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ABSTRACT The lithium-ion batteries used in electric vehicles have a shorter lifespan than other vehicle
components, and the degradation mechanism inside these batteries reduces their life even more. Battery
degradation is considered a significant issue in battery research and can increase the vehicle’s reliability
and economic concerns. This study highlights the degradation mechanisms in lithium-ion batteries. The
aging mechanism inside a battery cannot be eliminated but can be minimized depending on the vehicle’s
operating conditions. Different operating conditions affect the aging mechanism differently. Knowing the
factors and how they impact battery capacity is crucial for minimizing degradation. This paper explains
the detailed degradation mechanism inside the battery first. Then, the major factors responsible for the
degradation and their effects on the battery during the operation of electric vehicles are discussed. Also, the
different techniques used to model the degradation of a battery and predict its remaining life are explained
in-depth, along with the techniques to abate the aging process. Finally, this study focuses on the research
gaps, difficulties in predicting the lifetime, and reducing the degradation mechanism of a battery used in
electric vehicles.

INDEX TERMS Battery degradation, battery life prediction, charging and discharging rates, degradation
abatement, electric vehicle, hybrid electric vehicle, lithium-ion battery, remaining useful life.
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I. INTRODUCTION
The fluctuating cost of non-renewable energy resources, con-
cern over global greenhouse gas emissions, and rigorous rules
and regulations for vehicle emissions have prompted research
toward clean and green transportation systems [1]. Refer-
ence [2] provides data that shows the transportation sector
accounts for a larger share of overall energy consumption
(i.e., 26%). This consumption is attributable to the millions
of conventional automobiles that use internal combustion
engine ICE, which run on fossil fuels (petroleum products)
and emit carbon dioxide, hydrocarbon, sulphur oxides, and
carbon monoxide as a byproduct. These gases give rise to
the pollution that is hazardous to both the environment and
living organisms and contributes to the production of green-
house gases (GHG), which have a significant impact on
global warming. In 2020, CO2 emission from energy con-
sumption in the United States was found to be 4.6 billion
metric tons (Bmt) (decreased by 11% from 2019 due to the
impact of COVID-19) [3]. Petroleum consumption accounted
for 45% of CO2 emissions and about 77% of petroleum
CO2 emissions occurred in the transportation sector [3]. Also,
light and medium vehicles (weighing up to 26,000 pounds)
contribute heavily to GHG emissions (more than 80%) as
per the report provided by the United States Environmental
Protection Agency (EPA) [4]. The extensive depletion of
fossil fuels, issues related to global warming, and erratic
rise in the price of these fossil fuels have given rise to the
development of Electric Vehicles (EVs). Such vehicles have
a positive effect on the environment by reducing gas emis-
sions and deviating toward clean and green technology as
demanded by modern society [5]. As a result, more EVs,
hybrid electric vehicles (HEVs), and plug-in hybrid electric
vehicles (PHEVs) are being produced and used day-by-day
as alternatives to conventional vehicles powered by ICEs [6],
[7], [8].

The EVs, whether battery electric vehicles (BEV) or other
kinds of EV, are considered next-generation transportation
that uses alternative energy storage systems (ESSs) to replace
or in conjunction with ICE. For this transportation to gain
popularity and replace conventional ICE vehicles, the ESS
must maintain high capacity and power capabilities along
with safe operation for more than ten years [9]. There are
several ESSs available in the market. Flywheel, fuel cell,
supercapacitor (SC), and battery are the most common ESS,
which have their own inherent properties. Figure 1 compares
these ESS in terms of energy density and power density,
whereas figure 2 compares with broad parameters based on
the data provided by [10] and [11], respectively.

Lithium-ion (Li-ion) and Nickel-metal hydride (NiMH)
batteries are lighter and have a greater energy density com-
pared to lead-acid batteries, which can be analyzed in figures
1 and 2. However, lead-acid batteries are more affordable
and react more quickly to current fluctuations than other
battery types. Lead-acid batteries are used in a wide range
of applicationsÂ due to their robustness, affordability, inher-
ent safety, and temperature tolerance, as seen in Figure 2.

FIGURE 1. Comparison between various ESS in terms of energy density
and power density.

FIGURE 2. Comparison of attributes of various ESS [11].

SCs are also used in automotive applications to increase the
power density of ESS as they have a higher energy density,
as shown in figure 1. SCs are electrochemical capacitors
that offer a better power density than conventional storage
devices. With a longevity of up to 500,000 cycles, a rapid
rate of charge/discharge, low internal resistance, little heat
loss, and strong reversibility, SCs provide several benefits
over batteries [10]. Moreover, SCs have an efficiency cycle
of about 90% compared to batteries’ efficiency cycle of about
80% [10]. Due to these mentioned advantages, the demand
for SCs are increasing, and they can be used in parallel to
achieve better performance for the ESS. SCs help to improve
the vehicle’s efficiency and reduce the peak current in the
battery pack by supplying the load. This helps to increase
the battery’s lifetime, ultimately decreasing the operational
cost of the EV. However, as a standalone ESS, SCs do not
provide high energy density as the amount of energy stored
per unit weight of SCs is only around 5-9 Wh/kg, while a
Li-ion battery can store approximately 130-140 Wh/kg [10].

Fuel cells have high energy density than other ESS;
instead, they are rarely used in EVs. The fuel cell manu-
facturing cost is expensive, which can cost more than ICE
engines [12]. Also, it is challenging to store hydrogen gas
at room temperature and pressure in vehicles. They are
flammable and require a continuous supply of fuel. Flywheels
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TABLE 1. Technical performance of battery types used in EV.

can supply energy for longer and have a bigger energy storage
capacity than capacitors. On the other hand, capacitors have
a faster energy delivery rate and a higher efficiency poten-
tial than flywheels [11]. Compared to batteries, flywheels
are more robust, do not experience depth-of-discharge prob-
lems, and have a rapid energy storage and delivery capac-
ity. Nonetheless, flywheels often cost more than batteries,
particularly in more compact applications. Also, because of
their mechanical components, flywheels need extra mainte-
nance. Similar to other energy sources, safety is a significant
consideration when utilizing flywheels. To ensure safety,
measures such as employing containment vessels in case of
rotor failure, designing the flywheel to avoid flying apart,
and monitoring the dynamic behavior of the flywheel are
implemented [11]. Hence out of different ESS, currently the
battery, is the most popular choice for energy storage in
EVs because of its high energy density, compact size, and
reliability [13].

In automotive applications, different types of batteries with
different attributes have been used. Lead-acid batteries have
been in use since the 1900s due to their ruggedness, low
cost, inherent safety, and temperature tolerance [14]. During
overcharging, lead-acid batteries lose water due to hydro-
gen production at the positive electrode [15]. To mitigate
this problem, distilled water is added to lead-acid batter-
ies. Current collectors in these batteries are made of lead,
leading to low energy density, and the lead is prone to cor-
rosion when exposed to a sulfuric acid electrolyte. Due to
these issues and disadvantages like significant charging time
and heavyweights, lead-acid batteries are now obsolete in
EV applications. Lead-acid batteries are still widely used
in cost-sensitive applications where low energy density and
short cycle life are not a concern, ruggedness and abuse
tolerance are required, such as automotive starting, lighting,
and battery-powered uninterruptible power supplies (UPS).

