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Abstract: - Electric vehicles (EVs), which use lithium-ion batteries as stable energy sources, provide a feasible solution to
future energy concerns. However, the performance of these batteries is affected by their operating temperatures, necessitates
the use of an effective thermal management system. High temperatures can create thermal runaways, which can lead to
explosions and short circuits, among other safety issues. The development of contrast lithium dendrites complicates
operating concerns. This study addresses prospective technical advances that may enhance thermal management of electric
vehicles (EVs) using lithium-ion batteries. The authors also examined the effectiveness of several theoretical and actual
battery heat-management approaches for hybrid and electric vehicles. This study provides clear instructions for selecting an
innovative cooling technology for battery thermal management for the next cohort of electric vehicles.

Keywords: Electric Vehicles, Battery Thermal Management System (BTMS), Lithium-ion Battery, State of health
(SOH), Global Energy Crisis, State of charge (SOC).

INTRODUCTION

Harmful emissions from internal combustion (IC) engines have dramatically degraded air quality, affecting
human health and welfare and contributing to global warming [1]. Electric vehicles (EVs) represent a possible
answer to global energy depletion. However, current limits, such as a lack of dependability for long-distance
driving and a battery unit's relatively short lifespan, impede EV adoption. These challenges must be addressed
for EVs to become more viable and accepted [2]. Electric cars are commonly used for lithium-ion batteries, [3].
but heat management challenges affect their performance, health, and safety. High temperatures reduce lithium
inventory, leading to capacity deterioration, low temperatures, on the other hand, cause capacity and power loss
by decreasing the active anode material [4]. Both extremes accelerate battery degradation. Additionally, high
temperatures can cause irreversible wreckage to battery components or the car, potentially causing swelling,
explosion or fire [5].

Electric car (EV) batteries depend on the Battery Management System to ensure their performance and
safety. It involves state estimation, battery modelling, and charging methods. Accurate modelling is crucial for
understanding ways and managing factors like SOH, SOC, and temperature. A well-designed charging strategy
is needed for safety and efficiency, balancing the trade-off between charging speed and energy loss. Slow
charging affects EV availability, while fast charging can raise the temperature and cause energy loss [6]. Wide
temperature fluctuations further accelerate battery ageing and may induce overheating or supercooling,
ultimately shortening the battery's service life [7].

Electric vehicles (EVs) use a variety of heat management approaches to manage the temperature of their
battery systems. These include liquid cooling, PCM-based cooling, air cooling, and thermoelectric cooling [8].
Each Battery BTMS has unique Benefits and drawbacks in terms of cost and efficiency. Air-cooled systems are
cost-effective but may struggle with heat dissipation in hot conditions, while liquid cooling is highly efficient
despite potentially higher implementation costs. Phase Change Material-based cooling utilizes the heat of
transformation to effectively manage thermal conditions within battery units, offering potential improvements in
thermal management. However, PCMs have low heat conductivity, necessitating the incorporation of thermally
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conductive components [9]. Thermoelectric-based systems, which use the Peltier effect for thermal
transmission, allow precise temperature adjustment, albeit at a higher implementation cost follow.

Battery Management System (BMS)

The BMS monitors battery operating parameters to improve longevity and safety. Furthermore, it gives
accurate estimates of the SOH and SOC for energy management elements in smart grids and Electric Vehicles.
For such objectives to be met, the BMS includes a variety of capabilities for managing and monitoring battery
operating conditions at several levels, including cell, module, and pack. As a result, the BMS emerges as a
critical component for assuring the safe, dependable, and efficient operation of batteries in smart grids and EVs.

A BMS's tasks include data collecting, charging optimization, state of charge computation and display, also
management of temperature, safety, energy, backup battery, and diagnostics. The Battery Management System
(BMS) comprises several components, including a battery control unit (BCU), primary and auxiliary chargers, a
thermal management system, a state of charge meter, battery warning mechanisms, a module sensing device
(MSD), and a safety module, among others.

Electrical Vehicles (EV)

The automobile industry is shifting towards zero-emission cars due to environmental concerns and global
warming, prompting the transportation sector to seek alternative technological disruption. To keep global
temperature rise below 2 °C, the transportation industry must reduce carbon emissions [10]. Electric vehicles
(EVs) are a promising approach for reducing oil-dependent emissions from road transportation [11]. EV
technology in the automotive sector can meet global emission limits. Electric vehicles (EVs) provide
environmental sustainability, economic advancement, and emission-free transportation.

VARIOUS TYPES OF BATTERIES
Lead-acid Battery

Gaston Planté created the Lead Acid (LA) battery in 1859, and it has since become the most extensively
used rechargeable battery worldwide, notably in the automobile sector. Camille Alphonse Faure expanded its
production capabilities and methods in 1881 [12]. Lead-acid batteries are built with lead-based electrodes and
grids, with lead oxide acting as the active component in the electrochemical charge and discharge processes.
This covers both the electrolyte and the positive and negative electrodes [13].

