respectively. The
MCC design offers superior cooling capabilities compared to the CCHS
design. However, these advantages are accompanied by challenges
related to greater design complexity, hence imposing limitations on its
economic viability. Coleman et al. [53] carried out a numerical inves-
tigation to evaluate the thermal performance of an LC-BTMS consisting
of a cold block, HTF tube, and cylindrical LIB, as shown in Fig. 11(b).
The effect of cell spacing and block material was investigated. Two
different block materials, aluminum (Al) and composite wax/metal
material (CW), were studied. They reported that both the bock material
and cell spacing play a significant role in cooling performance, espe-
cially in the case of a particular cell failure. The cell spacing of 10 mm
and block material of CW 5 % provided the best results comparatively.

Liu et al. [54] conducted a numerical investigation to investigate the
thermal performance of two layouts of LC-BTMSs comparatively. The
LC-BTMS design consisted of an aluminum frame, HTF pipes, and cy-
lindrical LIB. In one layout, the HTF tubes were arranged horizontally,
whereas vertical HTF tubes were used in the second design, as shown in
Fig. 11(c). Alongside the comparative investigation, the effect of the step
variation in flow rate and tube diameter was also investigated. The re-
sults revealed that the configuration with the vertical HTF tubes per-
formed significantly better than the other design. It was also found that
the cooling performance improved with the step variation of the HTF

—_ alternating sense of
winding (cold, hot, cold, ...)

(a)
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flow rate and tube diameter. For the optimized design, Ty and AT were
limited at 30 °C and 2.88 °C at a 3C discharge rate, respectively. Sheng
et al. [55] carried out a numerical investigation to evaluate the thermal
performance of a cellular cooling jacket (CCJ) type LC-BTMS, as shown
in Fig. 11(d). The effects of the HTF flow rate, tube diameter, and flow
direction were studied. Results advocated that interlaced flow directions
could achieve better temperature uniformity. Cooling performance was
also found to be improved with an increase in the HTF flow rate and tube
diameter. The cooling effect of water and 50%GAS (glycol aqueous so-
lution) as the HTF was also comparatively investigated, and better
performance was observed in the case with 50%GAS as the HTF.

3.3. Direct contact type LC-BTMS designs

Tete et al. [56] carried out a numerical investigation to evaluate the
thermal performance of a direct contact type LC-BTMS. The schematic of
the designed system is shown in Fig. 12(a). 25 cylindrical cells were
considered in the battery module, and water was used as the HTF. The
performance of the system was compared with that of the same system,
which had no water flow velocity. Results showed that the temperature
in the natural convection case increased up to 60 °C, whereas Tpq, and
AT for the designed system were found to be 28 °C and 0.12 °C,
respectively, at a 5C discharge rate. Tousi et al. [57] conducted a nu-
merical investigation to evaluate the thermal performance of an LC-
BTMS consisting of a leak-proof container with separators and copper
molds for cell placement, as shown in Fig. 12(b). The serpentine liquid
channel path was designed in the system with the help of separators.
Water with AgO nanoparticles in volume fractions of 1 %, 2 %, and 3 %
were used as the HTF. The results of the study revealed that the thermal
performance of the designed system with the nano-fluid was signifi-
cantly improved. It was able to maintain Tjqy and AT below 305.59 K
and 1.07 K, respectively. Kumar et al. [58] comparatively investigated
the effect of different fluids on the cooling capacity of a BTMS, with air
and naphthenic oil considered for the simulation. Results showed that
compared to air, the use of oil demonstrated a considerable drop in the
average temperature of a battery module cell of 6.6 °C during a 1C
discharge rate and 9.8 °C with a 2C discharge rate.

Zhou et al. [59] comparatively investigated the thermal performance
of an immersion-BTMS and direct contact LC-BTMS for the batteries.
Pouch cells were considered for the study, and a lumped battery model
was used to simulate the batteries. They reported that the direct contact
LC-BTMS performed better than the immersion-BTMS even when the
flow rate was minimal, i.e., at 1 mm/s. Kant and Pitchumani [60] re-
ported the comparative assessment of two designs of LC-BTMS, as shown
in Fig. 12(c). One design included a channel (Case I) and another
without a channel (direct contact) (Case II). The results of the study
showed that the cooling performance of Case II was significantly better
than that of Case I due to comparatively less thermal resistance.

Manifolds  Battery Cylindrical shell
\pe 2 >

. Half helical duct

(b)

Fig. 10. Flexible circular channel-based LC-BTMS designs for cylindrical LIB studied by (a) Bohacek et al. [50] and (b) Zhou et al. [51].
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Fig. 12. Direct contact type LC-BTMS designs studied by (a) Tete et al. [56], (b) Tousi et al. [57], and (c) Kant and Pitchumani [60].

3.4. Hybridization with air cooling

Air cooling (AC) of LIB in EVs has been widely studied in the liter-
ature. The combination of this technology with liquid cooling improves
the overall performance of the system. Many researchers studied the
hybridization of air and liquid cooling. Xin et al. [61] conducted a nu-
merical investigation to evaluate the thermal performance of a com-
bined AC + LC-BTMS, as shown in Fig. 13(a). For liquid cooling, the
cooling blocks were used, and the effect of the cooling block number was
investigated. Results showed that T, and AT were 34.41 °C and
1.53 °C, respectively, while using only liquid cooling. T and AT were
both reduced by 3.75 °C and 0.96 °C, respectively, when AC was added.
Zhao et al. [62] conducted a numerical investigation to evaluate the

Journal of Energy Storage 101 (2024) 113844

(d)

Fig. 11. Block-based LC-BTMS designs studied by (a) Yates et al. [52], (b) Coleman et al. [53], (c) Liu et al. [54], and (d) Sheng et al. [55].

Periodic Boundary

(c)

thermal performance of a hybrid AC + LC-BTMS, as shown in Fig. 13(b).
For liquid cooling, the cylindrical LIB cells were placed in a corrugated
type channel, and the air was allowed to pass on the outer surface of the
channel. Results of the study showed that the cooling performance
improved with an increase in the width of the cooling channel. More-
over, Tpax and AT decrease with an increase in the HTF flow rate;
however, the cooling efficiency decreases. The designed system was able
to maintain the temperature criteria for the LIB at a 4C discharge rate.
Angani et al. [63] conducted both numerical and experimental in-
vestigations to evaluate the thermal performance of a hybrid AC + LC-
BTMS, as shown in Fig. 13(c). The performance of the designed system
was compared with the same BTMS but with liquid cooling only. Results
revealed that the developed hybrid system had 28 % better cooling
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Fig. 13. Hybridization of LC-BTMSs with air cooling studied by (a) Xin et al. [61], (b) Zhao et al. [62], and (c) Angani et al. [63].

performance than the standalone system, with Tpg and AT in the
designed system to be 35 °C and 1.4 °C, respectively.

Apart from the hybridization of both AC-BTMS and LC-BTMS, some
researchers studied the comparative performance of both systems. Vita
et al. [64] comparatively investigated the thermal performance of AC-
BTMS and LC-BTMS for prismatic battery cells. For the AC-BTMS, the
direct placement of batteries in the air channel was studied. For the LC-
BTMS, the cold plates were stacked in between the consecutive prismatic
cells. Results showed that the LC-BTMS is far superior to the AC-BTMS
for maintaining the batteries in the desired temperature range. How-
ever, the LC-BTMS was found to be more complex and heavier than the
AC-BTMS. A general comparison of LC-BTMS and AC-BTMS is given in
Table 2. Some other studies studied the same comparison and found
similar results [65-67].

A summary of different studies on LC-BTMSs for cylindrical LIBs is
presented in Table 3.

3.5. Discussion on LC-BTMSs for cylindrical LIBs

Literature review shows that many studies have focused on LC-
BTMSs for cylindrical LIBs. The number of these studies has increased

Table 2

Comparison of an LC-BTMS and an AC-BTMS (Vita et al. [64]).
LC-BTMS AC-BTMS
Pro
Heat transport capacity Simple design
Temperature uniformity Lower cost

Better temperature control
Compact design

No leakage concern

Con
Weight Low heat transfer capacity
High cost Less temperature control

Complex design
Chances of leakage

More temperature variation in the module
Blower noise
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substantially in the past few years. The broad objective of most of these
studies was to design and optimize an LC-BTMS design for the selected
type of cylindrical LIB. Notably, most of the studies have utilized the
18,650 type of LIB because of its easy availability and lower price. Many
studies reported the performances of their designs and compared them
with the conventional commercially available designs.

The optimization in most of the studies has been reported for both
the design and the operational parameters. The design parameters are
dependent on the particular studied LC-BTMS design. For CP-based
designs, the typical design attributes are the position, number, and di-
mensions of the CP, as well as the hybridization with other battery jacket
channels. Similarly, for the channel-based designs, the typical design
attributes are the number, dimensions, position, and contact area of the
channel with the battery.

The most studied operational attributes for all the designs are the
flow rate, flow direction, inlet HTF temperature, and ambient temper-
ature. Ambient temperature is influenced by the surrounding environ-
ment and is determined by the researchers based on the ambient
temperature of a specific geographical area. The inlet HTF temperature
has also been selected in the range of —10 °C to 30 °C for most of the
studies. The performance of the designs had been found to improve with
a lower HTF inlet temperature. Many studies have observed the signif-
icant effect of the HTF flow rate and flow direction on the LC-BTMS
performance. Some studies show that the performance of an LC-BTMS
design (in terms of Tpgy) improved with an increase in the HTF flow
rate initially and then became almost steady afterward. However, there
are also some studies which reported that AT did improve significantly
with an increase in the flow rate. The HTF flow direction, on the other
hand, has a significant effect on T and AT. Many investigations
studied the uni-directional, counter-directional, and reciprocating types
of flow patterns. The reciprocating flow arrangements were found
effective in terms of both T4 and AT. Fig. 14 presents the comparison
of unidirectional and reciprocating flow arrangements. It shows that AT
and Tqy for the reciprocating flow scheme are significantly better than
the unidirectional scheme at a low flow rate.
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Table 3
A summary of previous studies on LC-BTMS designs for cylindrical LIBs (Note: In all studies summarized here, except in [43], a laminar flow model was used).
Ref. Main objectives Design and operation parameters Simulation Results
Battery details Battery module HTF Discharging Ambient Flow rate Battery heat Simulation Flow AT Tmax Others
and BTMS design rate temperature (kg/s, m/s, 1/5) generation software model (K) K)
details © X) model

CP-based LC-BTMS designs

[31]  To study transient 18,650 LIB Cold plate with Water 1-5 288 0-0.008 kg/s Bernardi ANSYS Laminar 0.35 345 -
temperature two compartments Model Fluent flow
variation in at the bottom of model
battery modules cells
with BTMS during
discharging

[32]  Thermal 18,650 LIB, 2.6 Honeycomb- Water 2-4 298.15-308.15 0.0005-0.002 Equivalent ANSYS Laminar 5.5 312.7 An increased HTF
performance Ah, 2.8-4.2V shaped module kg/s Circuit Model Fluent flow flow rate suppresses
analysis of the with dual CP and (ECM) model PCM melting.
designed BTMS PCM

[33]  Effect of 18,650 LIB, 2.6 Design with heat Water 3 298 0.002-0.5 m/s Bernardi COMSOL Laminar 2 312 Reciprocating flow
reciprocating Ah, 2.8-4.2V pipe, CPs, and Model flow was found effective
flow on mechanism for model from both uni-
performance reciprocating flow directional and cross-

directional.