NiMH batteries replaced lead-acid batteries in EVs as they
have an energy density twice as more as that of lead-acid,
as seen in figures 1 and 2. Also, the components of NiMH
are harmless to the environment and could be recycled [10].
NiMH batteries are safer to operate at high voltage, have a
wide operating temperature, and are more resistant to over-
charge and discharge than lead-acid batteries. NiMH batteries

use excess energy to split and recombine water during over-
charging, making them maintenance-free. However, during
high charge rates or fast charging, a large amount of heat is
generated, which causes cell rupture due to the accumulation
of hydrogen. If the battery is over-discharged, the cell can
be reversely polarized, leading to capacity reduction. The
performance of these batteries is not satisfactory at low tem-
peratures [15]. Based on the information presented in figures
1 and 2, it can be inferred that, in addition to their energy and
power density, NiMH batteries have a longer charging time,
are susceptible to memory effect, and are less recyclable,
which have a greater negative impact on the environment.

The most promising choice among existing battery tech-
nologies applicable to EVs is Li-ion batteries, which are
also now regarded as the best option for developing future-
generation EVs. Li-ion batteries are emerging as the best
fit for EVs as they have a higher energy density than any
other battery technologies, higher power density, good high-
temperature performance, and, most importantly, are lighter
and smaller than other batteries, which can be analyzed from
figures 1 and 2 and as summarized by table 1 which are
extracted from [16]. These batteries have high energy-to-
weight ratios, nomemory effect, and a low self-discharge, due
to which they are replacing NiMH batteries. They can operate
in a wide range of state of charge (SoC) while maintaining a
long cycle life. Also, the operating voltage of Li-ion batteries
is high (3.7V on average). The only disadvantage compared
with NiMH batteries is that they require a protection circuit
or battery management system (BMS) [11], [15].

The battery is a critical component of an electric vehicle,
and being one of the most expensive components, it must
be thoroughly vetted and operated [17], [18]. The major
challenge for the auto industry is to reduce the battery cost
and increase its operating life cycle [19]. To achieve the
economic viability of an EV, it is required to have a long
battery lifespan. The battery’s lifetime depends on how it has
been operated, and is a complex process to find it out [20].
Battery degradation is one of the limiting factors in battery
lifetime; therefore, this mechanismmust be thoroughly inves-
tigated and reduced in order to extend the battery’s lifespan.
To understand the degradation mechanism of a battery, a
Li-ion battery is considered, which is a commonly used bat-
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FIGURE 3. Existing drawbacks with the contributions of the paper.

tery in EV applications and has various advantages over other
batteries. The Li-ion battery is a complex system to under-
stand, and the aging mechanism is even more complicated.
A single factor does not cause capacity and power fading
but involves several processes and interactions. To analyze
the decline in battery capacity, there should be a fundamental
understanding of the operation of the battery.

A Li-ion battery is one of the advanced battery tech-
nology that uses lithium ions as a key component of its
electrochemistry. Li-ion battery cell consists of a positive
electrode (cathode), a negative electrode (anode), a separator,
and an electrolyte. The electrolyte facilitates Li-ions to travel
between the electrodes, while the separator separates the
positive and negative electrodes, preventing shorting between
them [21], [22], [23]. The positive electrode materials are
transition metal oxides containing lithium, a type of ceramic.
Li-ions must diffuse freely throughout the crystal structure in
order to use these materials as a positive electrode for Li-ion
batteries [24]. The primary negative electrode materials used
in Li-ion batteries are graphite and hard carbon. Graphite
is used extensively in these batteries because of its superior
discharge profile compared to hard carbon [24]. Similarly, the
separator is a thin microporous membrane made of polyolefin
placed between the positive and negative electrodes to prevent
contact and enable Li-ions to pass through [25]. Studies [26],
[27], [28], [29], [30], [31], [32] have explained in detail
the operating principle of a Li-ion battery, its components,
requirements, and parameters of the components to be used,
and the type of materials that have been used and researched
for making different components of a Li-ion battery.

During the discharging process of a Li-ion battery, lithium
atoms in the negative electrode are separated from their
electrons [33]. These lithium ions travel from the negative
electrode via the electrolyte to the positive electrode, where
they recombine with their electrons and become electrically
neutral. The tiny structure of Li-ion makes it possible to pass
through a micro-permeable separator. Also, during charging,
the opposite phenomenon occurs where the Li-ion moves
from the positive side positive electrode to the negative side
negative electrode [34]. Li-ion batteries may have a very high
voltage and charge storage per unit mass and volume due
to lithium’s tiny size (third only to hydrogen and helium).
From the initial charge, lithium ions react with the solvents
of the electrolyte to form a layer known as Solid Electrolyte
Interphase (SEI), whose formation plays a vital role in the
degradation of the battery [11] and will be discussed in detail
further.

This paper presents a review of today’s knowledge on the
degradation of Li-ion batteries. To provide a strong foun-
dation for subsequent research, this paper tries to identify
distinct elements that cause battery aging in EV applications
as far as they are known from the literature. The remainder
of this paper is organized as follows. Section II describes
the implementation of the review methodology. Section III
explains in detail different aging mechanisms inside a Li-ion
battery, along with their causes and effects. Then the factors
that give rise to these aging mechanisms in EVs are reviewed
in Section IV. Section V explains different techniques used to
model the degradation and predict the remaining useful life
(RUL) of a battery. It also elaborates on how these pieces of
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FIGURE 4. Overall orientation of paper in graphical form.

information can be used to abate battery degradation. Finally,
Section VII concludes this paper with current research gaps
and some recommendations. The figures used in this paper
are replotted from several studies to have a clearer view,
which is cited in the text along with the descriptions.

II. REVIEW METHODOLOGY
EVs and HEVs have gained significant attention in recent
years due to their potential to reduce dependence on fossil
fuels and improve air quality. However, one of the major con-
cerns with these vehicles is the degradation of their batteries,
which can significantly impact their performance and (RUL).
This review aims to analyze the state-of-the-art studies on
battery degradation in EV and HEV applications, with the
goal of assisting in battery degradation modeling, prediction
of RUL, and abatement of degradation.

The review process was conducted using articles pub-
lished in reputable journals such as IEEE, Nature, Elsevier,
Springer, and several conference publications. A total of
225 articles were selected based on their content, impact
factor, citation count, and review process. The articles were
analyzed to identify the factors that influence battery degra-
dation and how these factors can be utilized to anticipate the
degradation path and RULof the battery.

The review found several factors influence battery degrada-
tion, including temperature, current, and SoC. These factors
can be utilized to anticipate the degradation path and RULof

the battery. However, there hasn’t been a lot of research on
the abatement of degradation for EV and HEV applications
and an approach to minimizing degradation with the above-
mentioned parameters. This review provides a comprehen-
sive analysis of the current state of knowledge on battery
degradation in EV and HEV applications. It highlights the
factors that influence battery degradation and how they can
be utilized to anticipate the degradation path and RULof the
battery. Additionally, it suggests an approach to minimizing
degradation with the above-calculated parameters. The over-
all contribution of this paper is highlighted in figure 3, and
the presentation of contents in this review paper is shown in
figure 4.

