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Abstract- The usage of conventional energy sources leads to global warming and environmental degradation. Hence, there is a
great demand for renewable energy sources. Further, there is a severe threat to non-renewable energy sources and their supply.
Nowadays, electric vehicles and hybrid electric vehicles are used to replace conventional vehicles to avoid these problems.
Batteries are used to store energy, and the stored energy is supplied. Lithium-ion batteries (LIB) are used for many applications
as they have increased specific energy, longer life cycle and lower auto discharge. The performance of the batteries is
improved by introducing novel materials for the electrodes and electrolytes. The working principle of this type of battery is
based on an electrochemical reaction that releases heat during charging and discharging. However, this type of battery is
susceptible to high temperatures and hence new technologies are developed for effective cooling and better performance of the
batteries. This paper critically reviews various types of batteries, usage, novel materials for electrodes, battery cooling
technologies, recent trends, future research and recommendations.
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Abbreviations

3D-Three-Dimensional HEV-Hybrid Electric Vehicles PSH-Pumped Storage Hydropower
Al- Atrtificial Intelligence LIB-lithium-lon Battery RSM-Response Surface
CFD-Computational Fluid Dynamics LTO- Lithium-Titanium-Oxide RTIL-Room-Temperature lonic
CPCM-Composite Phase Change Materials  ML-Machine Learning SEI-Surface Electrolyte Interphase
DOE-Design of Experiments NMC-Nickel-Manganese-Cobalt TMS-Thermal Management System
EOL-End of Life PCM-Phase Change Materials
EV-Electric Vehicles PHEV-Plug-In Hybrid Electric Vehicles

1. Introduction responsible for global warming. Hence, there is a direct and

indirect impact on the environment. It is reported that energy

Energy resources are required to generate electricity,  generation from fossil fuels is the highest emitter of
which is necessary for industrial activities and human  greenhouse gases, around 75 % [1]. Wind and solar, being
comfort. The burning of fossil fuels for electrical energy  renewable energy sources, are considered a substitute for
production results in the emission of exhaust gases which are ~ fossil fuels. The earth receives around 5 x 1024 J of solar
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energy, and it is spread over the entire area. This solar energy
is 10000 times higher than the actual consumption of energy.
Hence, it is necessary to use solar energy for electrical
energy generation and any improvement in the energy
conversion method will enhance the quality of the built
environment. Many researchers are working to increase the
energy conversion efficiency of solar energy conversion
devices [2]. Hence it is suggested to accelerate the renewable
energy program for energy generation [3]. Solar and wind
energy are intermittent, seasonal and not stable [4]. The most
famous solar energy conversion devices are solar water
heaters, solar collectors and heating devices, etc. These
devices convert solar radiation into useful energy or work.
Since solar energy is intermittent, different types of energy
storage systems are used to store the energy. The stored
energy is utilized when renewable energy systems do not
produce power.
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Fig.1. Global primary and final energy consumption
requirements [5].

Fig.1 shows the forecasting of global primary and final
energy consumption requirements. The final energy
consumption shows the energy used by the customer without
considering various types of losses. From the figure, we
observe that the energy consumption increases steadily, and
the primary energy consumption is higher than the final
energy consumption. It is reported that the final energy
consumption significantly increases in  Europe, Asia, and
Netherlands[5].

It is estimated that the combined transportation and
stationary energy storage will grow about 2.5 to 4 terawatt-
hours annually, by 2030 and it is about 4 times the current
energy storage market due to an increase in electrified
transportation, increase in renewable energy generation and
reduction in battery storage price. In recent years, a
significant number of developing countries are adopting
electric vehicles which increases the demand for energy
storage systems. Also, the incentives and promotional
activities by government agencies increase the EV market. It
is projected that China will have the highest medium-term
mobility storage market. By 2030, annual global
deployments of stationary storage (without PSH) are
expected to surpass 300 GWh, [6].

Further, greenhouse gases have to be eliminated, there is
a requirement for green energy technologies based on solar,
wind, etc. Replacing the automotive sector run by fossil fuels
with electric vehicles run by batteries avoids pollution. In the
recent past, researchers introduced parameters towards
decreased size and weight, increased life span, more security
and reduced cost [7-9]. As a part of the research and design
of battery management systems, some key issues like
measurement of cell voltage, condition monitoring, battery
uniformity and equalization, fault identification, etc. are
discussed in the literature [10].