Nickel-based Battery

Since the production of the first Ni-MH battery in Japan in 1990, It’s been significantly employed for
multiple purposes, such as portable gadgets and hybrid electric vehicles. The Ni-MH battery is made up of nylon
separator sheets, a nickel hydroxide positive electrode, a metal hydride negative electrode, and an electrolyte
consisting of a concentrated KOH solution. Despite the emergence of Lithium-ion-based batteries, which
provide higher energy density, less memory effect, and lower self-discharge, nickel-metal hydride batteries are
still popular due to their environmental friendliness, lower cost, and improved thermal stability. However, Ni-
MH batteries have limitations, including as low specific energy, rapid self-discharge rates, and heat production
during fast charging and high-load discharge, which impair their safety, performance, and lifetime.
Modifications that minimize self-discharge can also lower specific energy [5].

Lithium-ion Battery

The 1990s saw the development and introduction of rechargeable lithium-ion batteries, and they have
considerable weight benefits over conventional battery types. Lithium-ion batteries, known for their superior
quality in the electrochemical sector, are currently among the most commonly utilized in electric cars [14].
Their high specific energy allows them to go nearly three times farther than lead-acid-based batteries [15].
Lithium-ion-based batteries are highly valued in the automobile sector for their extended cycle life, high energy
capacity, and efficiency. As technological advancements continue, these batteries are projected to play a more
essential role in the industry and everyday life [16].
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CHARACTERISTICS OF LI-ION BATTERY

Li-ion battery cells are made up of four main parts: the cathode, separator, anode, and electrolyte. A
channelled structure supports an aluminium current collector on the lithium metal oxide cathode. The anode is
generally composed of lithiated graphite in a multilayer structure atop a copper collector. Lithium ions are
liberated past the anode and into the electrolyte during discharge, passing through a porous plastic separator
before depositing in the atomic-sized pores of the lithium metal oxide cathode. Simultaneously, the anode
releases electrons, generating an electrical current that powers an external load. While charging, from the
cathode to the anode, the separator permits the passage of lithium ions. This reversible electrochemical
mechanism enables lithium-ion batteries to be recharged.

A lithium-ion battery can be built in two ways using metal containers with cylindrical or prismatic geometry
or using laminate films known as lithium-ion polymer batteries. Figure 1 (a) shows a cylindrical design with
layers rolled and encased in metal containers with electrolytes. Figure 1 (b) depicts a stacked configuration with
layers wrapped, heat-sealed in laminate film with the aluminium-based plastic toolbar.

Separator

Fig. 1. Designs of lithium-ion batteries [17].

To prevent electrolyte leakage, a gel or polymer is often employed in this packaging. As demonstrated in
Fig. 2, for electric vehicle (EV) energy sources, Lithium-ion batteries should be integrated into modules and
subsequently integrated into battery packs. These packs entail cells being interconnected in a parallel sequence
configuration to meet certain energy and power demands [17].

Fig. 2. Module, pack, and cell of lithium-ion batteries [17].
REASONS FOR BATTERY HEATING

A lithium-ion battery is an electric power source that undergoes a variety of electrochemical processes while
being charged and discharged. In the case of large-scale battery packs, the accumulation of heat created by these
activities can raise the total temperature of the pack, hastening electrochemical reactions. This phenomenon has
the potential to dramatically reduce battery longevity while compromising charging efficiency and safety.
Mechanical misuse, overcharging, and short circuits in high temperatures can all damage the battery [18].

At lower surrounding temperatures, the battery's lithium-ion diffusion capacity may diminish [19].
Additionally, a battery pack's modules and cells react differently to variations in ambient temperature, which can
lead to capacity loss, changing states of charge between nearby cells, and electrochemical imbalances over time
[20]. Consequently, choosing a BTMS is vital for maximizing performance of the battery by sustaining an
optimal temperature range [21][22].

BATTERY THERMAL MANAGEMENT SYSTEM (BTMS)

During battery charging and battery discharging, a Li-ion battery generates electricity through a sequence of
electrochemical responses. The heat created during these processes can accumulate in big battery units, raising
the overall temperature. This temperature increase speeds up the electrochemical reactions, lowering battery life
and jeopardizing charging capabilities and safety. Mechanical misuse, overcharging, and short circuits at severe
temperatures can all damage the battery [18]. Battery performance decreases at low temperatures due to

5081



1)
2)
3)
4)
5)
6)

J. Electrical Systems 20-10s (2024): 5079-5096

electrochemical imbalances, charging and discharging rates, and state of charge disparities. A battery thermal
management system is essential to guarantee an appropriate temperature range.