III. BATTERY DEGRADATION
The battery’s lifetime is the length of time it will take to meet
the demands of a particular application. In EV applications,
the battery’s lifecycle is short compared to other components
and is considered reliable until it reaches 80% of its initial
capacity [35], [36]. A long battery life is necessary for an EV
to be economically viable since the battery costs 30% of the
price of an EV [37], [38]. The lifetime of a battery depends
on its operation and how fast it degrades, which is a complex
mechanism [20]. Battery degradation is one of the limiting
factors in battery lifetime; therefore, this mechanism must
be thoroughly investigated and reduced in order to extend
the battery’s lifetime. Two prominent metrics used to assess
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the level of battery degradation are capacity fade and power
fade. The use of EVs and HEVs for intense cycling results in
the degradation of lithium-ion batteries, leading to a gradual
decline in their capacity to store energy and deliver power.
This is commonly known as capacity fade, and power fade.

• Capacity fade refers to the reduction in the energy stor-
age capacity of a cell caused by its degradation. A capac-
ity fade emerges as a gradual decline in the amount
of battery capacity that can be discharged throughout
a battery’s lifespan. It is crucial because it depicts the
decline in an electric vehicle’s usable range.

• Power fade is defined as the decrease in cell power
resulting from an increase in cell resistance due to the
effects of aging. It is the gradual reduction in a battery’s
power capacity caused by a steady increase in the bat-
tery’s cell impedance over time. Power fade is essential
for applications in automobiles since it determines how
much power the battery can deliver without lowering
vehicle speed or activating an engine or power extender.

During cycling, side reactions occur in the battery system,
and an amount of recyclable active particles irreversibly pre-
cipitates in the form of an insoluble SEI file. In addition,
the degradation of electrolytes and contact loss between the
electrode and the current collector also contribute to the
increase of cell resistance. Finally, aged batteries display a
reduction in the ability to store energy and deliver power;
performance metrics correlate with a loss in capacity and an
increase in internal resistance. During battery cycling, side
reactions take place in the system, precipitating a certain
amount of recyclable active particles as an insoluble SEI,
which cannot be recovered. Moreover, the degradation of the
electrolyte and the loss of contact between the electrode and
the current collector further contribute to an increase in cell
resistance. Ultimately, batteries that have undergone aging
exhibit a decline in their capacity to store energy and deliver
power, with performance metrics correlated with a decrease
in capacity and an increase in internal resistance. To under-
stand the degradationmechanism of a battery, a Li-ion battery
is examined since it is a commonly used battery in EVs and
has various advantages over the other batteries, as discussed
in Section I. Once the battery has been manufactured, it will
start to degrade, and different phases of this mechanism are
shown in figure 5 [39].

The Li-ion battery is a complex system to understand, and
the aging mechanism is even more complicated. A single
factor does not cause capacity and power to fade away but
involves several processes and interactions [41], [42]. Battery
degradation is determined by different mechanisms and pro-
cesses depending on the components and chemistry within
them. Due to the complex, nonlinear, and path-dependent
nature of battery degradation, the aging mechanisms are
challenging to analyze and mitigate [43], [44]. According
to study [42], the aging trajectories of lithium-ion batteries
are categorized as linear, sublinear, or superlinear, which
are displayed as capacity vs. cycle number or something

FIGURE 5. Different phases of battery degradation during its lifetime.

comparable. Battery aging trajectories are frequently linear
or sublinear [45], [46]. Sublinear degradation is commonly
considered to be due to side reactions like SEI growth, which
grows nearly with the square root of time or cycle number
due to its self-passivating nature. While this degradation is
mainly unavoidable, the decelerating degradation rate is a
fortunate property for long-lifetime applications. However,
the degradation of superlinear batteries is also frequently
noticed. They go by several names in different battery litera-
ture as knee [47], rollover failure [45], nonlinear aging [48],
sudden death [49], saturation [50], second-stage degrada-
tion, or two-phase degradation [51], capacity plunge [52],
or drop-off [53]. In addition, knees present difficulties for
precise onboard state-of-health estimation because batteries
with identical states of health could have different remaining
useful lives. Avoiding or delaying knees is essential to ensur-
ing long battery lifetimes.

Figure 6 shows the different degradation mechanisms in a
Li-ion battery cell, where the information provided by [40]
and [54] were used to draw this figure. General deterioration
is influenced by the side reactions, structural changes, and
altering chemical compositions. Loss of lithium inventory
(LLI) [41], loss of active materials (LAM) [41], and loss
of electrolyte [53], [55] are the three primary degradation
modes identified in the battery aging mechanism [56]. Side
reactions at the electrode/electrolyte interfaces, which per-
manently consume cyclable lithium and produce resistive
layers of lithium oxides in the cell, are the primary cause
of degradation [54]. The capacity of the cell is reduced
(capacity fade) because these Li-ions are no longer cyclable
for the intercalation process. Another prominent reason for
degradation is the LAM due to electrode delamination, metal
dissolution, particle isolation, structural disorder, and film
formation [40]. Graphite exfoliation, electrode particle crack-
ing, and dead lithium obstructing the active site pathway
reduce the active mass on the negative electrode [57]. Sim-
ilarly, transition metal dissolution, structural disordering, and
electrode particle cracking reduce the active mass of the
positive electrode [40], [58], [59], [60]. Electrolyte loss is
another key source of deterioration; accumulated lithium on
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FIGURE 6. Degradation mechanism in Li-ion battery cells [40].

the negative electrode surface interacts with the electrolyte
and consumes it [53], [61]. At the end of the battery’s life,
the reduction of the electrolyte content results in capacity and
power fading. The increase in resistance caused by passive
film development of the lithium oxides and electrical discon-
nects between the electrode subcomponents are additional
sources of degradation. The most detrimental aging mech-
anisms impacting graphite anode electrodes are SEI film
growth, binder decomposition, and irreversible plating [62].
All these degradation mechanisms can be broadly divided
into the following categories:

A. LOSS OF FREE LITHIUM IONS
Lithium ions move from the negative electrode to the positive
electrode during discharging and from the positive electrode
to the negative electrode during charging in the presence of an
electrolyte. While moving from negative electrode to positive
electrode and vice-versa, the free Li-ions are consumed by
parasitic reactions like SEI formation, decomposition reac-
tions, and lithium plating. Due to these reactions, free Li-ions
are no longer available for cycling between the positive
and negative electrode, resulting in capacity fade and power
fade [54]. Two major issues that consume Li-ions during the
aging mechanism are described as follows.

1) SOLID ELECTROLYTE INTERPHASE
SEI is usually a protective layer formed on the surface of
a negative electrode with unique properties that are per-
meable for lithium cations but impermeable for other elec-
trolyte components and electrons. Typically, SEI layer pro-
tects the electrolyte component from further reduction and
the charged electrode from corrosion [55]. Li-ions and other
small species can pass through the resultant SEI layer, while
bigger species cannot interact with the negative electrode.