2. LIB Technology for Electric Vehicles

The advent of EV and hybrid electric vehicles is getting
more attention due to their lower emission and lower green
gas emissions. These vehicles also produce lower noise and
vibrations. The increase in electrical power production from
renewable energy can be used to drive these types of vehicles
[11]. The electrical energy required for operating these types
of vehicles can be stored in the LIB. These batteries have
several advantages: higher power capacity, higher energy
density, longer lifespan, and lower self-discharge [12].
However, the LIB generates heat generation to a larger
extent, and it may affect the battery due to overheating. This
overheating increases battery cell temperature and damages
the cell and affects the battery’s charging and discharging
performance [13]. The operating temperature of LIB should
be between 25 to 40°C and temperatures above and below
this range will affect the performance and life. Hence, it is
necessary to retain the operating temperature in LIB used in
EV [14].

The rise of the temperature and its variation may affect
the lifespan of batteries, and safe operating temperatures
must be maintained. A suitable cooling system must be
developed for the battery to maintain and control the
temperature and its distribution within the permissible limit.
Several researchers developed a battery cooling system with
air as the cooling medium [15]. The battery temperature and
temperature distribution are affected by the battery discharge
rate, Reynolds number of coolant and atmospheric
conditions, particularly atmospheric temperature. The battery
can be cooled by coolants such as gas, air and liquids. It is
reported that effective cooling is possible with liquid. In
recent years, phase change materials (PCM) have proven
their capability for better cooling of the battery [16].

The simulation work on cylindrical types of lithium-ion
batteries (71types, 18650 No.) to analyse thermal behaviour
shows that the flow rate of coolant and the area between
channel and battery affect the temperature uniformity [17].
The study related to cooling performance carried out on a 20-
Ah lithium-ion pouch cell at two different discharge rates
shows the optimum cooling temperature at the inlet as 15 °C
and 20 °C and cooling fluid flow rate as 9 kg/hr to 12 kg/hr,
respectively [2].
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3. Types of Batteries

The different types of batteries are lead-acid, Ni-Cd, Ni-
metal hydride, and lithium batteries, as shown in Fig.2. The
lead-acid batteries contain a mixture with varying
concentrations of water and acid. Generally, sulfuric acid is
used in this kind of battery, and it is bulky and heavy. The
nickel-cadmium batteries are heavier than an old lithium-ion
battery and very susceptible to the “memory effect”. While
recharging, it remembers the old charge and continues it till
its use next time. The crystallization of battery substances
leads to a shape memory effect and can permanently reduce
the battery lifetime, even making them useless. Hence, this
type of battery is recharged once it is completely discharged.
The nickel-cadmium battery is better than the lead-acid
battery. The cadmium present in this type of battery is toxic.
So, precautions should be taken. The Ni-metal hydride does
not contain cadmium and is affected less by the memory
effect than nickel-cadmium batteries. Hence, this type of
battery does not need much maintenance as compared to Ni-
Cd batteries and has a higher capacity. Lithium-ion batteries
are better than other batteries and light in weight. This type
of battery is non-hazardous; however, it catches fire very
easily and requires special handling [18]. This review
considers different aspects of LIBs, challenges and research
opportunities.
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Fig.2. Different types of batteries.

3.1. Working Principle of LIB

The major components of LIB are electrodes, an
electrolyte, separator between electrodes. The electrodes are
immersed in the electrolyte. The electrode materials are
selected to have better capacity, good cycle stability and
improved safety.

In LIB, the Li-ions flow from the battery electrode to the
electrolyte and intercalate into the battery cathode during
discharging. This ion movement also causes a release of
electrons and the electrons flow in the external circuit of the
battery. However, this process will be reversed during
charging, and Li-ion flows from the battery cathode to the
electrolyte and intercalates in the anode. The metal oxides
like lithium iron phosphate, Li-Mn oxide and Co-Li dioxide

are used as cathode material. The binders and conductive
materials are added to enhance the battery electrode's
adhesion and increase the conductivity.
Polytetrafluoroethylene and polyvinylidene difluoride are
generally used as binders. The porous separator separates
battery electrodes and is made of polypropylene or
polyethylene. The separator is in the form of film and its
thickness varies from 10 to 20 pum. It is immersed in an
electrolyte. The ionic conductivity of electrolyte and
separator should be high. The casing of the cell is made of
metal. The construction and working of lithium batteries are
shown in Figs. 3 and 4, respectively [19].
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Fig.4. Working of LIB.
3.2. Types of LIBs

Based on the composition of positive electrodes, LIBs
are classified into lithium titanate, lithium manganese oxide
batteries, Li-Co oxide batteries, lithium iron phosphate, Li-
Ni-Mn-Co oxide batteries, Li-Ni, and Co-Al oxide. Table 1
compares different types of LIBs.