[34] Thermal 42,110 Dual CP with a Water 5 298.15 5x107°-1 x Bernardi ANSYS Laminar 10.8 311.9 Different flow
performance LiFePOg4battery, mini channel- 103 kg/s Model Fluent flow directions in mini-
analysis of the 10 Ah capacity based liquid jacket model channel-based jacked
designed BTMS around each improved

battery performance.

[35]  Thermal 18,650 LIB Single CP at the Water 5 298.15 5x107°-2 x Bernardi - Laminar 9 311.5 Pressure drops by 5
performance bottom with a 103 kg/s Model flow kPa.
analysis of the mini channel- model
designed BTMS based liquid jacket

around each
battery

[36] Thermal 18,650 LIB Dual CPs with Water 5 300 1x107°-2x Bernardi ANSYS Laminar 4.8 313 Pressure drop
performance thermal 102 kg/s Model Fluent flow increases from 11 Pa
analysis of the conductive model to 7.2 kPa with an
designed BTMS structure increase in flow rate.

Channel-based LC-BTMS designs

[37]  Thermal 18,650 LIB Rectangular Water 3 303 3.3x107°-1.8 Bernardi ANSYS Laminar 4.17  308.74 Parallel flow with
performance channel with x 1072 1/s Model Fluent flow alternate directions
analysis of the staggered indents model was found to be most
designed BTMS on both sides for effective.

cell placement

[38] Investigation and 18,650 LIB Gradient channel- Water 0.5-2 298 0.003-0.015 1/s Bernardi ANSYS Laminar 2.5 312 AT with the designed
comparison of based design Model Fluent flow system was found to
designed BTMS model be significantly lower
with conventional than the conventional
system system at the same

flow rate.

[39]1  Use of liquid 18,650 LIB Anarray of cellsin ~ Ga® In?° 35 298-308 0.05-0.2 m/s Lumped 3D COMSOL Laminar 3.7 312.4 The system was able
metal in the conductive resin thermal model flow to reduce energy
designed BTMS material with model consumption by 47 %

straight micro
pipes for HTF

as compared to water
as the HTF.

(continued on next page)
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Table 3 (continued)

Ref. Main objectives Design and operation parameters Simulation Results
Battery details Battery module HTF Discharging Ambient Flow rate Battery heat Simulation Flow AT Trnax Others
and BTMS design rate temperature (kg/s, m/s, 1/s) generation software model (X) X)
details © X) model

[45] To study a 18,650 LIB, 2.2 A baffle was added ~ Water 5 298.15 0.2 m/s Pseudo two- COMSOL Laminar 4.83 303.86 Pressure drop
modified LC- Ah LIBs to the rectangular dimensional flow increases from 233 Pa
BTMS design for flexible HTF (P2D) thermal model to 295 kPa with the
commercial channel of the model implementation of a
vehicle Tesla Model S baffle.

[47] Thermal 18,650 LIB, 3.65 Rectangular H,0 (47 %)  0.5-2 298 0.3-0.6 I/s Bernardi ANSYS Laminar 11 312
performance of a V, 2.75 Ah flexible channel -2 Model flow
full-scale battery with six mini- (CH,0H) model
pack channels (53 %)

[48] Thermal 18,650 LIB, 3.65 Rectangular Water 3 298 6 x 107 -4.5 x Bernardi - - 3.3 300.4 The performance of
performance of a V, 2.5 Ah channel-based LC- 103 kg/s Model the designed system
flexible Swiss-roll BTMS in the shape was superior to the
type LC-BTMS of a Swiss roll conventional

serpentine channel.

[52] Comparison of 18,650 LIB, 3.6 V Block-based Water 5 298 1x107°-5x Bernardi ANSYS Laminar 3.05 310.26 The performance of
the thermal designs 10~* kg/s Model Fluent flow one design was
performance of model superior but
two separate uneconomical.
designs

[53]  Optimization of Length; 200 mm, A rectangular 50/50 11 313 0.051/s Bernardi ANSYS Laminar - 360.5 The peak cell core
the compactness Dia; 55 mm, 30 nano-enhanced propylene Model Fluent flow (Cell temperature was
of the battery Ah metal block with glycol model core found to decrease
module an array of holes water temp.) with increased cell-

for cells and HTF to-cell spacing.
tubes

Direct contact type LC-BTMS designs

[56]  Thermal Samsung Rectangular duct Water 0.5-5 298 0.01 m/s Constant heat ANSYS Laminar 2.89  300.95 Flow direction plays a
performance INR18650-30Q with battery generation Fluent flow significant role in the
analysis of the Lithium-Ion cell casings and model cooling of particular
designed BTMS connections cells in battery packs.

[571 Thermal 18,650 LIB Rectangular Water + 0.5-4 296-298 0.2-0.28 m/s Bernardi ANSYS Laminar 1.04 308.03 Nano-enhanced HTF
performance channel with AgO nano- Model Fluent flow improves thermal
analysis of the multi-pass for HTF ~ HTF model performance but
designed BTMS increases pressure

drop.

Hybridization with AC-BTMS

[61] Thermal 18,650 LIB, 2 Ah, Metallic blocks Water + Air 3 298 0.0005-0.0035 Bernardi ANSYS Laminar 1.53 307.41 Air cooling lowers
performance 4.2V with HTF channels kg/s Model Fluent flow Tinax by 3.75 °C and
analysis of the and cross-air flow model AT by 0.96 °C,
designed BTMS respectively.

[62]  Thermal 18,650 LIB, 1.25 Corrugated type Water + Air 4 298 0.001-0.005 kg/ Bernardi COMSOL Laminar 4.15 303.6 It was suggested to
performance Ah channel for liquid s (water); 0-1.5 Model flow keep air velocity
analysis of the HTF and air on the m/s (air) model below 0.4 m/s to
designed BTMS outer surface achieve efficiency

[63] Thermal 21,700 LIB, 5 A, Zig-zag plate- Water + Air ~ 1.25 286 2.5 m/s (Water); Constant heat - Laminar 1.4 308 The hybrid system
performance 37V based cooling 1.5 m/s (air) generation flow cooled 28 % better
analysis of the structures and HTF model than the standalone

designed BTMS

channel

system.
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Fig. 14. Comparison of cooling performance of LC-BTMS with different flow schemes (obtained with permission from Zeng et al. [33]).

Fig. 15 represents the types of HTF used by different studies
considered in the present review. The chart advocates that pure water
has been widely used as the HTF in most of the studies. This is due to the
good thermo-physical properties of water and less pumping power re-
quirements. Notably, the studies that used the HTF temperature below
0 °C had used a mixture of water and EG. This is because of the lower
freezing point of the mix. Moreover, the use of nanoparticles in water

a2 78%

5%
Water + Nano-
particles

Fig. 15. Pie chart showing the HTF types reported in the selected LC-BTMS
investigations for cylindrical LIBs.
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has also been reported by some studies. It has been found that the per-
formance was improved substantially with the use of conductive nano-
particles on the cost of large pumping power requirements. Some studies
also reported the use of liquid metal as HTFs and reported high per-
formance of the systems. However, the other economic, health, and
environmental aspects of liquid metals as HTFs in EVs have not been
reported.

3.5.1. Comparative analysis of LC-BTMSs for cylindrical LIBs

A comparative analysis is carried out here to evaluate the perfor-
mance of different designs of LC-BTMSs for cylindrical LIBs based on the
design and operational parameters. Some of the studies from each design
of LC-BTMS for cylindrical LIBs were identified and compared with the
available quantitative data. The effects of different operational and
design parameters on the performance of LC-BTMS is discussed in detail
below.

3.5.1.1. Effect of design parameters. The design of an LC-BTMS plays a
significant role in its performance. Researchers have tried different de-
signs of LC-BTMSs for cylindrical LIBs. Commonly, these designs are
categorized as cooling plate-based designs, channel-based designs,
direct contact type designs, and other hybrid designs. Fig. 16 shows the
comparative analysis of these different designs of LC-BTMSs for cylin-
drical LIBs. Although many design parameters can be identified for these
designs of LC-BTMSs, two prominent design parameters have been
selected for this comparison, namely, the capacity of the battery module
and the relative heat transfer area.

The capacity of the battery module (in Ah) is directly proportional to
the heat generation rate. If the capacity of the battery module is large, i.
e., more numbers of LIBs in the module, the heat generation rate will be
high. The capacity of the battery module was identified for each study by
multiplying the capacity of each LIB by the number of LIBs in the
considered design.

Fig. 16 shows that the average module capacity for most of the
considered cases is between the range of 30-150 Ah, and the mean value
is around 60 Ah. The performance of the different designs has been
comparatively evaluated by considering attributes like Ty, AT, and
pressure drop. For any suitable design, all the considered performance
parameters should be as low as possible. The figure clearly depicts that
most of the performance parameters are directly proportional to the
capacity of the battery module. Ideally, the number of joints should be as



A. Sharma et al.

Cooling plate-based designs Channel-based designs

Direct
contact

AC

Hybrid with

— ron
1ev

\J

Journal of Energy Storage 101 (2024) 113844

1084
9.6
84
7.24
6.0
48
364
244
124
833

AT (K)

T (K)

Type of HTF
Water
Water
Water

Q
e ~ ‘uA
o b ey

E

=

Water + AgO
Nano-ptcl

Transformer

Pressure drop (kPa)

[ -

N O ®©® O &

1 1 L 1 1
Performance

Oil

em%\ ad \'56\

e\\\'3“
oo™

°

\a\ e ad \A5\

T
T\
! ‘°\a\.\ _L“we\"

Operating parameter

Design Parameter

\ 8D

Fig. 16. Comparative analysis of different LC-BTMS designs for cylindrical LIBs.
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small as possible in a battery pack of EVs, which can be achieved by
increasing the module size. Therefore, the optimization of battery
module size is necessary.