However, by restricting Li-ion transport and resisting volume
changes within the graphitic layers of the negative electrode,
the SEI layer can slow down intercalation kinetics at the
electrode/electrolyte interface. The SEI layer may break as
a result of such a volume change, further exposing the active
material in the graphite to reduction processes. The restricted
transportation of lithium ions will increase charge-transfer
resistance within the battery cell. Also, the consumption of
electrolytic compounds decreases charge-transfer capabilities
and increases cell impedance.

During the operation of the battery, this SEI layer affects
the battery performance in terms of reversible capacity,
Coulombic efficiency, and cycling stability [63]. When
Li-ions move from negative electrode to positive electrode
and vice-versa, they react with the electrolyte to form an addi-
tional layer of SEI at the negative electrode making the SEI
layer unstable and increasing its thickness [64]. This layer
grows with time or the number of charging and discharging
cycles. When there is chronic charging and discharging of a
battery, there is frequent movement of free lithium ions which
eventually increases the size of the SEI layer. Due to this,
a large number of lithium ions get trapped in this layer and
ultimately decrease the battery’s capacity [65]. As the thick-
ness of this layer increases, the battery’s internal resistance
also increases. This SEI layer’s growth rate is higher at the
early age of the battery and decreases as this layer becomes
stable, which can be seen in figure 7 from [66]. During the
initial 400 cycles, the SEI experiences significant growth.
However, after this point and until the battery reaches 80%
of its capacity (i.e., EOL), the SEI growth is at a constant
rate.When the battery reaches its end of life (EOL), again, the
growth of this layer increases rapidly [66], which is not shown
in the figure. The SEI formation is believed to be the sig-
nificant factor affecting the battery cycle life as it consumes
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FIGURE 7. Fitting of SEI model from the degradation curve [66].

the free movable lithium ions and provides resistance to the
movement of these ions [53], [67].

High operating temperatures that drive the kinetics of
the exothermic parasitic process might increase SEI forma-
tion. Furthermore, elevated temperature can change the SEI
into lithium salts that are less permeable to lithium ions.
On the other hand, a low-temperature operation can reduce
the excess lithium ions present at the interface due to slower
ion transit, limiting SEI development. Operating the battery
at low SoC (i.e., < 20%) or at high SoC (i.e., >80%) can
further promote SEI growth because of the increased potential
gradient between the active material and the electrolyte. Also,
the high charging current can accelerate the growth of the SEI
layer due to the high amount of electrons and Li-ions present
at the interface.

Study [66] developed a model for the formation of SEI
film inside a battery cell and is given by (1). Here, L is the
battery life, αsei is the portion of charge capacity irreversibly
consumed, fd,1 is the life lost in one unit of time. The detailed
calculation of all these parameters is provided in [66].

L = 1 − αseie−Nβseifd,1 − (1 − αsei)e−Nfd,1 (1)

2) LITHIUM PLATING
Lithium plating is a well-known and innately destructive
aging mechanism in Li-ion batteries. It is the deposition
of metallic lithium on the graphite negative electrode sur-
face [68]. Lithium plating is considered severe because it
not only promotes degradation but also negatively impacts
the battery’s safety [69]. From a safety perspective, lithium
plating in Li-ion batteries can be dangerous as it may result in
thermal runaway. This can cause the battery to overheat, catch
fire, or even explode. During lithium plating, the electrolyte
in the battery is reduced and deposited onto the negative
electrode’s surface, creating a coating of metallic lithium.
Due to this, the battery may experience a short circuit that
might result in a thermal runaway. This can cause the battery
to heat up rapidly and produce gases that could cause the
battery to rupture or explode [69], [70].

Low operating temperatures, high SoC, high charge cur-
rents/ fast charging, and high cell voltage are some of the
fundamental causes that give rise to lithium plating [54].

While operating the battery at low temperatures, the SEI
layer’s ability to diffuse lithium is reduced, which enhances
the concentration of lithium ions at the electrode/electrolyte
interface. Usually, during fast charging, the Li-ions can
deposit on the surface of the negative electrode instead of
being intercalated between the graphite’s atomic layers [71].
These deposited Li-ions can be reversible or irreversible.
The irreversible portion of Li-ions reacts with electrolytes to
form a secondary layer of SEI that increases the thickness of
this layer and increases the internal resistance of the battery
cell [70]. Since the free Li-ions are captured to form the
SEI layer, it also decreases the energy density of the battery
cell. The irreversible portion accelerates the capacity fade,
and in the severe case, the accumulated Li-ions might form
a dendrite [72]. The formation of lithium dendrites during
the lithium plating can cause the tearing of the separator,
subsequent short circuits, and instant battery failure. On the
other hand, the reversible portion can cause lithium stripping,
which is the process where the deposited Li-ions with an
electrical contact on the negative electrode interface experi-
ence a charge transfer reaction into the electrolyte and then
re-intercalate into the negative electrode [42]. This process
occurs throughout the discharge or rest period [73], [74].
Lithium plating is also likely to occur when the capacity of the
two electrodes is unbalanced or when the positive electrode is
physically bigger than the negatively charged electrode [75].
When the electrodes are unbalanced, it promotes lithium
plating by polarizing the negative electrode to low potentials.
Lithium deposits build up on the negative electrode’s edges
when the positive electrodes are bigger [42].

The harsh operating conditions, such as high C-rates,
charging at a high SoC, and charging at low temperatures,
give rise to lithium plating [76], [77], [78]. Due to these harsh
conditions, charge transfer kinetics in the electrolyte and
solid-state diffusion is delayed, leading the negative electrode
potential to fall below the potential of lithiummetal, allowing
lithium plating to occur. At low temperatures, the power and
energy densities of Li-ion batteries are lowered, especially
during the charging process, due to three key factors: 1. low
ionic conductivity in the electrolyte; 2. poor lithium-ion solid
diffusivity in the electrode; 3. slow charge transfer rate [79],
[80]. Similarly, a high SoC is a condition where the current
continues to flow to the battery even though the battery is
already full [81]. At such conditions, it is easier for Li-ion
to concentrate on the negative electrode surface and exceeds
the maximum allowable limit reaching a saturation level.
While doing so, dendrite structures are seen in the cells that
penetrate the porous separator, resulting in micro-internal
short-circuit [82]. The results from [83] show how to avoid
lithium plating, which can be achieved by using the battery at
increased temperature, low currents, and SoC.

B. LOSS OF ACTIVE MATERIALS
When the battery is used for multiple cycles, there will be a
point where there is no active mass of negative electrode and
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FIGURE 8. Cause and effect of degradation mechanisms and associated degradation modes [40].

positive electrode for the insertion of lithium due to particle
cracking, blocking of active sites by resistive surface layers,
and structure disordering. These are the phenomenon that
causes capacity and power to fade [54]. Depending on the
level of lithiation and the afflicted electrode, LAM can be
categorized into four groups [41].

• First, the origin of LAM can be the separation of the
active material grains from the electrode’s ionic or elec-
tronic conduction network [84]

• The second is the transition metal’s dissolution into the
electrolyte solution [85]

• The third is a change in the composition of the elec-
trode [86], and

• The fourth is a modification to the crystal structure of
the active material that decreases the degree of lithia-
tion [87].