Interior adjustments to the systems are possible, including electrode material selection, electrode thickness
adjustment, and property optimization such as thermal conductivity and thermal diffusivity [23]. Chan et al. [24]
used silicon in the role of an anode substantial in lithium-ion batteries because of its rich charge capacity and
less discharge potential. Sheu et al. [25] studied the outcome of lithium cobalt oxide atom size in the Li/LiCo02
rechargeable battery system, demonstrating a considerable influence on cyclic stability. Wenquan Lu et al. [26]
said that reaching 70% utilization of total energy in lithium-ion batteries necessitates a cathode thickness of at
least 130mm. Furthermore, Wenquan Lu et al. [27] accomplished a thorough examination, displaying the
fluctuation of battery capacity and weight about thickness. Jinli Yang et al. [28] investigated three carbon
support structures for LiFePO4 cathodes: acetylene black, carbon nanotubes, and graphene. Their findings
highlighted the dependence of LiFePO4's electrochemical performance and particle size on the carbon support
used, highlighting graphene as a suitable possibility for LiFePO4 support.

External Battery Thermal Management Systems (BTMS) may cool battery cells via mediums like water or
air. External BTMS is divided into two distinct categories, active and passive, based on the usage of external
power sources. Active BTMS is the use of additional electricity to run fans or pumps, which includes liquid and
air-based systems. In contrast, passive battery thermal management systems depend on explicit structures linked
to the batteries to boost heat exchange from the battery to the external surroundings. This category contains both
heat pipe and PCM [29]. An exterior BTMS should be small, inexpensive in cost, need minimum maintenance,
be compatible with automobiles, and be very reliable [30].

Generally, BTMSs are classified into [31]:
air cooling.
liquid cooling.
phase change materials (PCM).
thermoelectric
heat pipe for cooling.
combinations.

VARIOUS METHODS OF BATTERY COOLING

Air Cooling

A few benefits of the cooling system include its price, simplicity, and convenience of installation. Both the
Toyota Prius 2001 and the Honda Insight 2000, which contain several NiMH battery cells and air conditioning
schemes, have their battery system's thermal behaviour examined by Kelly et al. [32] and Zolot et al. [33], [34].
They discovered that these systems were successful for their intended purposes. However, Chen and Evans [35]
observed a considerable rise in battery temperature associated with high discharge rates when reaching a
specific threshold for battery module thickness. This was owing to the polymers' limited thermal conductivity,
which rendered air cooling ineffective for cooling the battery core. Pesaran et al. [36] proposed that air cooling
may only be appropriate for parallel electric vehicles that are hybrid (HEVS). In contrast, electric vehicles (EVs)
and series HEVSs require more efficient heat transfer mediums to accommodate larger thermal loads. Mahamud
and Park discuss temperature discrepancies in battery units [37].

Liquid Cooling

A liquid-based thermal management system may be set up in two ways: by immersing the modules directly
in a dielectric fluid or by enclosing them in a liquid-cooled plate [38]. In a simple experiment including the first
approach [39], 48 Panasonic CGR18650E lithium-ion battery cells were assembled in a triangle module and
immersed in water during discharge. When compared to air cooling, water cooling dissipates heat more
efficiently due to its high conductivity. However, its requirement for a sealed system to prevent leakage, along
with increased weight and complexity, makes it costly and uncommon. Alternatively, heat pipes, known for
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efficient thermal conductivity, can replace water. These pipes circulate liquid through an evaporator and
condenser, transferring heat efficiently through a cyclical process.

Tin filled
vove

Fig. 3. The PHP cooling system in a closed loop [40].

The PHP cooling system in a closed loop is shown in Figure 3 [40], illustrating the use of PHP in thermal
control. Additionally, an integrated hybrid system for cooling with airflow and heat pipes was proposed [41].
The experimental findings demonstrated that this system successfully dissipates heat, keeping each cell's
temperature below 50°C even while producing 50W of heat.

Phase Change Material (PCM)

PCMs are chemicals that store and release heat energy when a phase changes, such as from a solid to a
liquid and back again [42]. hey help maintain stable temperatures, making them useful for thermal management
systems. PCMs are categorized into gas-liquid, solid-gas, solid-solid, and solid-liquid types. Gas-liquid and
solid-gas transitions are challenging due to high latent energy needs. Solid-solid PCMs are rare due to high
transition temperatures. Solid-to-liquid PCMs are preferred for their high heat storage and minimal volume
change during phase transition [43].

=

Organic Inorganic Eutectic

Salt-hydrates Metallic

Non-paraffin
compounds

Fig. 4. Classification of solid-to-liquid transition PCMs [44]

PCM-based BTMS does not require any extra components and may efficiently lower the highest temperature
and temperature variations between cells in a battery unit, but its applicability is restricted by mass. Common
PCMs are paraffin, wax, and composite materials. [45]. Solid-to-liquid PCMs can be categorised as organic,
eutectic and inorganic. Hydrocarbon chains, including paraffin, make up organic PCMs. Inorganic PCMs are
salt hydrates containing metallic elements, like di-sodium hydrogen phosphate dodecahydrate. Eutectic PCMs
combine organic and inorganic materials, such as copper foam with paraffin wax [46].