Another considered design parameter is the relative heat transfer
area (in %). This parameter has been evaluated by the ratio of the heat
transfer area for a single LIB to the total surface area of the considered
LIB. This parameter can help us identify how effective a particular LC-
BTMS design is. Most of the CP-based LC-BTMS designs have cylindri-
cal jackets for the individual LIBs; therefore, the relative heat transfer
area for these designs is high. Similarly, the direct contact type and
hybrid designs also have high relative heat transfer areas. On the other
hand, the channel-based designs have comparatively less relative heat
transfer areas. Ideally, the performance of the designs with less relative
heat transfer area should be low as compared to the designs with high
relative heat transfer area. However, Fig. 16 shows that no such sharp
variations were observed. Even the design having a relative heat transfer
area of about 15 % and a module capacity of 59.4 Ah has better per-
formance than the designs with similar module capacities and higher
relative heat transfer areas. This trend may be attributed to the su-
premacy of other operational parameters, which have been discussed in
the following sub-section. Remarkably, the higher value of the relative
heat transfer area is also linked with the complexity of the design of the
LC-BTMS. Complex designs generally have higher manufacturing costs.
Therefore, the cost optimization of the LC-BTMS design can be achieved
by optimizing the relative heat transfer area for a particular design.

3.5.1.2. Effect of operational parameters. The operational parameters
also significantly affect the performance of an LC-BTMS design. In this
comparative analysis, three such operational parameters are considered:
discharge rate, HTF type, and HTF flow rate. To justify the comparison,
only studies which have almost similar discharge rates have been
selected.

The discharge rate range has been chosen in the range of 4 to 5C. The
direction of the HTF flow is another parameter that significantly affects
the performance of the system. However, no studies have been consid-
ered from the alternating HTF flow direction in this comparison because
of significant dissimilarities.

The types of HTF for the selected studies can be seen in Fig. 16. For
most of the studies, water has been used as the HTF. Few studies have
used other alternatives like water and EG mixture (1:1), nano-enhanced
HTF, and transformer oil. HTFs with better thermo-physical properties
are most suitable for LC-BTMSs. The comparative analysis also shows
that comparatively better performance was observed for the studies with
unconventional HTFs than the conventional HTFs in terms of AT and
Tmax- The lowest values of AT and T;,q Were observed in the studies with
unconventional HTFs. From an economic viewpoint, the cost of un-
conventional HTFs is more than that of conventional HTFs. Therefore,
optimization of the HTF selection should be carried out by considering
both performance and economic prospects.

HTF flow rate is another parameter that directly affects the system's
performance and operational cost. Generally, the HTF flow rate is
directly proportional to the system's performance and operating costs.
Therefore, the optimization of the HTF flow rate is a crucial parameter in
many studies. Fig. 16 shows that the HTF flow rates for the CP-based
BTMS designs are in the range of 1 x 107> to 2 x 10~> kg/s. There-
fore, Trmax and AT for these designs are comparatively higher. Moreover,
the friction factor, which defines the pressure drop, is inversely pro-
portional to the flow rate. Therefore, the pressure drops for CP-based
BTMS designs have also been found to be comparatively significant.
For the channel-based and hybrid designs, the flow range is 5 x 10™* to
2 x 1072 kg/s. Therefore, the performance of these designs is signifi-
cantly better than that of the other designs. The direct contact type
BTMS designs have studied the highest range of the HTF flow rate, i.e.,
0.04 to 0.056 kg/s. A higher flow rate requires high and constant
pumping power, which increases the operating cost of the system.

15

Journal of Energy Storage 101 (2024) 113844

Therefore, optimization of the flow rate is crucial for the effective design
of an LC-BTMS.

3.5.2. Details of numerical simulation

From the literature on LC-BTMS for cylindrical LIBs, it is noted that
the majority of the research work has studied the performance and
optimization of LC-BTMS designs through numerical simulation. The
numerical method involves the simulation of the battery as a heat source
and flowing HTF for heat transfer and fluid mechanics. Several com-
mercial CFD software are available to model LC-BTMSs. It was observed
that ANSYS Fluent and COMSOL were the software packages that were
most often employed in the investigations. These two CFD applications
are fully outfitted to simulate any LC-BTMS design with meticulous
detail. Battery heat generation models are used to simulate the LIBs in
any CFD package. To date, many battery heat generation models have
been developed by considering various parameters. However, most of
the reported studies on LC-BTMS have utilized only a few battery heat
generation models, namely, the Bernardi model [68,69], equivalent
circuit model (ECM) [70,71], pseudo-2-dimensional (P2M) model
[72,73], etc. A detailed description of these battery heat generation
models is presented subsequently.

3.5.2.1. Bernardi battery heat generation model. The Bernardi equation
model is one of the most uncomplicated and most utilized battery heat
generation models in the literature. Basically, the Bernardi equation for
estimating the battery heat generation rate is based on the energy bal-
ance. It means that the total heat generation within the battery during
discharging is the summation of reversible and irreversible heat gener-
ation. The heat generation within the battery due to a change in entropy
is regarded as the reversible component, while the Joule heating is the
irreversible component. The Bernardi equation is as follows [74],

I I dUopc
—0: y. = —(Upc — U T
Qgen err + QJe . Vbat. ( oc ) + Vbat. dT
or
dUoc
Qgen = Vo (IRint. +T ar ) (@)

where Qg is the heat generation rate of the battery, Q. and Q. are the
reversible and irreversible heat generation, I is the discharge current of
the battery, Vpq. is the volume of the battery, U is the battery terminal
voltage, Uqc is the battery open circuit voltage, dUpc/dT is the thermal
entropy coefficient of the battery, T is the temperature, and Ry, is the
internal resistance of the battery, respectively. For the battery simula-
tion using the Bernardi Model, Rj,; dUoc/dT are evaluated experimen-
tally at different C-rates and state of charge (SoC) using a hybrid pulse
power characterization (HPPC) test. The SoC is a function of the nominal
capacity of the battery and the discharging/charging time, which is
calculated by the following equation,

1
S0C = 50Ci0 ~ o / I(t).dt 2

where SoC;_¢ represents the initial value of SoC, Cap. represents the
nominal capacity of the battery, and t is time, respectively. As a general
practice, correlations are developed for both R;;. and dUp¢/dT in terms
of SoC. After that, a user-defined function (UDF) is written for the bat-
tery heat generation rate using the equation and complies with the
simulation software. The correlations for Rj,, in many studies have
developed as a function of SoC and temperature. The developed corre-
lations for Riy. and dUpc/dT from some studies are given in Table 4.

3.5.2.2. Equivalent circuit model (ECM). In the equivalent circuit model,
the battery is mimicked as an electric circuit. The heat generation in this
pseudo-electric circuit due to a change in potential is regarded as the
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Table 4
Correlations developed for the Ry, and dUpc/dT in various studies.
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Ref. Correlations

Lai et al. [36]

992.50C° — 3406.50C° + 4667.S0C* — 3263.50C° + 1225.50C? — 233.50C + 48, T = 60 C

1559.50C® — 5374.80C° + 7367.50C* — 5121.50C° + 1898.50C? — 355.50C + 58, T = 50 C

R = 1559.50C® — 5365.50C° + 7378.50C* — 5181.50C° + 1962.50C* — 382.50C + 66, T = 40 C
2989.50C® — 10480.50C° + 14700.S0C* — 10514.50C® + 4036.50C? — 793.S0C 4 107, T = 30 C
4301.80C° — 15496.50C° + 22391.50C* — 16531.50C® + 6559.50C? — 1334.50C + 166, T = 20 C
dg;C = 0.355 + 2.154.50C — 2.869.50C2 + 1.028.50C3
. . —0.2372
Wang et al. [37] Rie, = 0.0852 + 0.00623 sin W
dZ;C = 3.18467 — 62.787.50C + 425.05.50C? — 1330.74.50C> — 2134.38.50C* — 1701.34.50C® — 533.88.50C°
Huang et al. [31] R — 141.19 — 20.66.S0C — 4.167.T + 0.09886.T2 — 7.211 x 10~+.T%
M T 1 -1.1684.50C + 3.7948.50C> — 4.181.80C® + 0.00993.T + 2.65 x 10-4.T2
dggc = 2.74— 9.75.50C — 8.27.80C* + 75.15.50C® — 102.6.S0C* + 42.969.S0C®

Zhou et al. [51]

Uoc = 4.17 — 0.0151.DoD + 0.00121.DoD? — 6.96 x 105.DoD? + 1.85 x 10~°.DoD* — 2.58 x 10~8.DoD® + 1.82 x 101°.DoD® — 5.15 x 10~'3.DoD”

U = 3.78 — 0.0302.DoD + 0.00206.DoD? — 8.77 x 1075.DoD? + 1.96 x 107%.DoD* — 2.38 x 1078.DoD° + 1.48 x 101°.DoD® — 3.73 x 10~13.DoD”

dUoc
oT
where, DoD =1 — SoC (100% = Empty; 0% = Full)

= 0.651 — 6.61.DoD + 59.4.DoD? — 198.DoD? + 286.DoD* — 156.D0D° — 17.3.DoD® + 32.1.DoD’

heat generation rate of the battery. The schematic for the pseudo-electric
circuit is given in Fig. 17. The irreversible heat generation in the battery
is given as,

Qir. = PRy +1(Vc1 + Ve + Viren) 3

in which Ry is the Internal ohmic resistance, and Vg¢; are dynamic
overpotentials which are calculated as follows,

v -—/t I Yea)gpi=1,2,3..n @
RCi — o Ci RiCi IR ke

where Ri is the pair resistance and C; is the RC pair capacitance,
respectively.