In a lithium cobalt oxide battery, the cathode is of
cobalt oxide and the anode material is graphite. The structure
of the cathode is in the form of layers. The ions flow from
the anode to the cathode during battery discharging. The flow
reverses during charging. The structure of the anode is in the
form of a 3-D spinel structure as it increases ion flow and
provides low internal resistance. This helps in better current
handling. In Li-Ni-Mn- Co-oxide, the cathode combination is
generally 1/3™ Mn, 1/3™ Co, and 1/3 Ni (1:1:1). The cobalt
is available in limited quantities and is expensive. The
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properties of different types of LIBs are compared and given

in Table 1 [18, 20].

Table 1 Properties of different types of LIBs

SI.LNo | Name Advantages Disadvantages Applications
1 Lithium 1. Higher specific 1. Shorter life span 1. Camera
Cobalt Oxide energy 2. Low thermal stability 2. Laptop
3. Limited load capabilities 3. Mobile phones
2 Lithium 1. Design flexibility 1. Lower life cycle 1. Power tools
Manganese 2. Higher capacity 2. Safety issues 2. Electric vehicles
Oxide 3. Higher thermal medical devices
stability
4. Better safety
3 Lithium 1. Lower thermal stability 1. Power tools
Nickel 1. Self-heatingislow | 2 shorter Life span 2. Electric bikes
Manganese Powertrains
Cobalt Oxide
4 Lithium Iron 1. Higher current 1. Higher self-discharge 1. Portable devices
Phosphate rating 2. Affected by moisture which need high
2. Longer cycle life load currents
3. Better thermal
stability
4. Better safety
5 Lithium 1. Better specific 1. High cost 1. Medical devices
Nickel Cobalt power 2. Limited quantity of nickel and | 2. Electric
Aluminum 2. Longer life span cobalt powertrain
Oxide 3. Higher energy
density
4. Higher power
density
6 Lithium 1. Faster charging 1. Costlier 1. UPS
Titanate 2. Better safety 2. Lower specific energy 2. Powertrain
(Lithium Street lighting
Titanium
Oxide(LTQO))

4. Materials of Cathodes and Anodes

It is reported that the cathode and anode materials should
have higher mechanical strength, shorter diffusion length and
higher surface dimensions ratio. Also, it should have a better
exposed active surface. Flame retardants, binders, electrolyte
solvents, and gel precursors are other materials used. The
materials used for the construction of cathodes and anodes
are discussed below [21-22].

4.1. Cathode Materials

Li-phosphate, Li-Co oxide, Li-Mn, oxide of Li-Ni-Co-
Mn oxide, etc., are commonly used cathode materials. Li-Co
oxide is a cathode material that is commercially developed
and commonly used. However, because it has a higher
energy density, it is not preferred for off-grid products. This
is due to low cycle life and inferior safety. The other material

used is Li-Mn oxide, as it provides good heat stability and
safety. However, it has lower cycle life, and hence nickel
cobalt aluminium material is preferred. It provides better
thermal stability. This type of battery is not preferred for off-
grid products as they are costlier and have a lower cycle life.

The various blends of cobalt, manganese, and nickel are
successful and have potential in LIBs. The cobalt,
manganese, and nickel blend ratio can be listed in the
electrode name. For example, the chemical formula of an
equal blend mix is represented as NMC 1-1-1. These material
blends provide better-cycled life, higher energy density and
safety. The blend ratio is tailored to suit a particular
application for a specific purpose. It is reported that the
lithium iron phosphate battery is preferred for off-grid
products due to its better cycle life and stability, lower cost
and better safety. However, it has low output voltage and
energy density.
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4.2. Anode Materials

The materials like graphitic carbon, lithium titanate,
silicon-based material, metallic lithium, hard carbon,
synthetic graphite and tin-based alloy are used in the
preparation of anode. In most LIBs, graphite formulations are
used for the negative electrode. Graphite may be natural or
synthetic. During first charging, a solid electrolyte layer is
created on the surface of the graphite. This layer helps to
stabilize the anode as it prevents the reaction between
electrolyte and graphite. The LIB cell performance is
affected by this layer. This type of cell has higher cycle life,
better safety, low-temperature operation and better thermal
stability. The drawback of this cell is lower energy density
and lower cell voltage.