Mengyao Lu et al. [47] presented a system with paraffin wax as a Phase Change Material based on BTMS.
This technology produced more consistent temperature distributions than traditional cooling by natural or forced
air convection systems. Javani et al. [48] investigated BTMS using PCM topologies by differing the amount of
thickness of PCM layers around battery cells, finding a link between higher thickness and lower maximum
temperatures, but smaller layers improved temperature uniformity. Duan et al. [49] investigated PCM design
modifications, testing the efficacy of PCM cylinders and jackets around cells for heat regulation, and both were
successful. Ziye Ling et al. [50] inspected the influence of PCM phase transition temperatures, concluding that
PCMs with extreme temperatures—either too high or too low—were useless. They recommended, from 40
degrees Celsius to 45 degrees celsius is the optimal phase change temperature for PCMs varies.

The application of metal mesh and PCM in BTMS to a pure BTMS was inspected by Amine Lazrak et al.
[51]. The discoveries demonstrated that, in contrast to the clean PCM-based system, the combined PCM-based
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BTMS lessened the battery's maximum temperature by an additional 10°C. Gholamreza Karimi et al. [52]
studied three nanoparticles—Ag, Cu, and Fe304—as thermal conductivity enhancers. Their findings showed
that silver (Ag) particles had the best thermal performance

Thermoelectric

A thermoelectric cooler, utilizing the Peltier effect, offers a potential solution for regulating battery thermal
conditions in electric vehicles. It comprises P-type and N-type semiconductors attached to ceramic layers with
high thermal conductivity. Current flow induces cooling or heating effects according to the course of the current
flow between the semiconductor types, facilitating thermal regulation. When placed next to the battery module,
the thermoelectric cooler effectively transfers the heat created from the battery to the other side of the
thermoelectric cooler [53].

g

i

Fig. 5. Classification of solid-to-liquid transition PCMs [44].

Xinxi Li [53] developed a BTMS System that used thermoelectric cooling in conjunction with forced
convection and tested its performance against forced convection cooling and natural convection cooling. The
outcomes display that thermoelectric cooling is the optimum way to not only lower the maximum battery
temperature but also reduce power consumption. Lyu et al. [54] developed a composite BTMS that included
liquid cooling, air cooling, and thermoelectric cooling, resulting in a considerable drop in the surface
temperature of the battery from 55 degree celsius to 43 degree celsius. Chakib Alaoui [55] created a solid-state
BTMS with thermoelectric cooling and successfully tested it in an electric car using the US06 cycle, displaying
good performance. Changsheng Qiu et al. [56] developed a BTMS using a thermoelectric cooler with changing
cross-sections and optimized its geometric structure. The coefficient of performance improved by 21.59%, and
cooling capacity increased by 35.73%, as compared to a system with a constant cross-section. Yong Liu et al.
[57] used thermoelectric cooling for battery thermal management, proving its adaptability in cooling and heating
batteries under very low ambient temperatures in winter. While research on thermoelectric-based BTMS has
progressed, more study is needed for future developments [58].

Heat Pipe for Cooling

Figure 6 depicts a heat pipe, which functions as a sealed container holding a vacuum and a working fluid to
facilitate heat transmission during the transition from liquid to vapour. It has three main sections: evaporating,
condensing, and adiabatic. When in touch using the battery element and the evaporator takes heat from it,
causing the working fluid to evaporate. This produces a pressure gradient, which is driven by the high vapour
pressure and lower molecular density of the vapour and directs the vaporized fluid towards the condenser. Here,
the vapour emits heat into the surrounding environment before condensing back into liquid form. Capillary
forces then transport return the liquid to the evaporator, thereby continuing the cycle [59][58].

2 . . d
- Adiab section —| ¢

Evaporator

Fig. 6. Working of a heat pipe [8].
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Thermal management systems for batteries using heat pipes are a new passive cooling technology that is
noted for its low cost, excellent thermal conductivity, lightweight design, and long lifespan [60]. Heat is
automatically transmitted from battery cells to cooler sources via the heat pipe's intrinsic evaporation and
condensation processes [61]. Thanh-Ha Tran et al. [62] investigated heat pipe's impact of positioning on BTMS
efficacy and concluded that vertical placement produced superior results. Similarly, Rui Zhao et al. [63]
explored several cooling systems that comprise heat pipes in many configurations, including standalone models,
heat pipes integrated with wet cooling, and heat pipes coupled with fans. Their findings underlined the
efficiency of the combination of heat pipes and wet cooling as the most suitable cooling method. Zhonghao Rao
et al. [64] created a flat-shaped copper heat pipe and tested its performance under various heat generation rates
and positions. An oscillating heat pipe-based system was also created by Zhonghao Rao et al. [65] and
investigated both horizontal and vertical positions. They discovered that the highest temperature differential
between cells was 7°C in the vertical arrangement and 10°C in the horizontal layout.