The estimation of the parameters like Ry, R, Rz, etc., is done using
the HPPC test. Some studies have considered this model as the battery
heat generation model in numerical simulations. The estimated values of
parameters for a second-order ECM by Yang et al. [32] are shown in
Fig. 18. Similarly, the identified values for a third-order ECM are given
in Table 5. These parameters were utilized to evaluate the heat gener-
ation rate in the LIBs. For more detailed information about the compu-
tation and implementation of the ECM model, readers are referred to the
supplementary data provided by Baveja et al. [75].

3.5.2.3. P2D model. The P2D model is considered the most complex and

— Voc =f(7; SOC)

accurate model for simulated heat generation rate in LIBs. This model
finds the energy, mass, and charge balance together. Firstly, the struc-
ture of a LIB is defined. Generally, it consists of five layers, as shown in
Fig. 19. Positive and negative current collectors are considered as the
solid materials whereas the separator, positive and negative electrodes
are considered porous solid matrices and immersed in an electrolyte.
Afterwards, the energy, mass, and charge balance are applied to the LIB.
A brief detail about the model is given below.
Conservation of Mass:

. . aCs _ DS 6 6CS
Solid Phase : T ( W) 5)
o G, 50°C (1-19) .
Liquid Phase : a7 = D} e +T+ j 6)
Conservation of Charge:
P
Solid Phase : 6% —25 = ig @)
0x?
. . . _ iL ZRT 0 d lTlf+
Liquid Phase : Vo, = 7 + 7 (1-12) <1 + dinc, Vinc, ©))

Conservation of Energy:

o

Fig. 17. Multi-order ECM for the LIBs.
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Fig. 18. Estimated values of parameters for second-order ECM (Obtained with permission from Yang et al. [32]).

Table 5
Estimated values of parameters by Baveja et al. [75] at 25.5 °C for third-order ECM.
SoC Uoc Ro Ry Ry R3 T1 To T3
0 3.296 0.003 0.002 0.0015 0.001 10 150 1500
0.1 3.5999 0.5279 0.0028 0.0015 0.001 14.182 153.59 1486.408
0.2 3.20006 0.07691 0.00221 0.00373 0.00112 16.1987 198.687 1040.745
0.3 3.25405 0.09051 0.0021 0.00198 0.00153 8.9301 184.685 1202.766
0.4 3.27307 0.089 0.0026 0.00263 0.00195 9.60397 189.286 1201.888
0.5 3.2836 0.08609 0.00206 0.00252 0.00229 13.2178 147.267 1200
0.6 3.28748 0.07968 0.00217 0.00412 0.00172 9.85578 141.657 544.126
0.7 3.29234 0.076 0.00213 0.00188 0.0001 9.09792 199.806 1441.04
0.8 3.27108 0.0304 0.00233 0.00208 0.00125 8.23996 172.849 1550.81
0.9 3.296 0.00299 0.00221 0.0015 0.001001 9.343754 150 1455.727
1 3.296 0.003 0.002 0.0015 0.001 10 150 1500
| " : ' ﬂ(pCT)_kVZTZQRX+Qpl+Qoh 9
le1 Positive Separator Negative Ile ot VP ol m.
Electrode El ctrode
.
: QPOL = Aspirlpol. (10)
= @
l Q— I aUOC
— — Qrx = Asp; oT an
Positive Negative
Current @ % L' i 5 a(/’L 0(.05
Current Qotm. = i e~ +ig - (12)
Collector Collector x x
6% — These equations are solved in the computational domain to obtain
1 . .
’_' ST L the heat generation rate of the LIBs. More details about the parameters
: of LIB related to the P2D model (including the definitions of the various
| symbols in the above equations) can be found in Xie et al. [45].
e 1 p =l I5 I
—]n+/x+/

~— Jonic Current
~—— Electrical Current

Cr(l)$

Fig. 19. Structure of LIB for the P2D model (Obtained with permission from Xie
et al. [45]).
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3.5.3. Battery heat generation model selection for numerical simulation
One of the most important decisions to make during the numerical
simulation of a LC-BTMS is selecting a specific battery heat generation
model. Almost all of the chosen studies have used experimental or
published data to verify their battery heat generation model. As a result,
it is difficult to recommend a model for a particular situation. Herrera
et al. [76] comparatively investigated the different battery heat
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generation models for both constant discharge rates and highway fuel
economy test (HWFET)-driving cycle. It is noteworthy that this research
used the terms “Lumped Model” and “3D-CFD” to refer to the Bernardi
and P2D models, respectively. The comparison's findings are shown in
Fig. 20, which demonstrates that all models can roughly represent the
rate at which heat generated in batteries is in line with experimental
findings. The NTGK model yielded the highest divergence at a discharge
rate of 1.5C. On the other hand, every model executed the HWFET
driving cycle with the same precision. As a result, depending on the
computing facility's simulation capacity, any model may be used for the
battery heat production rate simulations.

4. LC-BTMS designs for prismatic LIBs

Similar to that for cylindrical LIBs, various designs of LC-BTMSs for
prismatic LIBs have also been extensively studied, as summarized in
Table 6. In most of the LC-BTMS designs for prismatic LIB, cold plates
(CPs) have been used. This is because of the cartesian geometry of the
LIB, the leak-proof nature of the CPs, and the safe operation of the CPs.
The further classification of the LC-BTMS designs for prismatic LIBs is
based on the design of the HTF channel in the CPs.

4.1. LC-BTMS designs with straight HTF channels in the CP

The most conventional LC-BTMS design for a prismatic LIB is one
with a straight HTF channel in the CP. The flow through these channels
in three different flow directions, i.e., parallel, series, and reciprocating,
have been studied. Many studies have reported the utilization of the CP
with straight HTF channels for EV battery packs. Zhang et al. [77]
numerically investigated the thermal performance of an LC-BTMS for a
battery pack with 24 prismatic battery cells of dimensions of 140 mm X
70 mm x 7 mm, as shown in Fig. 21(a). The NTGK MSMD battery model
was used to quantify the heat generation within the battery. The cold
plates had vertical parallel liquid channels inserted between the batte-
ries. The effects of the fluid flow rate and temperature were investigated.
They reported that at a 5C discharge rate, the designed system was able
to maintain Tpqy and AT at 40 °C and 5 °C, respectively.

Wang et al. [78] conducted a numerical investigation to evaluate the
cooling performance of a mini-channel-based LC-BTMS. The schematic
of the studied design is shown in Fig. 21(b). The effects of the CP width,
mini-channel interval, and mass flow rate were investigated. The opti-
mum values for these parameters were found to be 90 mm, 4 mm, and
80 g/s, respectively. Tyox and AT for the optimum set of the parameters
were found to be 301.57 K and 3.10 K, respectively. Duan et al. [79]
studied a CP-based LC-BTMS with parallel liquid channels in the CP, as
shown in Fig. 21(c). The system was optimized for channel height and
HTF flow rate. Results revealed that the effect of thermal contact
resistance between the CP and battery is significant and needs to be
considered. Additionally, the impact of the HTF flow rate was found to
be more substantial than that of the channel height, and the energy
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o | === 3D-CFD 1.5C g
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R=| e
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consumption could be reduced by up to 80 % with the optimum strategy
compared to the constant HTF flow rate.

Guo et al. [80] carried out a numerical investigation to evaluate the
thermal performance of a mini-channels direct-contact type LC-BTMS,
as shown in Fig. 21(d). Different configurations of the system were
comparatively studied, and the optimization of the most effective
configuration was carried out using a multi-criteria decision-making
technique, Non-dominated Sorting Genetic Algorithm II (NSGA-II). The
results showed that the optimized design kept the battery's Tg and AT
below 36 °C and 0.65 °C, respectively, at a 3C discharging rate. Xia et al.
[81] investigated the performance of a CP-based LC-BTMS with an
improved channel design, as shown in Fig. 21(e). The designed system's
performance was tested for an entire battery pack of an EV and
compared with the commercially available LC-BTMS. Results of the
study revealed that the battery pack with the designed LC-BTMS had
Tmax and AT of 1 °C and 2 °C, respectively, lower than that of the
commercially available LC-BTMS. Shang et al. [82] numerically inves-
tigated the effect of different designs and operational parameters of CP-
based LC-BTMS with embedded liquid channels placed at the bottom of
the prismatic battery cells. Effects of the HTF inlet temperature, HTF
flow rate, and CP width were investigated. It was found that the battery's
Tmax is directly proportional to the HTF inlet temperature but inversely
proportional to the CP width. When the input temperature is 18 °C, the
CP width is 70 mm, and the mass flow rate is 0.21 kg/s, the optimum
cooling performance is achieved. Yang et al. [83] conducted a numerical
study to evaluate the thermal performance of a taper-type manifold-
based LC-BTMS. The performance of the system was compared with the
conventional rectangular-type manifold-based LC-BTMS, and it was
found that the developed system was able to maintain Tyq, and AT of the
battery in the effective range with 86.3 % less power consumption than
the conventional design.

Jiaqiang et al. [84] carried out a numerical investigation to evaluate
the thermal performance of an LC-BTMS consisting of prismatic batte-
ries, HTF channel, and CP. The effects of the HTF flow rate, cooling
channel height, width, and number were investigated. An orthogonal
matrix with 16 alternatives was designed, and the impact of different
parameters was evaluated. They reported that the most significant pa-
rameters were the HTF flow rate and number of cooling channels,
whereas the cooling channel height and width had a trivial effect on the
thermal performance of the LC-BTMS. Mei et al. [85] conducted a nu-
merical investigation to evaluate the cooling performance of an LC-
BTMS with the CP along with flat heat pipes inserted between the
consecutive cells. The effect of the designed system was analyzed using
different discharging rates and HTF flow rates. The results showed that
the developed system was able to maintain T, and AT of the battery
module within the suitable range. Lan et al. [86] conducted a numerical
investigation to evaluate the thermal performance of a mini-channel-
based LC-BTMS in which aluminum tubes having 4 and 8 channels
were wrapped around the prismatic batteries for thermal management.
Four different configurations of tubes, one tube with four channels

O 10 T T :

o, Experiment HWFET (b)

% o Lumped model HWFET

® 3D-CFD HWFET

g NTGK HWFET

o OF

-

=

<

-

2

g

& 0 ' ' '
0 2000 4000 6000

Time [s]

Fig. 20. Comparison of different battery heat generation models with experimental results under (a) 1.5C discharge rate and (b) HWFET drive cycle discharge

rate [76].
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Table 6
A summary of past studies on LC-BTMS designs for prismatic LIBs.
Ref. Main objective Design and Operation Parameters Simulation Results
Battery details  Battery module HTF Discharging Ambient Flow rate (kg/s,  Battery heat Simulation Flow model AT Tmax (K) Others
and BTMS rate (C) temperature m/s, 1/s) generation software (K)
design details (K) model

CP with straight HTF channels

[77]1 Thermal 140 x 70 x 7 Array of Water 5 283-303 0.1-2m/s NTGK ANSYS k-¢ 5 308 Under external
performance mm, 3.2V, 5 prismatic cells Fluent turbulence shorting
analysis of the Ah with CPs model conditions, Tpax
designed inserted in rises to 50 °C.
system between

[78] Use of a novel 115 x 100 x LIBs are Water 1-5 298.15 0.022-0.08 kg/ 1D - Standard k- 3.1 301.57 Tmax and AT can
battery model 10 mm, 3.6 V, arranged in s electrochemical & turbulence further be
for the 10 Ah rows and placed and 3D model reduced by 4.9 %
designed LC- over CP. simplified and 9.2 %,
BTMS models respectively,

with the use of
aluminum fins in
between the
LIBs.