The LAM is primarily responsible for the degradation of
positive electrodes. The structural disordering of the oxide,
the dissolving of the metallic ions, and surface modifications
such as fracture are examples of the physical degradation of
the active materials. High voltages and temperatures increase
the electrolyte’s disintegration of the oxide particles, rais-
ing the impedance. The dissolved species can either move
through the electrolyte to interact with the negative electrode
SEI, or they can precipitate into new phases on the positive
electrode. In either case, the LAM is responsible for lower-
ing the capacity of the positive electrode, which ultimately
reduces the cell’s capacity. Also, the insertion and extraction
of Li-ions put stress and strain on the active material, which

leads to micro-cracking. However, due to the bulk amount of
activematerials, only aminor agingmechanism is expected to
occur. The volume change of graphite during Li-ion penetra-
tion and removal is not considered significant (typically in the
range of 10%or less), and only aminor negative impact on the
material’s reversibility is expected as a consequence [88]. The
structural changes can cause mechanical stress on C-C bonds
resulting in cracking or some other structural damage which
will have a minor impact on cell aging. But due to solvent co-
intercalation, electrolyte reduction inside graphite, and/or gas
evolution inside graphite, graphite exfoliation, and graphite
particle cracking would most likely result in fast electrode
deterioration [88].

Figure 8 shows different working conditions of a Li-ion
battery and the degradation mechanism associated with that
operating condition along with its effect in a graphical form
which is a summary of details provided in studies [40]
and [54].

IV. FACTORS AFFECTING BATTERY DEGRADATION
The degradation of a Li-ion battery can be characterized by
a decrease in capacity over repeated charge and discharge
cycles. Capacity is the amount of electrical charge the bat-
tery can store when fully charged. For batteries, 80% of
the initial capacity is referred to as the point after which
it tends to exhibit an exponential decay of capacity and is
considered an unreliable power source after this point for
EVapplication [89]. One issue that always comes with bat-
tery is self-discharging. Self-discharging means the battery

VOLUME 11, 2023 42439



L. Timilsina et al.: Battery Degradation in Electric and Hybrid Electric Vehicles: A Survey Study

experiences a loss of energy even when it is in an inactive
state. It is due to the chemical reactions inside the battery,
even though there is no connection between the electrodes.
Because of self-discharging, batteries initially have less than
a full charge in their first cycle. Generally, the self-discharge
for lithium batteries is minimal compared with other types of
batteries, about 5% in the first 24 hours and around 1%-2%
per month [90].

Besides this self-discharge, a battery’s capacity is
decreased due to the successive and complex set of dynamic
chemical and physical processes that slowly reduce the num-
ber of mobile lithium ions and other factors discussed in
section III. High current rates, high discharge conditions,
and extreme operating temperatures are the most common
factors which puts a lot of stress on the battery of EVs [89].
In order to minimize the degradation mechanism and ensure
the long-term lifecycle of a battery, the degradation behavior
must be thoroughly analyzed.

Once the battery is in use, the degradation process begins,
and there are two types of aging mechanisms: calendar aging
and cycling aging. Calendar aging occurs when the battery
is in rest condition; there are no continuous charging and
discharging cycles. Cycling aging occurs when the battery is
used and depends on the frequency of charging and discharg-
ing cycles. Calendar aging begins shortly after the batteries
are made and progresses over time, whereas cycling aging
occurs when the battery is employed and depends on its
operating conditions.

In modern Li-ion batteries, the main issue in calendar
aging is the formation of the SEI layer on the negative
electrode [91], [92], [93], [94]. SEI formation is accelerated
at high levels of temperature and SoC that gives rise to
the impedance of the battery resulting in lower activation
energy [95], [96], [97], [98], [99]. The capacity loss of the
battery when stored at a different level of SoC can be calcu-
lated using a semi-empirical equation (2) proposed by [100]
and [101] with the value of the parameter provided by the
study [102].

Qloss = α1.exp(β1.T−1).α2.exp(β2.SoC).t0.5 (2)

In this model, t is the storage time in days, T is the
storage temperature, and α1, β1, α2, and β2 are the fitting
parameters. Using this model, the capacity fade of the battery
when stored for a long period of time at different storage
SoC can be calculated and is shown in figure 9 [101]. The
capacity fade is calculated by varying the SoC from 20%
to 100% at a constant temperature of 25◦C . For an equal
temperature of 25◦C , the capacity loss is not the same at
different SoC. The amount of ions on the electrode is given
by SoC. A high SoC implies large potential disequilibrium at
the electrode/electrolyte interface, which stimulates chemical
reactions. Clearly, it can be concluded from the figure that the
capacity loss of the battery goes on increasing as the storage
SoC of the battery is increased, which is also verified in [103]
and [104].

FIGURE 9. Effect of SoC on calendar aging [101].

FIGURE 10. Effect of temperature on calendar aging [66].

Similarly, the effect of temperature on the calendar aging
of a battery is investigated in [66], and its result is shown in
figure 10. The battery is stored at five different temperatures
from 15◦C to 55◦C , keeping the SoC at 50%. Looking at the
figure, it can be inferred that as the temperature increases, the
capacity loss of the battery also increases. Study [105] has
derived a mathematical model represented by (3) to find the
capacity loss of a battery cell due to temperature, SoC, and
time individually during calendar aging. ktemp,Qloss denotes
the influence of temperature, σ denotes the influence of SoC,
and t denotes the influence of time.

Qloss(T , σ, t)[%] = ktemp,Qloss .(σ ).
√
t (3)

The temperature influence factor ktemp,Qloss can bemodeled
using Arrhenius equation as given by (4). Arrhenius equation
is generally used to model the dependency of temperature on
the aging of battery as done in studies [106], and [107]. The
value of kref ,Qloss can be calculated by dividing the measured
value of Qloss at the end of the aging study from the test point
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FIGURE 11. Impact of temperature on calendar aging based on
experimental data and developed model [105].

with T = 25◦C and SoC= 100%.

ktemp,Qloss = kref ,Qloss .exp
(

−
Ea,Qloss
R

(
1
T

−
1
Tref

))
(4)

The impact of temperature on the capacity loss based on
the experimental data and developed mathematical model is
shown in figure 11. This figure is plotted based on the exper-
imental data and (3) and (4) provided in [105]. The analysis
from this study and figure 11 concludes that the storage of
batteries at high temperatures results in higher capacity loss.
Also, the result of one year study of a 2.3 Ah graphite/lithium-
iron phosphate (LFP) cell under storage conditions at 25◦C
and 45◦C was presented in [108]. The result found that
the aging was sensitive to temperature, and the battery cell
operated at 45◦C had capacity loss up to four times more
than the battery cell operated at 25◦C . This capacity fade was
dominated by the loss of cyclable Li-ions along with a minor
loss of graphite active material.