Combinations

Researchers have explored combining multiple cooling methods to enhance overall performance, improving
heat pipe systems or combining air or liquid cooling systems with PCM systems. It exhibits rich heat absorption
capabilities but low thermal conductive capacity, thus combining them with other cooling technologies
improves heat transmission efficiency. For example, Kizilel et al. [66] investigated a PCM-graphite matrix
cooling system on an 18650 cell module (4S5P) under thermal runaway circumstances. This technique
efficiently avoided thermal runaway propagation from a defective cell to neighbouring cells. Heat pipes, which
efficiently transmit heat, supplement air or liquid cooling systems since they require prompt heat dissipation.
Rao et al. [64] created a BTMS based on heat pipes for a big-scale prismatic LiFePO4 battery unit, adding a
basin for water to cool the area where condensation forms. This approach provided effective thermal control.
Similarly, Burban et al. [67] investigated an open-loop pulsing heat pipe (PHP) system for HEV electronic
thermal management, taking into account variables such as pipe inclination, air velocity, temperature, and
operating fluid.

Moreover, Weng et al. [68] used PCM and heat pipes to upsurge the flow rate of heat and achieve thermal
homogeneity while lowering the energy usage of air conditioning fans. This hybrid technique demonstrates the
potential for integrating several BTMS technologies to improve cooling performance and energy efficiency.

TABLEI. COMPARISON OF VARIOUS METHODS OF BATTERY COOLING
Cooling Method Description Advantages Disadvantages Suitable Applications
Air Cooling Uses air to _ . lelted effectiveness for . _
dissinate heat from Simple, easy to install, high thermal loads; less Parallel hybrid electric
[30] [31] [32] [33] p and affordable. effective for thicker battery vehicles (HEVs).
35 battery cells.
[35] modules.

Utilizes liquid to Electric vehicles (EVs)

Liquid Cooling remgve heat_, either ngh_er heat dissipation E.xpenswe, mcr_eased and series HEVs
by immersion or efficiency compared to weight, complexity, and require efficient heat
[36] [37] [38] [39] liquid-cooled air cooling. risk of liquid leakage. a
transfer.
plates.
Phase Change . Effective temperature Limited by mass; organic, Maintaining consistent
Materials (PCM) Uses materials that control, with no - ; . temperature
o inorganic, and eutectic S
absorb and release additional components tvpes have varvin distribution in battery
[40] [41] [42] [43] heat during phase needed, reduces erformanceZn dg units; applicable for
[44] [45] [46] [47] transitions. temperature P aoplications reducing temperature
[48] [49] [50] differences. PP ' peaks.
. Based on the Situations requiring
Thermoelectric Peltier effect; ) . . precise thermal
Cooling . Precise temperature Lower efficiency, high
involves P-type and - management,
control, compact power consumption, and ;
[51] [52] [53] [54] N-type design. cost, potentially as a
[55] [56] semiconductors to supplementary cooling
manage heat. method.
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oo Cooting | MPIOVSSElE aricuany e
Heat Pipe Cooling containers with a cogductivity Effectiveness depends on Fr))assive co}(l)ling is
[57] [56] [58] [59] working fluid to lightweight cost- proper positioning and preferred; can be
[60] [61] [62] [63] transfer heat via . - design. . "

hase changes effective, long lifespan. combined with other
P ges. methods.
Combinations Integrates t".VO or Improved heat transfer Complexity and potential Hl.gh-_performanc?
more cooling and thermal cost increase; require applications, including
[64] [62] [65] [66] | methods to enhance management. increased mel%ﬁngm large-scale battery
overall gement, ! desig systems, require robust
efficiency. optimization.
performance. thermal management.
TABLE Il. OVERVIEW OF WORK PERFORMED ON BTMS

5;;:::1 Battery Type TeAr;npblfnn: C Tmax in oC ATmax in oC References Year

Air-cooling LlFetF)’;if;uare 27 45 4 Xiongbin Peng et al [69] 2019
A('Lg:’;'(;;‘g "'tg‘;a:‘r;on 22 28 <5 R. D. Jilte et al. [70] 2018
Liquid . .