[79] Performance 207 x 157 x Array of Water 1-4 298 0.0005-0.01 Bernardi Model ANSYS Laminar 5 313 A control
investigation 7 mm LIBs prismatic cells kg/s Fluent flow model strategy was
of the designed with CPs developed based
LC-BTMS inserted in on flow rate

between variation to
maintain the
module
temperature in
the desired
range.

[81] Designed the CATL PHEV-2, Commercial - - 305 0.11/s Bernardi Model - k-¢ 2.5 312.7 The
system's Fujian, China prismatic Turbulence improvement in
thermal battery module Model the flow channel
performance (CATL HJL, design improved
analysis Fujian, China) the thermal

performance of
the system.

[82] Optimization 230 x 175 x LIBs are A mixture of - 303 0.17-0.29 kg/s Bernardi Model - - 4.5 312.65 HTF inlet
of the designed 73 mm, 3.7 V, arranged in water and EG temperature
LC-BTMS 49 Ah rows and placed varied between

over CP. 15 and 24 °C,
and the optimum
value was found
at 18 °C.

[86] Designed LC- 173 x 168 x The LIBs witha  Water 1-2 300 0.0033-0.0167 Constant heat COMSOL Laminar 1.26  301.27 The mini-
BTMS's 39mm, 3.7V,  jacket of CP /s generation flow model channel cooling
optimization 55 Ah jacket was found

to be
significantly
effective

[87]1 Thermal 152 x 120 x Silica-based CPs Water 5 303 0.1-0.4 m/s Constant heat COMSOL Laminar - 315 The flow
analysis of 22 mm, 20 Ah  attached on generation flow model direction had an
silica-based both sides of insignificant role

CPs for LC-
BTMS

prismatic LIB

with a single
battery system.

(continued on next page)
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Table 6 (continued)

Ref. Main objective ~ Design and Operation Parameters Simulation Results
Battery details  Battery module HTF Discharging Ambient Flow rate (kg/s,  Battery heat Simulation Flow model AT Tmax (K) Others
and BTMS rate (C) temperature m/s, 1/s) generation software X)
design details X) model
[91] Effect of 148 x 97 x LIBs are Water 1-2 298 0.21-0.29 kg/s Constant heat - k- 9.65  308.68 The inlet and
different flow 27 mm, 3.6 V, arranged in generation turbulence exit should be in
paths on the 38 Ah rows and placed model the center of the
performance of over CP. first and second
the system collecting mains
for maximum
heat dissipation.
[92] Effect of 148 x 91 x LIBs arranged 1:1 EG: water - 293-315 0.0083-0.083 Equivalent - - 0.3 316 The
reciprocating 40 mm, 3.75 in rows and /s circuit model reciprocating
flow patternon ~ V, 70 Ah placed over CP system's HTF
the thermal and flow rate is 11.5
performance reciprocating % of the
flow unidirectional
mechanism flow BTMS
under the same
thermal
performance.
[93] Thermal 300 x 225 x CP was placed Supercritical 1-5 304.79-314.76 0.00014 kg/s Bernardi Model ANSYS Turbulence - 308 The Tpax rise in
performance 24.5 mm, 3.7 over the top of CO, Fluent model the module can
analysis of the V, 100 Ah the LIB be reduced by
system with 36.26 % with the
supercritical use of
CO, as HTF supercritical CO2
as compared to
water as HTF.
[95] Performance 100 x 180 x Array of (Water, EG, 1-3 298.15 4.46 x 1073 1/s Bernardi Model ANSYS Laminar 9.48 25.02 The addition of
analysis of the 14 mm, 3.7 V, prismatic cells Engine oil) + Fluent flow model (Temperature nanoparticles
system with 45 Ah with CPs 2%-5% rise) significantly
the nano- inserted in Al,03 reduces Ty but
enhanced HTF between nanoparticles has an
insignificant
effect on the AT
CP with serpentine HTF channels
[99] Optimization Rechargeable Array of Water 0.8 296 0.3 m/s Constant heat Ansys Laminar 13.1  308.6 The pressure
of the designed  LIB prismatic cells generation Fluent flow model drop in the
LC-BTMS TLP80ASE6- with CPs designed system
50 Ah inserted in decreased by
between 13.28 % after the
optimization of
design
parameters.
[100]  Designed LC- 194 x 91 x LIBs arranged Water 0.5-2 298 0.4 m/s Bernardi Model Ansys Laminar 6.9 304.9 The alternate
BTMS's 8.5 mm, 17.5 in rows, placed Fluent flow model flow direction of
optimization Ah over CP, and HTF in

fins attached in-
between LIBs

consecutive
liquid plates can
significantly
improve the
performance.

(continued on next page)
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Table 6 (continued)

Ref. Main objective ~ Design and Operation Parameters Simulation Results
Battery details ~ Battery module HTF Discharging Ambient Flow rate (kg/s,  Battery heat Simulation Flow model AT Tmax (K) Others
and BTMS rate (C) temperature m/s, 1/s) generation software XK)
design details X) model

[101] Use of MOGA Soft pack LIB, CP with a U- Water 1 298.15 - Bernardi Model Ansys Laminar 2.8 304.35 Optimized
approach for 3.6-42V,8 shaped channel Fluent flow model design reduces
optimization Ah inserted Timax and AT by
of LC-BTMS between two 1.85 °C and
design LIBs 0.35 °C.

[103] Use of the LIB, 3.6-4.2V, CP with a U- Water 1 300 45 x 107° kg/s Bernardi Model - Laminar 0.23 300.34 Instead of a
MOGA 5 Ah shaped channel flow model constant flow
approach for inserted rate, an
the between two optimized flow
optimization LIBs rate combination
flow rate of produced the
designed LC- same cooling
BTMS effect with

43.56 % reduced
power usage.

Other miscellaneous designs

[104]  Optimization 200 x 105 x CPs with spiral Water 2 298 1.2 x 103 kg/s  Bernardi Model Ansys Laminar 395 307.65 The pressure
of the LC- 7 mm, 3.7 V, channels Fluent flow model drop in the
BTMS design 21 Ah inserted optimized design

between LIBs was found to be
8.82 Pa.

[105]  Optimization 148 x 91 x An array of LIB Water 0.5-3 300 0.005-0.025 Bernardi Model Ansys Laminar 0.99  310.64 The pressure
of the LC- 27 mm, 3.65 arranged over kg/s Fluent flow model drop in the
BTMS design V, 40 Ah the CP with a optimized design

tree shaped like was found to be
HTF channel 181.75 Pa.

[106] Optimization 100.5 x 145.3  CPs with 1:1 EG: water 6 298 0.01-0.05 kg/s Bernardi Model Ansys Laminar 8.6 308.4 The pressure
of the LC- x 21.3 mm, fishbone- Fluent flow model drop in the
BTMS design 3.2V, 27 Ah inspired optimized design

channels was found to be
inserted 3106.9 Pa.
between LIBs

[107]  Performance 118.5 x 63 x CPs with honey- ~ Water 5 298.15 0.01-0.5 m/s Constant Heat COMSOL Laminar 4.1 302.5 Design in which
analysis of the 13 mm, 3.2V, comb channel generation flow model coolant flows in
designed LC- 8 Ah inserted opposing
BTMS between LIBs directions in two

neighboring
HLCPs improves
LIB temperature
uniformity.

[109]  Optimization 20,100,140- Lightweight 1:1 EG: water 0.7-2 298.15 for HTF ~ 0.1-1 m/s Constant heat Ansys Standard k- 5 313 The LC-BTMS
of the LC- type LIBs design and 313 for generation Fluent & model developed
BTMS design consisting of battery improves battery

HTF tubes on
the outer edges
of LIB and thin
fin in-between
two LIBs
attached with
HTF tube

module
temperature
uniformity and
minimizes BTMS
weight ratio
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(d)

Channg!

Cooling platc

(e)

Fig. 21. LC-BTMS designs with straight HTF channels in the CP studied by (a) Zhang et al. [77], (b) Wang et al. [78], (c) Duan et al. [79], (d) Guo et al. [80], and (e)

Xia et al. [81].

(Design-I), one tube with eight channels (Design-II), two tubes with four
channels (Design-III) and four tubes with four channels (Design-IV) were
investigated. Design-IV was found to be the best. The results revealed
that for a 2C discharge rate, the flow rate of 1 m/s (pumping power of
5.27e-3W) is required to maintain the maximum battery temperature
below 28.27 °C.