5. Cell Construction

The LIBs are made in the form of rectangular and
cylindrical. The rectangular type cells are generally used in
domestic electronic goods and mobile phones. The
cylindrical type cells are used for various applications. In
recent years, pouch-type cells have been used, and the shape
of this cell is like a rectangular type. However, it is thin and
has a flexible laminate. These features help reduce the size,
cost, and cell weight. The LIB cell is designed to have a
better safety mechanism. For example, if the temperature of
the cell exceeds the safe limit, then immediately current flow
stops [23-24].

5.1. Cylindrical Cells

The cylinder LIB cells consist of housing, anode foil,
electrolyte and cathode foil as shown in Fig.5. The housing is
made of aluminum or stainless steel and safety disks are
provided at the top. This type of cell is hermetically sealed.
The outer battery terminals are connected to the cell
electrodes using welding.

1

Cathode

Separator/
Electrolyte

Anode

Housing

Fig.5. Cylindrical Cell Prismatic cells.

The shape of the prismatic cell is rectangular, and its
construction is similar to a cylindrical cell. The anode,
separator and cathode can be assembled as shown in Fig.6.
The terminals of the battery are provided at the top of the

housing. The thickness of this type of cell is small and hence
preferred in consumer electronics where easy battery
replacement is required.

Battery
Terminals

}athode

A
’ Separator

Anode
N
N
/ Y
=
| = =

Fig. 6. Prismatic Cell.

5.2. Pouch Cells

The pouch cells consist of several rectangular stacks of
individual cathode, anode and separator layers. This type of
cell has a laminated aluminum bag or flexible polymer
housing. The tabs of electrodes are joined together by the
terminal of the battery on top of the bag. The setup is
saturated with liquid electrolyte, and the bag is heat-sealed.
The thickness, weight, and cost can be reduced by
eliminating rigid housing. The swelling of the pouch may
lead to a reduction of a lifetime and loss of capacity and
safety. A typical pouch cell is shown in Fig.7.

Battery
Terminal

Cathode \
Anode \\

Polymer
Pouch

Fig.7. Lithium-ion pouch cell.
5.3. Electrolyte

The important part of LIB is the electrolyte which
enables the movement of lithium ions across cathode and
anode. The electrolyte should have higher ionic conductivity,
which helps in the easy movement of ions between
electrodes. The different types of electrolytes are discussed
in the next sections.
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5.3.1. Liquid Electrolytes

In LIBs, the liquid electrolytes consist of salts such as
LiClO4, LiPF6, LiBF4, solvents like dimethyl carbonate,
diethyl carbonate, and ethylene carbonate. During discharge,
the cations move from negative to positive electrodes. At
room temperature (20°C), the liquid electrolyte has
conductivities of 10 mS/cm. The conductivity value
increases to about 30 to 40% at a temperature of 40°C, and
the conductivity value decreases slightly at a temperature of
0°C. The mixture of dimethyl carbonate and carbonates
(linear and cyclic) provides higher conductivity.

The organic solvents decompose easily on negative
electrodes while charging. The initial solid layer that forms
when the electrolyte decomposes on initial charging is
known as “electrolyte interphase”, which is of solid and
insulating type, and enables conduction of ions. During the
second stage, this prevents further decomposition of the
electrolyte. For example, at 0.7V, Ethylene Carbonate
decomposes and forms a solid layer interface. Composite
electrolytes like polyoxyethylene provide a stable interface.
They are available in both solid and liquid forms. To limit
the flammability and volatility of organic liquids, room-
temperature ionic liquids (RTILS) can be used[25].

5.3.2. Solid Electrolytes

Solid electrolytes are used as electrolyte material.
Ceramics are the most promising among them. Lithium metal
oxide is a ceramic electrolyte that allows Li-ion transport due
to intrinsic lithium. As a significant benefit, there are no risks
of leakages.

Ceramic electrolytes are available in two categories
namely ceramic and glassy. Solid ceramic-type electrolytes
have ordered compounds having ion transport channels.
Perovskites and lithium super ion conductors are commonly
used ceramic electrolytes. Electrolytes of solid glassy type
have amorphous atomic structures similar to chemical
composition as that of ceramic type with conductivity
variation at grain boundaries.