Cooling Li-ion battery 25 49.8 3 Jingren Gou et al. [71] 2019
cooll_ilr?;flate L"'Ot:‘afgr;pa"k 25.15 34.6 0.35 Sigi Chen et al [72] 2019
PCM Cooling

(Carbon cylindrical battery Fereshteh Samimi et al
fibres+Paraffi simulator 25 525 11 [73] 2016

n)
Heat Pipe pouch Li-ion cell 23-24 <32 <2 Shuogi Wang et al. [74] 2019
(ioAr::blnzgoMns Cylindrical Li-ion 27 37.68. 41 <5 Ravindra D. Jilte et al 2019

. battery module o [75]

cooling)

SOFTWARE TOOL FOR MODELING BTMS

Building a BTMS requires complete research to investigate the removal of heat efficacy, economic
feasibility, and dependability. Alongside traditional experimental methods, unconventional assessment tools are
employed to refine BTMS designs. Numerical simulation, notably cost-effective, accelerates BTMS design and
improvement by creating predictive models. Constructing a battery thermal model begins with understanding
electrochemical processes and selecting appropriate governing equations. This physics-based model simulates
internal heat generation and temperature distribution during battery operation.

Before building a MATLAB model, a logic framework needs to be created to provide an overarching
foundation for BTMS simulation. This enabled the next modelling procedures and assured the possibility of
future tweaks, additions, and upgrades.

Initial inputs and thermal cycle settings involved defining physical parameters like thermal capacity and
mass for the battery unit. When PCM is near the battery cell, they are treated as one unit. Heat transfer flows
affecting battery temperature include internal heat generation, dependent on driving behaviour and vehicle
parameters, and external heat dissipation from different thermal cycles. The parameters were acquired from the
battery unit and testing circumstances for computation, leading to the construction of the necessary battery
thermal model.

Control strategy development involves using characteristic parameters like battery and ambient temperatures
to select the appropriate thermal cycle. Typically, multiple thermal cycles exist in battery thermal models. Based
on the selected operation state, components such as the pump adjust their operating state. Sub-states may be
introduced under the main operation state for improved performance. Simplification and decoupling are
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essential to avoid endless loops and speed up simulations. Simplified or approximate methods can resolve these
loops. Decoupling is also useful, for instance, the activated thermal cycle consumes electricity, adding load and
heat, which complicates the model. Initially decoupling the thermal and electro-thermal models and later
integrating them when both are stable can prevent programming issues.

Data processing and output entailed capturing only useful parameters that indicated model outputs. Raw data
was transformed into performance metrics for standard evaluation, and visuals were created to aid visual
comprehension. Newman's electrochemistry model is a very renowned simplex battery thermal model, with
implementations in software systems like ANSYS and COMSOL. Despite its extensive use, Newman's model
treats a heterogeneous electrode structure as a slab, failing to represent the electrode's porous structural
implications [76][77]. Many thermal models like cylindrical [78], prismatic [78][79] and pouch type [80][81]
have been created and are still being refined by researchers to better represent the thermal Li-ion battery
phenomenon in the present time.

Three approaches are used to compute the thermal flow of data within the battery thermal management
system, finite element analysis (FEM), computational fluid dynamics (CFD), and the battery thermal model
[82]. CFD is crucial for developing Battery Thermal Management Systems (BTMS) because it takes spatial heat
production changes across cells and three-dimensional coolant flow into account for Lithium-ion battery packs.
It simulates the conjugate mode of heat transport, an important process in BTMS. Research demonstrates a
strong correlation between modelling and experimental data, with numerous studies utilizing numerical
modelling to assess Li-ion batteries and propose effective heat management strategies. These investigations
employ diverse mesh types, solvers, and modelling approaches to simulate heat transfer and fluid dynamics
within the battery pack

VARIOUS LOADING CONDITIONS ON BATTERY
a) Fast Charging:

To achieve quick charging capabilities, one must first understand the impacts of temperature on batteries and
then develop temperature-independent thermal management solutions [83]. The dangers of lithium plating pose
a considerable barrier during fast charging, especially at lower temperature ranges, lithium plating on the anode
may occur while charging li-ion-based batteries at freezing temperatures, resulting in increased Solid Electrolyte
Interphase (SEI) production and rapid degradation. Temperature-dependent variables impact lithium plating
kinetics, such are reduced reactions at graphite surfaces and lower electrolyte ionic conductivity, as evidenced
by the Arrhenius ratio. As a result, the majority of contemporary electric vehicles (EVs) do not enable fast
charging in cold temperatures unless extra preheating techniques are used [84][83][85].

The rate of charge and discharge for batteries is determined by C-rates, which measure the current used.
Battery capacity is naturally specified at 1C, which indicates a completely charged battery of 100 Ah can
distribute 100A per hour. The discharge duration varies with the C-rate: at 1.5C, the battery provides 150A for
40 minutes, and at 0.66C, it provides 66A for over 90 minutes. Simulation studies show without lithium plating,
a lithium-ion battery can charge at 25 degrees Celsius at a rate of 4C. But at 10-degree Celsius and 0-degree
Celsius, the charge degree drops to 1.5C and 0.66C, respectively, raising the possibility of plating [86].