The effect of flow direction is a crucial parameter that dictates Ty
and AT within the LIB module. Many studies reported the impact of
different flow arrangements within the LC-BTMS for prismatic LIBs.
Wang et al. [87] carried out a numerical investigation for the design
optimization of a silica plate/liquid coupled CP (SLCP), as shown in
Fig. 22(a). The optimization for the number of tubes, flow rate, and flow
direction was carried out at different battery discharge rates. The opti-
mum number of tubes was found to be five. The flow rates at 3C and 5C
were found to be 0.1 m/s and 0.25 m/s, respectively. In another study
[88], the designed LC-BTMS was tested for the battery module of five
cells with series connections, and noticeably different results were
observed. Chung and Kim [89] numerically evaluated the thermal per-
formance of a pack-level LC-BTMS, which includes the CP, rectangular
fins, and prismatic batteries, as shown in Fig. 22(b). Three different
configurations of the LC-BTMS, including vertical batteries + one CP,
vertical batteries + two CPs, and horizontal batteries + two CPs, were
investigated. Results showed that the configuration with the horizontal
batteries performed significantly better than the other designs. Wang
et al. [90] conducted a control analysis for the flow direction of liquid in
the LC-BTMS. Three cases, namely, unidirectional, constant cycle
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reciprocating, and actively controlled reciprocating flow directions,
were comparatively studied. They reported that the LC-BTMS with the
reciprocating flow direction was significantly better than that with the
unidirectional flow.

Yang et al. [91] studied the effect of the inlet and outlet positions and
the number of coolant inlets and outlets on the cooling performance of
an LC-BTMS. Four CPs with batteries placed on the top were connected
parallelly, and four different locations of the main inlet and outlet were
studied, as shown in Fig. 22(c). Results revealed that when the inlet and
outlets were placed at the center of the four CPs, the performance was
comparatively better. In extension to this, the effect of the number of
inlets and outlets was also studied, and it was found that the perfor-
mance improved with an increase in the number of the main inlets and
outlets. The system with three inlets and outlets was able to keep cell
Tmax and AT below 27.98 °C and 2.69 °C, respectively, at the discharge
rate of 1C. Chang et al. [92] carried out a numerical investigation of an
LC-BTMS with reciprocating flow directions, as shown in Fig. 22(d). A
CP placed at the base of the LIB was used in the LC-BTMS. It was found
that when the reciprocating flow direction was used, Tpq, and AT were
observed to be 1.67 °C and 3.77 °C lower than that with the unidirec-
tional flow under the same flow rate, discharge conditions, and envi-
ronment temperature.

In addition to the HTF flow direction, the HTF type also affects the
performance of an LC-BTMS design with a straight HTF channel in the
CP. Many researchers have studied the effect of different HTFs on the
cooling performance of such systems for prismatic LIBs. Yang et al. [93]
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numerically investigated the performance of supercritical CO, as the
HTF in an LC-BTMS design with parallel cooling tubes in the CP. The
performance of the supercritical CO2 was compared with the LC-BTMS
with water as the HTF. It was reported that supercritical COy com-
bines the effect of both the HTF and PCM in the system. Tp,qy rises in the
battery pack with water and supercritical CO2 as the HTF was observed
to be 9.1 °C and 5.8 °C, respectively. Yang et al. [94] carried out a nu-
merical investigation to evaluate the thermal performance of an LC-
BTMS design with liquid metals as the HFT. Gallium Indium alloy
(GagOInZO) was used as the liquid metal, and the performance of the
system was compared with that of water as the HTF. Results show that
the thermal performance of the system improved significantly with the
use of liquid metals (Fig. 23). Moreover, the pumping power at the same
flow rate was also observed to be less for the liquid metal than for the
HFT.

Liu et al. [95] carried out a numerical investigation to study the ef-
fect of a nano-enhanced LC-BTMS, as shown in Fig. 24(a). Three base
fluids, i.e., water, ethylene glycol (EG), and engine oil (EO), were
considered and tested with Al,O3 nanoparticles. For the LC-BTMS, the
CP with parallel mini channels was used. Results revealed that the
addition of nanoparticles significantly improved the effectiveness of the
LC-BTMS. On the other end, the pumping power also increased sub-
stantially because of the addition of nanoparticles. An et al. [96] carried
out an experimental investigation for flow boiling in a mini channel type
LC-BTMS, as shown in Fig. 24(b). The CP with parallel channels was
used for the LC-BTMS. Dielectric hydrofluoroether liquid, having a
boiling temperature of 34 °C, was used as the HTF. Results revealed that
the designed system was able to keep the module temperature below
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40 °C at the discharge rate of 5C. The effect of different flow rates was
also analyzed, and it was found that the cooling rate improved with the
increase in the HTF flow rate.
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4.2. LC-BTMS designs with serpentine HTF channel in the CP

Another widely studied design of the HTF channel in the CP-based
LC-BTMSs for prismatic LIBs is a serpentine HTF channel. Many re-
searchers have reported studies of serpentine channels of different
shapes, sizes, and configurations in LC-BTMS designs with serpentine
HTF channels in the CP for prismatic LIBs. Sheng et al. [97] conducted a
numerical study to evaluate the cooling performance of an LC-BTMS
design with a serpentine HTF channel in the CP, as shown in Fig. 25
(a). Seven different configurations of the HTF flow in the serpentine
channel were studied. Results revealed that compared to the CP chan-
nels with a single inlet and outlet, those with two inlets and outlets had a
greater capacity for thermal management. It was shown that placing the
channel's intake and exit on the opposite sides rather than the same side
had advantages. They also reported that increasing the fluid flow rate
effectively lowered the cell's Tp,q, without significantly altering the
temperature differential across cells. Guo and Li [98] studied the effect
of different channel configurations in an LC-BTMS design with a
serpentine HTF channel in the CP, which consisted of a CP, L-shaped
aluminum fins, and prismatic LIB, as shown in Fig. 25(b). Four different
configurations of the liquid channel, i.e., parallel-spiral, parallel-U-
shape, series-spiral, and series-U-shape serpentine channels, were
studied. Results showed that T, and AT were comparatively lower for
the parallel configurations than for the series configurations, especially
the parallel-spiral serpentine channel. Optimization of the channel
design was also reported for the parallel-spiral serpentine channel.
Wang et al. [99] investigated the cooling performance of an LC-BTMS
design with a serpentine HTF channel in the CP for prismatic LIB cells.
Three different configurations of flow connections to different CPs were
studied, as shown in Fig. 25(c). The configuration with inlet and outlet
staggered was found to produce the best results in terms of cooling
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performance. The designed system kept the Tpqy of the battery pack
below 311.25 K. Zhao et al. [100] conducted a numerical investigation
to evaluate the thermal performance of a liquid CP (LCP) based LC-
BTMS. Two configurations of the BTMS, one with a single LCP and
another with double LCP on the top and bottom, were studied. The
serpentine channel was used for the HTF passage in the LCP. Optimi-
zation of the structural parameters of the serpentine channel was also
reported. It was found that the BTMS with double LCP performed better
than that with the single LCP. Ty,q, and AT for the single LCP and double
PCP designs were found to be 31.9 °C, 27.7 °C and 5.2 °C, 1.9 °C,
respectively. In addition, it was reported that the designed system was
able to keep Ty below 32.1 °C when the ambient temperature was
increased from 25 °C to 40 °C.

Amongst different serpentine channel designs, the U-shaped channel
design is quite popular and has been investigated by several studies.
Chen et al. [101] numerically investigated and optimized the design of
CP for an LC-BTMS, as shown in Fig. 26(a), with a multi-objective ge-
netic algorithm used for the optimization of the CP aiming at a high heat
dissipation rate and low-pressure drop. Results revealed that without
much complexity in manufacturing, the optimized design could reduce
Tmax and AT deviations in the module by 1.85 °C and 0.35 °C, respec-
tively. Chen et al. [102] carried out an experimental investigation for
scheduling effect on the performance of an LC-BTMS design with a U-
shaped HTF channel in the CP. The discharging process was divided into
three equal parts, and different HTF flow rates were used for various
periods. It was shown that the cooling performance was superior when a
higher flow rate was used initially and a lower flow rate was used toward
the end of the discharge cycle. Karthik et al. [103] conducted a nu-
merical investigation to optimize the flow rate of the HTF in an LC-BTMS
design with a U-shaped HTF channel in the CP, as shown in Fig. 26(b).
Three HTF flow rates were used for cooling during the discharging
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process. Thirteen combinations were designed based on the orthogonal
array, and optimization was carried out using the response surface
method (RSM). Results revealed that when the optimized combination
of the flow rate was used instead of a constant flow rate, the same
cooling effect was achieved with 43.56 % less power consumption.

4.3. LC-BTMS designs with miscellaneous HTF channels in the CP

Apart from the conventional straight and serpentine HTF channels in
CP-based LC-BTMS designs for prismatic LIBs, many other configura-
tions of the channels have also been studied. Li et al. [104] conducted a
numerical investigation to evaluate the thermal performance of a CP-
based LC-BTMS having spiral channels, as shown in Fig. 27. Their re-
sults showed that the designed LC-BTMS was able to keep Ty, AT, and
pressure drop below 34.65 °C, 3.95 °C and 8.82 Pa, respectively. Fan
et al. [105] conducted a numerical investigation of a CP-based LC-BTMS
having tree-shaped channels, and the performance of the system was
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compared with the conventional system having serpentine liquid
channels, as shown in Fig. 27(b). The optimization of the geometrical
parameters of the design was also carried out. Results of the study
showed that Tpqy, AT, and pressure drop for the optimized design were
1.79 %, 69.25 %, and 79.13 % lower than that in the conventional LC-
BTMS, respectively. Fan et al. [106] investigated how to improve the
liquid channel design in a CP-based LC-BTMS. Four fishbone-based de-
signs with different configurations were studied, as shown in Fig. 27(c).
The result revealed that the single inlet and double outlet symmetric
bionic fishbone channel (D2) design provided the best results. Further-
more, the optimization of the D2 design was also reported. Ty, AT, and
pressure loss for the optimized design were found to be 35.4 °C, 8.6 °C,
and 3106.9 Pa, respectively. Zhao et al. [107] conducted a numerical
investigation to evaluate the thermal performance of a CP-based LC-
BTMS having a honeycomb-shaped channel, as shown in Fig. 27(d). The
effect of the HTF flow rate was investigated. The results showed that the
cooling performance improved with the increase in the HTF flow rate up
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to a certain point and became almost constant afterward. Ty and AT
for the 0.1 m/s flow rate were found to be 302.5 K and 4.1 K,
respectively.