Several studies have been conducted on Li-ion batteries
at various operating temperatures, charging and discharging
current rates, and DoD or SoC to determine their impact on
battery aging. All these factors have a different impact on
the battery that accelerate the aging mechanism. Knowing
these factors and how they affect battery capacity is vital for
minimizing battery capacity loss. One common parameter
associated with all these factors that has a severe impact
on battery degradation is internal resistance [109], [110],
[111]. The change in internal resistance with the change of
aforementioned parameters is examined in detail in [112].
The resistance in a Li-ion battery can be divided into two
categories, ohmic resistance (OR) and polarization resistance
(PR) [112], [113]. The first one includes electrolyte mate-
rials resistance, electrolyte resistance, separator resistance,
and contact resistance, whereas the second is the resistance
caused by polarization in the electrochemical reaction [114].
The change in these resistances with the increase in cycle
number, along with the capacity fade, is shown in figure
12 [112]. It can be analyzed from this figure that with the

FIGURE 12. Change in parameters of battery with cycle count [112].

increase in cycle number, both the resistances (OR and PR)
of the battery increases, whereas the battery’s capacity starts
to decline. There are several factors that stimulate battery
degradation, which is already summarized in figure 8, where
different causes of degradation are shown along with their
effects on the battery. It is a demanding task to predict the
remaining lifetime of a battery due to the complex nature of
the degradation process. However, to ensure reliable opera-
tion and timely maintenance, it is essential to determine the
remaining lifetime of a battery.

The most common factors that affect the battery capacity
and give rise to degradation are [164]:

• [1] Temperature

• [2] Discharging current

• [3] Charging current

• [4] Depth of Discharge (DoD)

These parameters have impacts depending on the mode
of operation of the battery. If the battery is stored for some
time, then the temperature and SoC of the battery have a great
impact on the degradation of the battery. When the battery is
in operation, all these factors have different effects on the bat-
tery and result in degradation. The battery in EVs is subjected
to various stresses due to high current rates, deep discharge
conditions, and operating temperatures. Table 2 provides a
summary of the impact of these factors on the degradation of
the battery, along with the corresponding references that were
used to investigate their effects. The subsequent subsections
delve into a detailed discussion of these factors.

A. TEMPERATURE
Temperature is a crucial factor that significantly impacts
the health, performance, cycle lifetime, and safe operation
of Li-ion batteries [165]. As the temperature in the battery
changes, the chemical reaction inside the battery changes.
One of the positive impacts of higher temperature on the bat-
tery is that it increases the performance and storage capacity
of the battery [165]. This is because the electrolyte conduc-
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TABLE 2. Factors Affecting Battery Degradation (with references).

tivity increases, and the electrode wetting characteristics are
improved at higher temperatures [166]. When the tempera-
ture was raised from 25◦C to 45◦C in [165], the maximum
storage capacity rose by 20%. However, this increase in
capacity comes at a cost, reducing the battery’s longevity.
Similarly, the operation of the battery under low temperatures
is not favorable as it leads to faster aging of the battery [167].

The effect of temperature on different components of the
battery is the reason behind the degradation. The study of the
impact of high temperatures on lithium batteries from [168]
concludes that a blinder layer is formed on the positive elec-
trode’s surface, resulting in poor Li-ion intercalation. Also,
the change in the composition of the SEI layer depends
on the operating temperature, which is different at different
operating temperatures [169]. The X-RAY analysis in this
study showed that the capacity loss is mainly related to the
SEI film growth on the negative electrode. The elevated
temperature escalates the formation of the SEI layer on the
negative electrode [170]. The formation of the SEI layer was
the main contributor to the increase in the cell’s internal resis-

tance [171]. This decreases the performance of the battery by
reducing its efficiency. Similarly, Lithium plating and sub-
sequent interaction with the electrolyte, resulting in the loss
of cyclable lithium, is the most common aging mechanism at
low temperatures [121].

A 2.2Ah, 26650 LiFePO4 cell with a carbon negative
electrode was tested under the different operating conditions
like temperature, DoD, and discharging current rates in [154].
To increase the accuracy of the experiment, two cells were
tested at each of the conditions, which include six different
temperatures: -30◦C , 0◦C , 15◦C , 25◦C ,45◦C , and 60◦C , five
levels of DoD: 90%, 80%, 50%, 20%, and 10% and four
discharge current rates: C/2, C, 6C, and 10C. The cut-off
voltage taken for the test cycle was 3.6V and 2V. The battery
cell’s end of life (EOL) is defined as a failure to deliver the
required capacity before reaching a cell voltage of 2.0V [154].
Figure 13 extracts a portion of the experimental result of the
lifecycle count of battery cells in a matrix table. The effect of
temperature and DoD on the lifecycle of a battery cell can be
analyzed from this matrix table. Due to the insufficient and
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FIGURE 13. Test matrix for cycle life study.

missing data on discharging current rates in this experiment,
the impact of discharge current on the lifecycle of the battery
cell cannot be evaluated as proposed by the paper. The num-
ber in each cell of the figure denotes the number of cycles
completed by the cell. The red highlighted box indicates
that the battery has reached its EOL, the green box indicates
that the battery cells are still being tested, and the grey box
is empty, stating that the data at those conditions were not
obtained. The effect of different parameters (temperature,
DoD, and discharge rates), shown at the boundaries of the
table, on the battery can be analyzed from these data.

To see the impact of temperature on the cycle count of the
battery, any row in figure 13 can be analyzed. For the first row,
the DoD of the battery is 90% (which means the SoC of the
battery is reduced by 90%, can be from 100% to 10% or from
90% to 0%), discharged at a constant rate of C/2. The cycle
count of the battery cell is 1 at -30◦C , which is the lowest and
increases as the temperature rises. The cycle count is 2240 at
0◦C and stays in this range till 25◦C . When the temperature is
raised over 25◦C , the cycle count starts to decrease. At 60◦C ,
the cycle count is reduced to 518 for the second cell used in
the experiment. Based on these results, it can be deduced that
the battery’s capacity reduces as the operating temperature
differs from the ambient temperature.

In [165], the maximum charge storage capacity is inves-
tigated at four different temperatures from 25◦C to 55◦C .
The result from the study is extracted and replotted, shown
in figure 14 and table 3. Valuable information regarding the
impact of temperature and cycle number on the degradation
rate of the battery can be deduced from these data. The
degradation rate depends not only on the cycle number but
also on the battery cell’s temperature [172]. The degradation
rate or capacity loss of the battery cell at each temperature
should be the same if the temperature does not affect capacity
fading; however, this is not the case, as seen in figure 14.
It shows that, with the exception of a dip at 55◦C , the degra-
dation rate (Qm) increases with temperature. As mentioned
previously, temperature improves the battery’s performance
temporarily by raising its capacity. But as seen from this
figure, it also accelerates the degradation rate of Qm. This
is due to the acceleration of the degradation mechanism of
irreversible capacity loss at elevated temperatures [132]. The
decrease in capacity of the battery after 45◦C is due to the
increase of degradation of the components in a Li-ion battery

i.e., a positive electrode, a negative electrode, and an elec-
trolyte [116]. This study [165] reveals that the degradation
of each component of a Li-ion battery temperature has the
largest impact on the degradation rate of theWarburg element
(resistance and capacitance) with cycling, followed by the
cell impedance. When the operating temperature increased
from 25◦C to 55◦C , the degradation rate of maximum charge
storage increased from 4.22% to 13.24%. Similarly, the
degradation rate of the Warburg element resistance increased
from 49.4% to 584.07% (which was the largest increase),
and the cell impedance increased from 33.64% to 93.29%
after 260 cycles. Hence, the change in all these degradation
parameters is the reason for the decrease in the capacity of
the battery after 45◦C .