Rapid charging efficiency is significantly impeded by low ambient temperatures, as there are restrictions on
charging speeds to guarantee vehicle safety and performance. At a lower temperature range, the possibility for
plating with lithium during charging grows considerably, resulting in reduced battery capacity [86][87]. The
electrical power transfer of the rapid charger with an efficacy of 50 Kwatt exemplifies this difficulty, with
efficiency declining from 93% at 25°C to 39% at -25°C when Battery Management Systems (BMSs) seek lower
power levels in colder circumstances [88].

b) Slow Charging:

During sluggish charging procedures, ambient temperature has a less apparent impact. Evidence from
research in various environmental conditions, in a 2013 Ford Focus using an AC Level 2 charger is reported in
[89]. The charger consistently consumes an average power of 6.6 kW during the initial three hours across all
temperature levels, typical of Level 2 charging in the United States. Subsequently, slight variations occur, with
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charging power gradually decreasing as the session progresses. EV drivers opting for slow charging over several
hours experience minimal changes in the charging structure, as the electric energy is substantially lower than
quick charging rates, which most EV batteries can accommodate.

Another empirical study done in France [90] sought the amount of energy needed to use a slow charger to
reheat the batteries and cabin. The tests were taken at a battery warmed to 5 °C, and the Electric Vehicle interior
heated to 20°C despite the outside temperature being 10°C. The 3.6-kW onboard charger provided an electric
grid to both the batteries and the HVAC systems for warming up. It takes around 45 minutes to complete these
chores. These statistics imply that regions with low temperatures and large EV adoption rates may have more
weekday morning peaks.

c) Temperature Conditions:

Lithium-ion batteries (LIBs) lose performance at temperatures less than zero degrees Celsius [84][91]. In
2001, Nagasubramanian observed a significant decline in Panasonic 18650 power and energy density of
batteries from over 800 W/L and 100 Wh/L at 25°C to less than 10 W/L and approximately 5 Wh/L at -40°C
[92]. Another study found that SOC decreased as soon as the working temperature decreased from 25 degrees
celsius to -15 degrees celsius of a LIB by about 23% [93]. The state of capacity (SOC) is defined as the
proportion of the total available capacity to the present residual capacity [94]. Several factors can contribute to
performance loss at low temperatures because of the complex material system used in LIBs. Initially, low
temperatures have an impact on the characteristics of electrolytes. The electrolyte's viscosity rises with
decreasing temperature, lowering its ionic conductivity. Due to the increased impedance in the direction of
chemical ion flow, this causes a rise in internal resistance. To counteract this impact, researchers investigated
electrolytes with lower freezing points and other electrolyte additions [95][96][971[98][99].

High temperatures have a more complicated effect on lithium-ion batteries (LI1Bs) than low temperatures do.
Internal heat production occurs during LIB operation, and understanding this process is critical for limiting
high-temperature consequences. In the normal temperature range, heat increasing in lithium-ion batteries is
primarily caused by the transfer of charge and chemical responses that occur while battery charging and
draining [100][101]. Heat is generated either through reversible chemical responses that occur while battery
charging and draining processes, such as entropic heat, or irreversible ones [102][103].

The heat produced in the reversible process is caused by an increase in entropy during electrochemical
reactions [104]. Irreversible heat-generating mechanisms include active polarization, ohmic heating, and heating
caused by ion mixing and enthalpy change [105][106][107]. Polarisation occurs due to a voltage difference
between the open circuit and working potentials, enhancing charge transfer resistance at the electrode-
electrolyte known as (Solid Electrolyte Interface - SEI). Heat is generated as lithium ions exceed the barrier for
intercalation and deintercalation [108]. Because of their resistance, the electrode and electrolyte both experience
ohmic heating, which impedes charge transmission [109]. During LIB operation, ion distribution becomes
heterogeneous, resulting in ion mixing and heat production [110]. The enthalpy shift produced by phase
transitions in cathodes, mostly as a result of lithium-ion diffusion, is an additional irreversible mechanism that
produces heat [111].

d) Battery Age and Degradation:

A battery is deemed useless and should be changed when its capacity fades to 20% [112]. The anode,
separator, electrolyte, and cathode are the four basic components of a battery cell. These components are linked
and susceptible to ageing. [4], with the ageing of one component affecting the others and leading to overall cell
ageing. Consequently, cell ageing contributes to the ageing of the entire battery container, which is composed of
multiple cells.

The ageing mechanisms are based on chemical or mechanical deterioration [113]. One key ageing factor is
the creation of a protective layer at the electrode/electrolyte interface as a result of anode-electrolyte interactions
[114]. This layer termed the SEI (Solid Electrolyte Interface), is formed predominantly throughout the initial
charges [115][116]. Halting additional electrolyte decrease and negative electrode corrosion is the main purpose
of the SEI layer. But, when the SEI continues to expand, it penetrates the electrode's pores, resulting in a loss of
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active electrode area, increased internal resistance, and consequent power and capacity fading. Though much
thinner than on the anode, SEI formation happens on the cathode side.