By adding sulfur and oxygen, ionic conductivity can be
obtained for glassy as well as ceramic electrolytes. The
conductivity develops from 0.1 mS/cm to 10 mS/cm with
solid electrolytes[25].

6. Characteristics of Lithium-lon Batteries

The energy density, charge and discharge characteristics,
size, toxicity impact, self-discharge profile, leakage, gassing,
capacity, and life cycles are the important characteristics of
LIBs [26]. The LIBs generally have negative and positive
traits. Positive traits are power density, higher specific
energy, better energy density, longer life, and better
discharging and charging efficiency. The negative traits are
price, greenhouse gas emission during manufacturing,
disposal, and electronic protection system during discharging
and charging [27]. Fig. 8 shows the LIB voltage and current
characteristics.

6 6
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Discharge 4 4
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Fig.8. Voltage and current characteristics.

The LIB cooling is affected by its cell arrangement and
required spacing should be provided around the cell for
effective cooling. The hexagonal structure arrangement of
the cell provides effective cooling for 19 batteries. Hence it
is suggested that an optimized cell arrangement ensures
better cooling performance and uniformity in temperature as
the optimized cell structure ensures better airflow passage
[28].

According to the battery pack size, the liquid cooling
plate may be designed as it is easy to develop, has less space
requirement, and is easy to repair. Fig. 9 shows the cooling
plate structure. The battery structure and cooling plate
fabrication decide the internal fluid area. The aluminium
alloy is used in fabricating liquid plates due to its ductility,
higher thermal conductivity, lower density and ease of
manufacturing. The coolant used is ethylene, as it has lower
freezing and high boiling points [29].
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Fig.9. Cooling plate with different structures (CFD cooling).

In recent years, heat pipes and cold plates are used in the
TMS of batteries as these batteries use liquid coolants. The
heat pipe consists of a condenser and evaporator at its ends.
The coolant in the evaporator is used to cool the battery and
this absorbed heat is released from the condenser [30]. Heat
pipes are also found useful in LIB cooling [31].

In battery cooling, forced convective cooling is better
than natural convective cooling. The design parameters such
as shape and cooling layout affect the battery cooling
performance. It is reported that a better design, such as a
serpentine channel, can reduce the temperature significantly
[26]. Hence, liquid cooling is most widely used in battery
cooling due to its better cooling efficiency and reliable
operation.
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It is reported that the passive liquid cooling system has
higher energy loss than the passive cooling system and is
used in liquid cold plates [32]. A numerical work carried out
with a double-layered cooling channel shows that this type of
design results in a better cooling effect than another cooling
type. Also, it helps in better trade-off among pressure drop,
maximum temperature and uniformity in temperature [33].

The cold plate absorbs the heat developed by the battery
cell. The coolant in the cold plate absorbs heat and transfers
heat sink and cools the battery cell. The cold plate
dimensions affect the rate of heat transfer. The operating
conditions and cold plate design affect the cold plate
performance. The pressure drop, mean temperature, and
temperature uniformity are important parameters that affect
performance. The most sensitive parameter is temperature
uniformity, depending on coolant and heat flux[34]. A
numerical study carried out on a cold plate with a rectangular
channel shows the uniformity of temperature, which is most
important and affects the LIB performance. Also, it isn't easy
to optimize all the operating parameters simultaneously [35].

The performance study on a water-cooled LIB(Fig.10)
used in EVs with a micro-channel cold plate shows that the
channel's coverage of surface area coverage ratio and
diameter is to be optimized. The results of this study show an
optimum channel hydraulic diameter of 1.54 and an area
coverage ratio of 0.75 as optimum parameters that will help
maintain a maximum temperature of less than 40°C and
temperature variation within 4 °C [36].

The paraffin wax-based PCM is the most popular;
however, this PCM has lower thermal conductivity and the
value is below 0.4 W/mK [37] and hence it has a lower heat
flow rate. If the heat transfer by application of PCM is not
transferred to the environment, then it may affect the TMS of
the battery. Various techniques are used to increase the
performance of the PCM [38-39]. The fin structure, such as
cylindrical or longitudinal, can be used to increase the heat
transfer of the PCMs. It is reported that this technique
enhances the heat transfer effectively as compared to PCM
without fins. As the heat transfer area increases, it
contributes positively to the battery performance for cooling.
The fin dimensions, the number of fins, and the position of
fins must be optimized for better performance of the PCM. It
is reported that the fin system can be used in a battery
cooling system with a heat generation rate of 20 W [40].