As the temperature and cycle number increase, the per-
centage loss of capacity of the battery cell also increases,
and the exact value of the capacity loss in percentage is
shown in table 3. The battery cell with a cycle number count
of 50 operated at 25◦C has the minimum capacity fade of
0.79%. When the operating temperature was raised, it was
observed that the battery cell operated at 55 ◦C had more
than double, i.e., 1.86 percent capacity loss when measured
at the exact cycle count of 50. A maximum capacity loss
of 13.24% was observed at a cycle count of 250 and an
operating temperature of 55◦C in this experiment, concluding
that battery capacity loss rises as cycle count increases. This
irreversible capacity loss with cycle aging is linked to one or
more of the following: insertion electrode structural changes,
electrolyte decomposition, active materials dissolution, phase
changes in the insertion electrode, and passive film formation
over electrodes and the current collector surface [132], [173].

The influence of operating temperature, discharge current
rates, and DoD on lithium iron phosphate-based battery was
also investigated in [89]. The tests were carried out at four
distinct temperatures: 40◦C , 25◦C , 0◦C , and -18◦C , with the
results displayed in figure 15. Unlike the previous study done
in [154], this study shows an apparent effect of temperature on
the lifecycle count of the battery. When the operating temper-
ature is at ambient temperature (25◦C), the cycle count of the
battery is maximum at 2600. The cycle count of the battery
diminishes as the temperature increases over this point. It was
found to be 1850 at 45◦C , and the cycle count continues
to plummet as the temperature rises. The instability of the
SEI causes the battery’s lifespan to decline beyond 25◦C
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FIGURE 14. Capacity of battery cell as a function of temperature [165].

TABLE 3. Degradation percentage at different cycle number and
temperature [165].

because the SEI layer consumes free Li-ions during each
charge cycle, reducing the number of free Li-ions available
to represent the battery’s capacity. Also, with the instability
of SEI and the increase in its thickness, the internal resistance
of the positive electrode surface will increase, and there will
be a mismatch in the electrochemical process of the battery,
due to which the lifecycle of the battery decreases [166].
As the temperature drops below the ambient temperature, the
battery’s cycle count will also start to decrease. The cycle
count was lowered to 2070 when the temperature reached
0Â◦C, around 20% decrease in cycle count. The battery’s
life cycle is substantially reduced when the temperature drops
beyond this point; at -18◦C , the cycle count was found to be
200.

A rigorous analysis of 18650 model Li-ion cells at low
temperatures was done in [145] to identify why the life cycle
count of the battery falls so drastically at negative tempera-
tures. The temperature was decreased from 25◦C to -40◦C .
The overall cell impedance increases by more than ten times,
going from 25◦C to -40◦C . Also, the cells’ energy and power
density data at 25◦C and -40◦C were compared. At 25◦C ,
energy and power density were found to be around 800W1−1

and 100 Wh1−1, respectively, whereas those at -40◦C were
reduced to 100 W1−1 and 5 Wh1−1. The increase in cell
impedance and poor battery performance is mostly due to
an increase in the cathode-electrolyte interface’s interfacial
resistance [145]. Also, [174] concludes that the root cause
for the degradation at low temperatures is the growth of SEI,

FIGURE 15. Effect of temperature on lifecycle count of a battery cell.

FIGURE 16. Variation of internal resistance at different temperatures [89].

which is aggravated by irreversible metallic lithium deposi-
tion, especially in graphite negative electrodes.

These experiments indicate that when the battery’s temper-
ature deviates from the ambient temperature, the performance
of the battery slumps, as does the battery’s lifespan [175].
The deviation from ambient temperature raises the internal
resistance of the battery, which further aids in increasing the
battery’s temperature and speeds up the aging process [116].
Figure 16 shows the percentage increase in internal resistance
at various temperatures replotted from [89]. The increase in
internal resistance is more pronounced at -18◦C , which is the
electrical reason behind the poor performance of the battery
at extremely low temperatures.

A battery’s ohmic resistance equivalent model was devel-
oped in [112] to compute the ohmic resistance of a Li-ion bat-
tery in real-time by gathering data experimentally and using
the recursive least square technique. The internal resistance
at four different temperatures 20◦C , 30◦C , 40◦C , and 50◦C
was observed, which is shown in figure 17. The outcome was
the same as before, except this time, the increase in internal
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FIGURE 17. Variation of internal resistance at different
temperatures [112].

resistance was assessed as a normalized number rather than a
percentage. The value of internal resistance increases as the
working temperature rises, with 20◦C having the lowest value
and 50◦C having the greatest value for any cycle count in this
investigation.

B. DISCHARGING CURRENT
The discharge current is the amount of current at which the
battery is being discharged. The discharge current rate is
expressed as Q/h rate, where Q is rated battery capacity,
and h is discharge time in hours. Sometimes discharge and
charge rate is defined as C-rate, where 1C rate means that
the discharge/charge current will discharge/charge the entire
battery in 1 hour. The cycle count of a battery depends on
the rate at which the battery is discharged. Numerous liter-
ature [127], [128], [129], [130] state that the discharge rate
greatly impacts the performance and different amounts of
discharge current have a different impact on the degradation
of the battery.

To investigate the inherent property of the battery, [132]
carries out a thorough analysis of the Sony US 18650 Li-
ion battery at different discharge current rates. This study
concludes that higher the amount of discharge current, the
degradation of battery is faster due to three primary reasons:
loss of secondary material, loss of primary material, and dif-
ference of rate capability [131]. This is verified by conducting
a number of cycle life tests at 1C, 2C, and 3C discharge
current rates. All the batteries should have a similar capacity
at each cycle number if the discharge current rate does not
affect the capacity of the battery. Nevertheless, as shown
in figure 18, this is not the case where the capacity fade
diverges at different cycles. There is no vast difference up
to the first 50 cycles, but the capacity of the battery fades
away depending on the discharge rate after this point. With a
3C amount of discharge current rate, the battery loses 16.9%
of its initial capacity, whereas, with a 2C and 1C amount of

FIGURE 18. Capacity fade under different discharge current rates [131].

discharge current, the battery loses 13.2% and 9.5% of its
initial capacity.

The primary reason behind this higher capacity fade is the
increase in loss of secondary material (i.e., carbon) at higher
C-rates [131]. In the third case of this study, when C-rate was
3C, out of the total capacity loss of 16.9% of the whole cell,
10.6% of the capacity loss was due to the carbon electrode
material alone. This increase in capacity fade at a higher
discharge current for the carbon material was correlated to
the increase of the internal resistance [132]. Hence, one way
to reduce the capacity fade in a battery is by reducing the
amount of discharge current that is fed by the battery to the
load [133].

A separate experiment was conducted in [89] to find the
life cycle count of a battery at different discharge rates. Here
the battery’s EOL is taken as 80% of the initial capacity,
also defined by the standard ISO 1205-2. The battery cells
were discharged at four different discharge current rates of
1C, 5C, 10C, and 15C. Figure 19 shows the curve with the
remaining capacity of a battery and the number of cycles
at different discharge current rates with a reference line of
80% of the initial capacity, drawn to indicate the EOL of the
battery cells. As expected, the battery cell discharged at a low
current (i.e., 1C-rate) has a maximum cycle count of 2900.
As the discharge current rate increases, the battery’s cycle
count starts to decrease, as seen in the figure. The battery cells
operated at 5C, 10C, and 15C, have cycle counts of 2060,
1100, and 559, respectively.