Another well-known deterioration mechanism in lithium-ion batteries is lithium plating, which happens at
low temperatures [117] or rapid charging rates [118]. Either from the electrode's surface quickly transferring
lithium ions or the gradual dispersion of the graphite with lithium ions or electrolyte results in the electrode
being coated with metallic lithium plating [84]. Furthermore, the dendritic development of metallic lithium can
result in internal short circuits and battery failure by getting to the positive electrode by ripping the separator
[119]. SEI generation and lithium plating are both responsible for the lack of cyclable lithium. The performance
of batteries and ageing is significantly impacted by temperature, especially at low (subzero) and high
temperatures, which increase deterioration rates [119]. To maintain optimal working conditions, the Battery
Management System (BMS) must manage battery temperature. As a result, many heating methods are used,
including internal and exterior heating for fuel cells [120] and batteries [121][122].

DiscussION

According to the evaluation, it is clear that all BTMS has unique strengths and weaknesses, making them
suitable for a broad spectrum of battery units. Air cooling, aided by natural airflow, emerges as the easiest and
most economical way of cooling battery units. However, its poor thermal capacity and heat transmission
coefficients make it ineffective in many Electric Vehicle (EV) applications. As a result, it is best suited for EVs
with modest charging and discharging rates, smaller designs, and operating in favourable ambient temperature
ranges. Whereas, heat pipes provide passive operation and higher cooling efficiency than air-cooled systems.
Nonetheless, their popularity in EV applications is impeded by huge space requirements, a lack of temperature
regulation, and the need for extra cooling in the condenser portion. To overcome the volumetric limits imposed
by the condenser portion, adjusting its angle can help reduce space utilisation.

PCM-based BTMS Systems offer potential due to their high latent heat capacity, which allows them to store
and maintain heat at appropriate temperatures for extended periods without requiring active cooling
components. However, drawbacks include slow solidification after melting, susceptibility to leakage when
liquid, and limited usability within specific temperature ranges, restricting their response to rapid temperature
fluctuations within the battery unit. Electric vehicles (EVs) with larger battery modules for distant travel and
quick recharge necessitate dynamic cooling systems to effectively dissipate significant heat while optimizing
energy efficiency. Forced convection air cooling, for example, with the J-Type cooling channel design, regulates
airflow velocity to efficiently remove heat from the battery unit despite varying thermal loads, enhancing overall
cooling performance.

However, fan-cooled air BTMS systems suffer from drawbacks like uneven cooling distribution and reduced
efficacy due to low air Film coefficient and heat capacity. To address these limitations, strategies involving
thermal conductivity enhancers like porous aluminium foam and strategically placed heat sinks within the
battery unit are proposed. Despite advancements, liquid-cooled BTMS remains the favoured choice for most
EVs owing to liquids' superior heat transfer properties. However, existing research on cooling methods,
including those utilizing Phase Change Materials (PCM), often overlooks broader Electric Vehicle (EV) design
considerations. Such studies primarily focus on enhancing battery units without assessing potential impacts on
other EV components, such as increased weight or volume. Further research on the holistic effects of BTMS
improvements on overall EV performance is warranted.

CONCLUSION

In conclusion, this study delves into recent breakthroughs in BTMS technology, assessing the pros and cons
of each type. Five primary BTMS systems liquid-cooled, PCM-based, air-cooled, and combinational and heat
pipe-cooled are utilized in the electric vehicle (EV) sector. While air-cooled systems offer energy efficiency and
cost-effectiveness, they may fall short in adequately cooling batteries with substantial thermal requirements,
making them better suited for EVs with shorter ranges and lower thermal loads. In contrast, liquid-cooled
BTMS surpasses air-cooled counterparts due to superior heat transfer capabilities, making them ideal for EVs
with larger battery packs designed for extended travel distances and high thermal loads. PCM-based systems,
while capable of passively absorbing significant heat, face challenges due to low thermal conductivity and
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limited operating temperature ranges, although enhancements like thermally conductive materials and heat sinks
can improve performance. Hybrid BTMS, combining various system strengths, offers versatility but requires
careful consideration of trade-offs between complexity and cost.

Developing an efficient BTMS demands thorough research integrating standard experimental methods with
innovative assessment tools like numerical modeling. Essential steps include understanding electrochemical
processes, establishing a logical framework before MATLAB model creation, and formulating control strategies
based on characteristic parameters. Simplification and decoupling are crucial for expediting simulations, while
data processing transforms raw inputs into actionable insights for informed decision-making in BTMS design
and refinement.
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