The battery bank consists of 42,100 cylinders that can be
cooled with a mini-channel liquid cooling system, and it is
suggested that the number of mini-channel required is four,
and the inlet coolant flow rate is about 1,103 kg/s. The
coolant mass flow rate limits the capability of Tmax [41].
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Fig.10. Air-Cooling of LIB.
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Fig.11. Liquid Cooling.

The passive or active cooling system (Fig.11) can be
used for battery cooling. In the battery system, air
temperature between 10 to 35°C is preferred to avoid
overcooling and overheating. Passive cooling is simple in
design and low cost as compared to an active cooling system.
The liquid heat exchanger is used in an active cooling system
to transfer the heat absorbed by the coolant. The hydrogel
can be used in the passive cooling system, and it is easy to
manufacture and cheap. However, active cooling is widely
used due to effective heat transfer [42]. The temperature and
its distribution affect the performance of LIBs and have
limitations in their applications. The impact of temperature
varies on the temperature value. Hence, measuring the
temperature inside the LIBs effectively helps design a better
battery thermal management system [43]. The non-uniform
cell temperature and battery temperature increase during
higher battery discharging conditions. It is reported that the
large inter-cell spacing provides effective cooling air
circulation and removes various gases generated [44].

In recent years, computational fluid dynamics (CFD)
analysis is used to optimize the dimensions of the cold plate.
CFD analysis of a cold plate with serpentine-channel
configuration was carried out and the influences of channel
number and the channel layout are studied. CFD study was
extended on the effect of coolant intake temperature on the
performance [45]. A typical cooling arrangement of the
battery that can be analyzed using CFD is shown in Fig. 12.

Battery Bank

T

Liquid In

¢
d
a

Liquid iu/t )< /

Fig.12. CFD analysis.

It reveals that the design of the cooling plate results in
various temperature profiles and better design results in
better design of the cooling plate for a battery pack [46].

An optimal cooling strategy can be obtained by
optimizing the temperature of the coolant at the inlet and its
flow rate, discharge rate, surface area, flow pattern layout,
etc. It is reported that the flow pattern layout concerning
crossflow with a single inlet and outlet channel alternately
reduces temperature difference and maximum temperature by
950.1 and 32.2%, respectively, as compared to the flow
pattern layout, which has ten inlet channels at one side in
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parallel flow. Hence, the temperature non-uniformity and
maximum temperature can be maintained with optimized
cooling parameters [49].

A phase change material (PCM) has a higher energy
transfer capacity. Hence, it can provide effective cooling for
the large-scale battery pack, and it is very effective in
maintaining battery temperature and temperature distribution
without any external cooling source. However, the PCM has
a lower thermal conductivity, one of its main drawbacks [3].
The PCM thickness affects the heat transfer and performance
of the battery. The use of PCM enhances the heat transfer
and reduces both maximum temperature Tmax and difference
in temperature, AT effectively [50]. Cooling plate with PCM
/ water cooling of a battery pack, and it is suggested that the
factors such as spacing of adjacent batteries, cooling plate
height, rate of flow at the inlet, and direction of the flow
should be optimized. Also, the selection of PCM is
significantly affected by the thermal conductivity and
melting point of PCM as it directly affects the cooling
performance. It is reported that the water-cooling plate
effectively removes heat generated during discharging of the
battery and effectively reduces maximum temperature. One
can achieve uniformity of the temperature by placing the
PCM between the adjacent batteries [51].

The operating temperature affects the LIBs' durability,
performance and safety, particularly in hot climates. Hence,
LIB should have an efficient cooling system. It is reported
that the novel PCM with fin structure can be used for the
cooling of lithium iron phosphate batteries to enhance
temperature uniformity in heated conditions and to reduce
the maximum temperature. The PCM has lower thermal
conductivity and hence providing fins will increase heat
transfer. It is reported that the PCM with longitudinal fins
will increase the heat transfer, and this arrangement is shown
in Fig.13.

The heat transfer increases with the area of the fin
structure, and the thermal conductivity of its material.
However, the number of fins, position of fins, and materials
of the fins affect the heat transfer [52]. Further, the thickness
and spacing of fins, and the kind of PCM material affect the
cooling performance of the LIBs. It is reported that the
optimized PCM-fin structure results in better thermal
management and helps to keep the maximum temperature
within limits. The PCM-fin design increases heat conduction
and natural convection and improves the cooling
performance due to increased heat dissipation. It also
minimizes the failure risk [53].