In addition to the mentioned channels, some other miscellaneous
channels have also been studied. Xiong et al. [108] conducted a nu-
merical investigation to evaluate the performance of the CP-based LC-
BTMS designs that had pin-fins in the CPs, as shown in Fig. 28(a). The
effects of pin-fin shapes, numbers, and distribution were studied. It was
found that the square-shaped pin fins performed significantly better
than the other designs in terms of reducing Tpnqx and pressure drop. Tpax
was also found to decrease with the increase in the fin numbers; how-
ever, the pressure drop increased. Tang et al. [109] designed and
investigated a lightweight LC-BTMS for a prismatic LIB. The LC-BTMS
consisted of a thin metallic plate as a fin and a microtube on the pe-
riphery of the fin for the HTF passage. Different arrangements of the
tube placement around the fin were studied for four cells, as shown in
Fig. 28(b). Amongst the selected configurations, D22 and D24 were able
to keep Tiax and AT at safe levels below 40 °C and 5 °C, respectively. Xu
et al. [110] numerically investigated the effect of a nano-enhanced EG
on the cooling performance of the LC-BTMS. Two different LC-BTMS for
cylindrical cells and prismatic cells were investigated for three different
nanofluids, i.e., CuO-EG, Aly,03-EG, and TiO»-EG. It was reported that
the performance of CuO-EG and Al,03-EG was found to be the maximum
with the LC-BTMS designed for cylindrical cells and prismatic cells,
respectively. Table 6 presents a summary of the existing studies on LC-
BTMS designs for prismatic LIBs.

4.4. Discussion of studies on LC-BTMS for prismatic LIBs

The literature review on LC-BTMS for prismatic LIBs shows that
extensive research has been carried out on the topic. Many researchers
have investigated and optimized their LC-BTMS designs. Some have
compared the performance of their designs with the conventional de-
signs used in commercial vehicles. Notably, all of the LC-BTMS designs
for prismatic batteries are based on CP. Designs have been done using
single or double CP in a LIB module. Similarly, the positioning of the CP
is also studied either on top, on bottom, in-between, or both on top and
bottom. Most of the designs claimed to maintain the LIB'S Tj,q, and AT in
the working ranges.

In the present review, the LC-BTMS designs for prismatic LIBs have
been classified based on the design of the HTF channel in the CP. Most of
the studies have utilized the CP with straight HTF channels. This is
because of easy manufacturing, less pressure drop, and lower cost of
these types of CPs. Another type of CP that has been studied is serpentine
channels. Many researchers studied the different configurations of the
serpentine channels and did optimization. Apart from straight and
serpentine channel-based CPs, some other CPs with miscellaneous HTF
channels have also been studied. The previous studies showed
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significant improvement in the heat transfer rate, with CPs having
serpentine and miscellaneous channel designs. The common problem
with the CPs with complex HTF channels is their manufacturing cost and
pressure drop. With the help of advanced manufacturing techniques,
these designs are possible and eventually can be produced at less cost.
Still, the pressure drop needs to be minimized in HTF channels for the
commercialization of these LC-BTMS designs.

Unlike the LC-BTMS for cylindrical LIBs, prismatic LIBs have been
studied in terms of dimensions and attributes, such as the prismatic LIBs
having storage capacity in the range of 5-100 Ah. Therefore, the heat
generation rate is different for these designs, and eventually, the flow
parameters are very diverse. Similar to LC-BTMS for cylindrical LIBs, the
foremost choice of many researchers is water as the HTF. The second
most utilized type of HTF is the mixture of water and EG (generally in a
ratio of 1:1). Many others studied the nano-enhanced HTFs and found
superior performance on the compensation of high-pressure drops.
Interestingly, Liu et al. [95] studied the comparative performance of
different HTFs (engine oil (EO), EG, and water). The results for Ty and
AT are presented in Fig. 29, which shows that water demonstrated the
most effective performance amongst the selected HTFs. The figure also
shows that the performance improved with the use of nanoparticles (2 %
Al,03). Moreover, one study also used the supercritical CO5 as the HTF
and found that the system performance improved with the utilization of
the CO5 [93]. Liquid metals have also been studied as HTF and found to
improve cooling significantly [94].

The discharge rate for most of the studied cases was in the range of
1-5C. Notably, the prismatic batteries have higher storage capacity;
therefore, many researchers have studied their applicability in medium
to heavy vehicles as well. Heavy vehicles require high discharge rates;
hence, further testing of these LC-BTMS can be done at higher discharge
rates. Similarly, the ambient temperature in most of the studies was in
the range of 283-303 K. Tropical regions have higher ambient temper-
atures, which can affect the overall performance of a system. Therefore,
the performance of these systems needs to be analyzed at higher ambient
temperatures.

4.4.1. Comparative analysis of LC-BTMSs for prismatic LIBs

A comparative study was conducted to assess the performance of
several designs based on their design and operational factors. Using the
available quantitative data, a subset of the experiments from each LC-
BTMS design for prismatic LIBs were selected and contrasted. The sub-
sequent sections have explored the impact of various operating and
design factors on the performance of LC-BTMS.

4.4.1.1. Effect of design parameters. The design parameters that signif-
icantly affect the performance of the LC-BTMS are the nominal capacity
of the battery module and the relative heat transfer surface area. The
results of the comparative analysis for LC-BTMS designs for prismatic
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(Obtained with permission from Liu et al. [95]).
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Fig. 30. Comparative analysis for the LC-BTMS for prismatic LIBs.

LIBs are presented in Fig. 30. The figure shows that the nominal capacity
of the selected designs lies between 100 and 900 Ah. Higher values of
nominal module capacity lead to higher heat generation rates in the
module. The other significant design parameter of the LC-BTMS is the
relative heat transfer area. The value for the relative heat transfer area
has been evaluated as described in Section 3.5.1.1. For most of the
studied designs, the relative heat transfer surface area is above 80 %.
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The cartesian configuration of prismatic LIB and CP provides a relatively
higher heat transfer area. For one study, the relative heat transfer area is
about 6 %. As a result, the comparatively highest Ty,q, was observed for
this design. The design with the highest value of nominal module ca-
pacity has >80 % relative heat transfer surface area. Hence, the per-
formance of this design is found to be better than that of the design with
the least relative heat transfer area, indicating that the relative heat
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transfer surface area while designing LC-BTMS should be kept as high as
possible.

4.4.1.2. Effect of operational parameters. The operational parameters of
the LC-BTMS can significantly affect its performance. For this compar-
ison, the type of HTF and HTF flow rate have been selected as opera-
tional parameters. The discharging rate range for selected studies is 3 —
6C. For most of the studies, water has been chosen as HTF. However,
some unconventional HTFs like supercritical CO5, nano-enhanced HTF,
and water-EG mixture have also been studied. The thermal performance
of most of these designs was found to be comparatively better. Similarly,
relatively better thermal performance was observed for a higher HTF
flow rate. The optimization of the HTF flow rate is necessary to reduce
the overall operational cost of the LC-BTMS. Notably, the HTF flow rates
for the studies having supercritical CO, and nano-enhanced HTF are
comparatively low. However, due to the lack of pressure drop data, it is
not easy to compare the overall performance of these studies.

The performance of these different designs of LC-BTMS for prismatic
LIBs is a function of both design and operational parameters. Designs
with low nominal capacity, higher relative heat transfer area, better
HTF, and higher HTF flow rates have shown significantly better per-
formance. Notably, researchers and entrepreneurs are interested in
comparatively evaluating the effect of different parameters on perfor-
mance so that the desired performance can be met by adjusting the most
crucial parameters only. Therefore, a detailed comparative analysis of
these design and operational parameters needs to be done using multi-
criteria decision-making techniques (MCDM) in the future.

4.4.2. Battery heat generation models

The numerical simulations have been widely utilized to study the
performance of different LC-BTMS designs for the prismatic LIBs. Similar
to the cylindrical LIBs, the battery heat generation models are used to
estimate the heat generation rate of the prismatic LIB. The cylindrical
LIBs come in standard sizes like 18,650, 4680, etc. Therefore, the heat
generation model developed for a LIB from the same manufacturer can
be used for an identical LIB. However, the prismatic LIBs do not have any
fixed standards, and sizes vary from manufacturer to manufacturer.
Therefore, most of the reported studies have validated their developed
heat generation model with the experimental data. The most used
models are the Bernardi heat generation model and the transient heat
generation model. The details of some studied models are presented
below.

4.4.2.1. Transient heat generation model. This model is considered the
simplest heat generation model. The heat generation rate during dis-
charging or charging of a battery is studied for different charging/dis-
charging rates. Equations are eventually developed for the heat
generation rate as a function of time or SoC. Some of the developed
correlations in some studies are shown in Table 7.

4.4.2.2. Bernardi Model. The Bernardi equation-based model has also
been widely studied for the analysis of LC-BTMS for prismatic LIBs. The
different equations developed by various studies are shown in Table 8.

Table 7
Correlations for the various heat generation models.
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4.4.3. Details of numerical simulation

The numerical simulation of the LC-BTMS for prismatic LIBs has been
researched in a way that is similar to the LC-BTMS for cylindrical LIBs.
This is because the two types of LIBs operate similarly. In order to
adequately cool prismatic LIBs, higher flow rates have been required
than those utilized for cooling cylindrical LIBs. This is because the
nominal capacity of the prismatic LIBs is significantly greater than the
cylindrical LIBs. Because of this, turbulence models have been used to
represent the fluid dynamics present in the system. The conventional k-¢
model is the turbulence model that is typically used in the majority of
the investigations. In addition, a significant number of studies have
investigated the influence of flow directions. Research has been con-
ducted on a wide variety of flow patterns, including series, parallel, and
reciprocating flow. It has been determined that the recirculating flow
has produced the most substantial improvements in outcomes. It is
important to note that the reciprocating flow scheme calls for additional
active components, and a comprehensive study has to be carried out in
order to evaluate the system's overall performance. The majority of the
research has been conducted using the ANSYS FLUENT platform, with
COMSOL coming in second most often.