Battery Cell
PCM

Container

Fig.13. Cell cooling using PCM with fins.

The heat transfer characteristics of LIBs can be increased
by thermally conductive CPCM. It is also found that heat
transfer characteristics of CPCM are nearly the equivalent to
copper foam/PCM material under varying temperature
conditions. Further increment in local heat transfer for
various regions for different sizes of power battery module
CPCM cooling media. The maximum temperature was
limited to 44.6 °C in a 36-battery module during the 3C
discharge, while the temperature difference ATmax Was
restricted to 0.8°C. It showed a slight increment in max.
temperature Tmax (less than 1%), but it was found that a
reduction in temperature difference by 46.7% for 16 batteries
pack helped the temperature consistency [54]. It is reported
that novel PCM materials and design technology have to be
developed for the effective cooling of LIB [55].

7. Numerical studies on CFD Cooling of LIBs

7.1. 1D Analysis

Electrochemical-based 1-D simulation was performed
on thermal stability analysis and the battery cell capacity loss
was based on C-rate discharges of individual positive
electrodes [56].

7.2. 3D Analysis:

The theoretical and computational insight gives the
behavioural aspect of operational and extreme thermal
environments. Further, 3-D simulation helps develop new
materials and their shape. Further 3D simulations help
develop new architectures as a complementary approach to
experimental investigation [57].

Many simulation studies on air cooling, liquid cooling
and PCM cooling are summarized for various arrangements
[58]. Multiple techniques have been followed. Out of them,
lumped system analysis is a commonly used technique in that
each cell is considered for numerical analysis [59]. Further,
many correlations were also defined through optimization
techniques using data obtained from CFD results [60].
Multichannel systems can also be developed for effective
thermal management of a cylindrical lithium-ion battery
module [61]. In continuation, several factors were
investigated for the selection of design variables to enhance
the performance of cooling of batteries. Finally, many
optimization methods like DOE and RSM can be applied for
real optimal design [62].

8. Application of Artificial Intelligence in LIB

The LIBs are extensively employed in electric vehicles
due to their lower discharge rate, longer cycle life and higher
energy density. Hence, required to manage the LIBs to
enhance the performance of the vehicle [63,10]. Also, it is
necessary to get information about thermal runways, battery
aging, condition of the battery, charging and discharging, etc.
The integration of artificial intelligence (Al) with LIBs for
battery management will help to overcome these issues and
for the life cycle management of LIBs [64]. Hence the
applications of LIBs have increased in recent years [65].
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Machine learning (ML), the subset of Al, is also used in
battery management [66]. The ML can also be used in the
selection of materials, testing, etc. and helps in material
development and enhances the battery's life [67]. Different
types of ML algorithms are used in LIB applications and
selection is based on the data available etc., to get better
prediction results. For example, a random forest algorithm is
preferred to predict the LIB’s cathode materials crystal
system [68]. The LIB’s charging status can be predicted with
the XGBoost method, and this method needs an optimal data
set and provides better accuracy [69]. Recently, ML is used
extensively for screening high-performing LIBs [70]. Hence,
ML is recently used in the development of battery materials
and many investigations have been done in this area [71]. It
is reported that the ML has accurately predicted the redox
potentials of LIBs [72]. In recent years, deep learning
technology has also been used in battery management as it
can handle large data samples and helps study multiphase
reactions, complex structures, etc. [73].

9. Recycling of LIB

The major challenge with the reuse of LIBs is safe and
non-destructive  dismantling with required automatic
processes [74]. The used LIBs are not included in the waste
collection system in most countries. This may affect the
recycling of used LIBs and the current recycling industry. It
is reported that only 10% of LIBs are recycled, and the
remaining goes to landfills [75].

The LIBs can contaminate groundwater and soil due to
metal leaching and electrolyte. The LIBs release toxic gases
when it interacts with moisture and may cause fire accidents
[76]. The LIBs can be recycled; however, it is not easy and
depends on recycling technology, safety, environmental
impact, economic feasibility, etc. Al, Cu, steel, Co, and Ni
are currently recycled in LIB recycling. The LIB plastic
wastes are burnt for energy recovery, and the remaining
metals, such as Li, Mn, etc., are not recycled. The recent
advancements in recycling technology may help to recover
about 25% of the materials depending on the separation
method. Recycling is a concern and greatly influences
sustainability; also, it leads to environmental pollution.

Recycling involves electrolyte separation and treatments,
storage of used batteries and dismantling, and subsequent
hydrometallurgical process using acid and alkali [77]. The
recycling of LIBs may reduce CO, emissions and energy
consumption, saving natural resources. Also, it reduces
environmental toxicity, materials mining, imports, minimizes
waste, etc. Recycling metals of LIBs’ can save 13% of LIB
cost per KWh [78].

Life and degradation are concerns with LIB and research
works are underway related to them [79]. The LIBs
sustainability is essential, and a life-cycle assessment must
be carried out concerning the economy, resource
management, etc. The ongoing technological development
will provide suitable LIB recycling solutions and make it
necessary to use environmentally friendly materials [80-81].

10. Future Trends in Battery Technology for The Benefit
of The Improvement of Technology

As an advanced technology, high voltage cathodes are
paramount and potential candidates for LIBs. More attention
towards usage LIBs in HEV/PHEV by adopting high
capacity Lithium-ion cathode. Especially Li-rich layered
oxide cathode is under focus [82]. Enhancing the properties
of the organic liquid electrolyte using additives finds
importance as dendrite growth removal is a major challenge.
New approaches towards the formation of artificial SEI by
stable platting /stripping of lithium metal. Additionally, a
new method of plating of metallic lithium in an
electrochemical cell is presented by some authors [83].

For the adaptation of LIBs, validation of battery life is
crucial beyond the warranty period. Precise equipments are
needed to avoid uncertainty during the measurement of
battery power and energy [83,84]. The other major major
challenge is finding the degradation rate and confirmation of
degradation rates which may significantly accelerate at some
later stage [85]. Emphasis is to be given to find high-energy
materials which offer high energy density and, also on causes
and remedies for the firing of LIBs[85].

11. Challenges and Research Opportunities

The research community carried out several works to
overcome the problems faced in battery technology.
However, there are several research opportunities. New
materials can be synthesized for LIB components and in
recent years, properties of existing LIB components have
been improved through surface treatments and doping [85].
There is a scope for flexible Li-ion batteries based on carbon
nanomaterials with a focus on design, synthesis and property
optimization [86]. The higher price and fluctuation in cobalt
supply allow the researchers to find cobalt-free cathode
material. It is necessary to study characteristics after doping
with new metals like manganese [87, 88].

Further, there is a demand for the flexible LIB for various
applications which exhibits good stretchability and
flexibility. Hence there is scope for the development of
various flexible LIB components [89]. Few energy storage
applications like micro-power sources for micro-sensors need
thin LIB and hence the components of LIB should be thin
[90]. Further, unscientific disposal of LIB may affect the
environment due to contamination of toxic substances. There
is scope for developing low-cost recycling disposal LIB
wastes and assessment of the recycling methods finds
importance [91,92]. Future development may involve the
utilization of solar energy for charging batteries. Also, the
reduction of charging time without compromising battery life
is a challenge with LIBs of various applications. In recent
years, substantial research work is intensive on increasing
battery capacity and infrastructure development [93]. There
is a scope in balancing load demand and power generation
using battery energy system and demand response [94].
Further, research can also be extended to Hybrid Electric
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System (HES), towards the reduction of hydrogen
consumption by the application of ultracapacitors [95].
Research can also be extended EV load smoothing by SOC-
based coordinated EV charging method [96]. A multi-agent
system-based algorithm can be developed to control the
battery energy storage system in addition [97].

12. Conclusion

The energy storage system is used in various
applications. In recent years, EVs have been introduced in
the market, and batteries are a major component of these
vehicles. EVs mostly use LIBs as they have a higher energy
density. Different LIBs are commercially available, and the
selection is applications based. In the context of the
development of technology, various aspects need to be
focused. With that viewpoint, various aspects of future
research are highlighted in this review. Innovation of new
materials to enhance the performance of the LIBs and to
avoid heat generation are thrust areas in the interest of using
LIBs in EVs. The Al technique is used in LIBs to avoid
thermal runaway and battery fire hazards. The used LIBs
may cause environmental pollution; so, various recycling
techniques have been used. From this paper, we conclude
that LIBs will play a key role in the energy storage systems
and substantial research works are underway to improve the
performance of the LIBs.
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