5. Comparison of LC-BTMS for cylindrical and prismatic LIBs

Literature review shows that numerous studies have been reported
on LC-BTMS systems involving cylindrical and prismatic LIBs. In this
section, the different design, operational, and performance parameters
of the designs for both LIB configurations are evaluated comparatively.
A comparison of the studied module capacity range shows that the
module capacity for prismatic LIBs is significantly larger than that of
cylindrical LIBs, as shown in Fig. 31. In EVs, modules with higher
nominal capacity are preferred because of the reduction in total modules
required for the entire battery pack. The figure shows that the relative
heat transfer surface area for most of the designs studied, either with
cylindrical LIB or prismatic LIB, is almost the same. The relative heat
transfer area also represents the complexity of the LC-BTMS design.
Therefore, optimization of the relative heat transfer area should be
carried out for a designed LC-BTMS. The comparison of HTF flow rate
suggests that a higher range of flow rates has been studied with the
prismatic LIBs than with the cylindrical LIBs. This could be due to the
higher nominal capacity and heat generation rate of the prismatic LIB
module. Because of the higher flow rates with the prismatic LIBs, tur-
bulence gets involved in the physics of flow dynamics in fluid channels.
Therefore, turbulence models have been utilized in most numerical
studies for prismatic LIBs, whereas laminar models have been used in the
numerical investigation of cylindrical LIBs. The heat transfer rate can be
improved with the increase in turbulence and flow mixing in the fluid
channel. Therefore, the effect of turbulence promotors in the LC-BTMS
designs for prismatic LIBs can be studied in the future.

The comparison of performance parameters for cylindrical and
prismatic LIBs shows that Tp,, and AT can be kept below the extreme
limits using the devised designs. The range of AT for the prismatic LIBs is
slightly higher than that of the cylindrical LIBs. This phenomenon could
be due to the large physical size of prismatic cells and modules. Notably,
the T range for the prismatic LIBs was found to be lesser than that of
the cylindrical LIBs. The comparison shows that the design and

Ref. Correlation

Zhao et al. [100]

188118S0C° — 47133S0C* + 40772550C° — 13394550C? + 8857.250C + 12074,1C
25083350C° — 64464550C* + 49550550C° + 60110S0C? — 5697650C + 55948, 2C

Yang et al. [83]
Liu et al. [95]

153550C° — 11936S0C* + 12154S0C® + 366.7950C? — 3118.3S0C + 3250,0.5C
Qgen. =

Qqen. = 3.2235x 107126 — 8.2542 x 107°¢° + 7.7851 x 1076¢* — 3.2303 x 10733 + 0.6157¢> — 59.9607t + 148414.7651

1.25 x 10713t — 4.83 x 1071%6 + 6.83 x 107 7t* — 4.29 x 107 *£> + 0.121> — 17.76t + 66623.33,2C
3.22 % 10712° —8.25 x 10725 + 7.78 x 1076t* — 3.23 x 1073¢% 4 0.61¢> — 59.96t + 148414.76, 3C

4.91 x 10716¢° —3.77 x 1071265 +1.06 x 1078¢* — 1.34 x 10753 + 0.0076t> — 2.22t + 17151.7,1C
Qgen. =
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Table 8
Correlations for Bernardi model by various studies for prismatic LIBs.
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Ref. Correlations

Yang et al. [93] and
Fathabadi [111] 1.857 x 107°.50C~%¥%7 T = 30'C
1.659 x 107°.80C 1992 T — 40'C

{ 99.88S0C — 76.67,0 < SoC < 0.77
AS =

2.258 x 1076.50C™%3%2 T = 20°C
Rinr =

—30,0.77 < SoC < 0.87
—20,0.87 < SoC <1

Li et al. [104]

0.0039.50C° — 0.0049.50C* + 0.005450C> — 0.0039S0C? + 0.0008.50C + 0.0023, T =5 C

—0.0034.50C* + 0.0099.50C® — 0.0077.S0C? + 0.0017.S0C + 0.0016, T = 15'C

Rine. =
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Fan et al. [106]
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du,
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Fig. 31. Comparison of design, operational, and performance parameter range for LC-BTMS designed for cylindrical and prismatic LIBs.

operational parameters for designs of both cylindrical and prismatic LIBs
are significantly different. Future studies can be carried out on both
systems to optimize the design and operational parameters.

6. Major issues and challenges and recommended future work

The present literature review shows that the performance of an LC-
BTMS could be improved with the design and operational optimiza-
tion. However, this review also suggests that some issues exist with the
current LC-BTMS technologies, and further improvements need to be
carried out to refine the reliability and safety of the systems under
extreme working conditions. These works could be done on the LC-
BTMS analysis in the future. More specifically,

1. The relative heat transfer area is directly proportional to the per-
formance of the system. However, its higher values also lead to more
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system complexity and higher cost of the LC-BTMS. Therefore,
optimization of the relative heat transfer surface area for designs of
LC-BTMSs needed to be carried out.

. The flow direction of HTF plays a crucial role in the performance of

an LC-BTMS. The most effective flow scheme found in the literature
is the reciprocating flow scheme. Notably, the reciprocating flow
scheme necessitates additional active components, and a thorough
study is essential for the comprehensive assessment of the system's
overall performance.

. The performance of an LC-BTMS was found to improve with some

unconventional HTFs like liquid metals and supercritical CO,.
However, the other economic, health, and environmental aspects of
these unconventional HTFs in EVs have not been reported and need
further exploration.

. The nano-enhanced HTFs were also found to be superior to the

conventional HTFs. The biggest hurdle with the use of nano-
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enhanced HTF is the increase in pumping power. Therefore, opti-
mization of nano-enhanced HTFs can be carried out for different LC-
BTMS designs.

. For LC-BTMS for prismatic LIBs, many studies have seen a significant
increase in the heat transfer rate while using CPs with serpentine and
a variety of channel shapes. The pressure drop and manufacturing
expense of the CPs with complicated HTF channels are prevalent
issues. These designs are feasible and ultimately less expensive to
build with the aid of sophisticated production processes. However, in
order to commercialize these LC-BTMS devices, future work should
be carried out to minimize pressure loss in HTF channels.

. The LIB's discharge rate in most of the reported studies is in the range
of 1 — 5C. This discharge rate is suitable for the light vehicle. How-
ever, for medium and heavy vehicles, the discharge rate is high.
Further investigations should be done to improve the LC-BTMS for
medium and heavy vehicles.

. The ambient temperatures studied for most of the cases were in the
range of 293-303 K. The ambient temperature is higher in tropical
climates, which might have an impact on the system's overall per-
formance. For this reason, it is necessary to analyze the performance
of these systems at higher ambient temperatures. Moreover, higher
energy will be required to maintain the HTF temperature in the
desired range for high ambient temperatures. This will reduce the
overall range of the vehicle. Further analysis can be carried out in the
future to evaluate the overall performance of the EV in hot climatic
regions.

. The thermal runaway and heat propagation in an abusive scenario
needed to be considered for the complete analysis of the LC-BTMS.
The numerical modeling of such scenarios is currently being
researched [112-115], but due to the complexity, it has not been
utilized in the analysis of the LC-BTMS. Future numerical studies can
be carried out by considering the extreme conditions.

. Conclusion

The literature review of LC-BTMSs for different configurations of

LIBs has been presented in this review work. Generally, cylindrical and
prismatic LIBs are used in the EVs. Therefore, this article has been
categorized based on the LC-BTMS designs for the cylindrical and pris-
matic configurations of the LIB. The broad conclusions from this review
include the following,

1. The literature review shows that modifications in its design and
operational parameters can significantly improve the thermal
performance of an LC-BTMS.

2. For the cylindrical LIBs, both CP and channel-based designs have
been extensively studied and have shown significant cooling
performance. Moreover, the channel-based studies have reported
more in numbers than CP-based designs for the cylindrical LIBs
because of the larger heat transfer surface area in the former
design.

3. For the prismatic LIBs, most of the LC-BTMS designs are made up
of CPs. A large number of studies investigated the placement of
the CP in a variety of positions, including on top, on bottom, in
between, or both on top and bottom. Moreover, the different
types of CPs with varying configurations of HTF channels have
been studied. The most common types of HTF channels are
straight and serpentine channels. In the majority of the in-
vestigations, the CP with straight HTF channels was used. This is
because these types of CPs are simple to manufacture, have a
lower pressure drop, and are inexpensive.

4. The performance of all designs was found to improve with an
increase in the HTF rate. Several investigations indicated that the
performance of an LC-BTMS design, in terms of Tp,qy, is enhanced
with an early rise in the HTF flow rate and stabilizes after that.
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However, several investigations have also shown that AT did not
significantly improve with higher flow rates.

5. The HTF flow direction significantly affects the performance of
the system. Several studies examined the unidirectional, counter-
directional, and reciprocating flow patterns. The counterflow and
reciprocating flow schemes were found to be significantly effec-
tive in reducing both AT and Tpqy.

6. The most studied types of HTFs in the LC-BTMS are water and a
mixture of water and EG (Generally in the ratio of 1:1). Many
researchers have also studied the effect of other HTFs like liquid
metal and supercritical COy for different designs. The nano-
enhanced HTF has also shown significant performance improve-
ment, but the increase in pumping power is their biggest issue,
and it requires optimization.

7. A comparative analysis of the different designs of LC-BTMS for
both cylindrical and prismatic LIBs has been carried out by
considering design, operational, and performance parameters.
Battery module capacity and relative heat transfer area were
considered design parameters; HTF type, HTF flow rate, and
discharging rate were operational parameters, AT and Ty, Were
performance parameters. The results of comparative analysis for
both cylindrical and prismatic LIBs show that the performance of
the LC-BTMS design is significantly affected by the design and
operational parameters. Higher and lower values of relative heat
transfer area and module capacity lead to better design perfor-
mance. Similarly, a higher HTF flow rate and better HTF type can
also improve the LC-BTMS's performance. Moreover, the MCDM
techniques can be employed to evaluate the effect of different
parameters on the performance of a particular design of LC-BTMS
comparatively.

8. A comparison of the range of different design, operational, and
performance parameters on LC-BTMS for cylindrical and pris-
matic LIBs was carried out. The range of module capacity for the
prismatic LIBs is significantly more extensive than the cylindrical
LIBs. Similarly, the range of HTF flow rate for the prismatic LIBs is
greater than that of the cylindrical LIBs.

9. Most of the investigations that have been reported on LC-BTMSs
are numerical studies. Various battery heat generation models
have been employed to simulate battery heat generation. The
most commonly used battery models with cylindrical LIBs are the
Bernardi model, ECM, and P2D. With prismatic LIBs, the most

frequently studied heat generation battery models are the tran-
sient heat generation model and the Bernardi model.

10. For LC-BTMSs for cylindrical LIBs, the laminar flow model has
been used in most of the studies, whereas the most common flow
model for simulating the fluid flow for LC-BTMS designs for
prismatic batteries is the standard k-e¢ turbulence model. The
commonly used commercial CFD packages for these studies are
ANSYS Fluent and COMSOL.
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