The capacity fade of the battery under high discharge
current is again correlated to the increase in internal resis-
tance [176]. Studies [89] and [132] analyzed the deviation in
the internal resistance of a battery. They found that with the
increase in discharge current, there is an increase in internal
resistance, which increases the temperature of the battery and
further decreases the capacity of the battery. This effect of
change in internal resistance with the change in discharge
current is further verified in [112], [140], and [177]. To see
how the internal resistance changes with change in discharge
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FIGURE 19. Remaining Capacity versus cycle life at different discharge
current rates [89].

FIGURE 20. Increase of internal resistance at different discharge
currents [89].

current rate, the percentage change in internal resistance were
measured in [89] and is shown in figure 20. The battery cell
that was discharged at 1C-rate, has the lowest percentage
increase in the internal resistance of 123% after complet-
ing around 2800 cycles. As the amount of discharge cur-
rent increases, the percentage increase in internal resistance
increases, which can be seen in the figure. The battery cell
discharged at 5C-rate had a 132% increase in resistance after
2000 cycles. Similarly, the percentage increase in internal
resistance was found to be maximum for a 15 C-rate until
500 cycles, but after this point, the increase in internal resis-
tance was maximum for 10 C-rate with 156%. Similarly, the
change in ohmic resistance (OR) of a Li-ion battery used in
a vehicle was investigated in [112] for different C-rates of
2C, 3C, and 5C, which is depicted in figure 21 for various
cycle numbers. The result from this study is the same as
concluded from [89]. The only difference is that this study
provides the increase in resistance as a normalized value
instead of a percentage increase. The increase in normalized

FIGURE 21. Increase of ohmic resistance at different discharge
currents [112].

resistance is minimum for 2C-rate and maximum for 5C-
rate. The figure shows the value of ohmic resistance for the
battery cells after completing 100 cycles. The battery cells
discharged at 2C, 3C, and 5C-rate have ohmic resistance of
1.08 ohm, 1.26 ohm, and 1.55 ohm, respectively.

Also, Li-ion battery cells were tested by a manufacturer to
monitor the capacity fade at different discharge current rates
of 0.2C, 0.5C, 1C, and 2C, which were used in studies [90]
and [135]. At a constant temperature of 37Â◦C, the cells were
charged and drained between 3V and 4.1V, with 2 samples
obtained for 0.2C, 14 for 0.5C, 5 for 1C, and 3 for 2C to get
a more robust result. Out of different samples, one sample
for each discharge current rate is shown in figure 22 to have
a clear view. As observed, the battery cell discharged at 2C-
rate has the least cycle count between 150-200 cycles. As the
battery was discharged more gently, i.e., at a lower discharge
current rates, the cycle count of the battery cell increased.
At 1C-rate, the cycle count was between 300-350, and for
0.5C-rate and 0.2C-rate, the cycle counts were higher, whose
data were not acquired in the experiment but can be predicted
from the path shown in the figure. As a result, as in prior
experiments, the amount of discharge current affects the life
cycle significantly, and the cycle life of the battery begins to
diminish as the discharge current increases.

In study [178], a 2.7 Ah commercial Li-ion battery
(Panasonic NCR18650PF) employing Li(NixCoyAlz)O2 as
the positive electrode was used to investigate the discharg-
ing characteristics and heat generation behaviors. This study
shows the effect of both the temperature and amount of
discharge current on the degradation of the battery. The
behaviors were studied under two different thermal condi-
tions: constant temperature and near-adiabatic. Due to the
influence of heat created by the battery with insulating tech-
niques, the battery surface temperature rises gradually during
the discharging process. It becomes more noticeable with
higher discharging rates, shown in figure 23. Aside from the
impact of discharge current, this rise in temperature at a high
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FIGURE 22. Discharge capacity testing at different discharge current rates.

FIGURE 23. Variation of temperature under near adiabatic condition [178].

discharge current will further aid in the aging mechanism.
It can be concluded, from figure 24, that as the discharge
temperature is reduced from 20◦C to 10◦C for a particular
discharging rate, the discharging capabilities decline substan-
tially, especially for higher discharge rates. Using a discharge
temperature of 10◦C as an example, the discharging capaci-
ties at 0.5 C, 1 C, and 2 C are 79.6 %, 73 %, and 48.2 % of
the rated capacity of 2.7 Ah battery cell, respectively. Also,
there is only a slight decrease in the discharging capacity
in the temperature range of 20◦C to 40◦C . The variation in
discharging capacity between 20◦C and 40◦C , especially for
a 0.5 C discharging rate, is just 0.133 Ah, or 4.9% of the
claimed capacity of 2.7 Ah battery cell. It is worth noting
that higher temperature (40◦C in this study) can cause fast
battery capacity deterioration as the number of cycles rises,
despite the fact that the available capacity of Li-ion batteries
increases at higher temperatures [136], [137], [138].

C. CHARGING CURRENT
Most EVs and commercial batteries have been using the
concept of fast charging [179]. Vehicle charging time is a
crucial factor in the adoption of EVs. Long charging time,

FIGURE 24. Discharge capacities of battery at two thermal
conditions [178].

usually more than 30 minutes, strongly reduces the sales of
EVs [180]. This is because it increases waiting time in the
queues, which acts as a barrier to EVadoption [181]. This is
why all EVmanufacturing companies are shifting towards fast
or ultra fast-charging systems for their vehicles [182]. The
U.S. Department of Energy has classified charging of electric
vehicles into three levels:

• Level 1 is regular charging, which happens when the
charge power is less than 5 kW,

• Level 2 is fast charging, which occurs when the charge
power is between 5 kW and 50 kW, and

• Level 3 is super-fast charging, which occurs when the
charge power is higher than 50 kW [183], [184].

An off-board charger is used for Level 3 charging, which
means the charger is located outside the car. Because of the
high-power charging levels of Level 3 charging, carrying
the requisite power electronics onboard is unfeasible owing
to space limits. To overcome this limitation and reduce the
mass, a Level 3 charge usually conveys the DC power to
the vehicle, whereas Level 1 and Level 2 charging usually
have onboard electronic converters that allow AC energy
transmission [185].

Most EVs use Level 2 chargers, and Level 3 chargers
are in the adoption phase. With the use of an AC level
2 charger, the LLI and LAM in the negative electrode were
found to be the primary aging modes in the cells in the
study [139]. These fast-charging technologies can help to
increase EV adoption but can have a serious impact on
the battery. Hence, there should be a better understanding
of the effects of fast charging on Li-ion batteries [140],
[149]. Studies [141], [142], [143], [144] investigated the
effect of fast charging on Li-ion batteries and observed a
more robust capacity fade at higher charging rates. Also,
fast charging at a low temperature has a negative impact
on the battery [8], [150]. Several failure modes were noted
at a high charging current rate after the postmortem anal-
ysis of the cells, like lithium plating, graphite exfoliation,

VOLUME 11, 2023 42447



L. Timilsina et al.: Battery Degradation in Electric and Hybrid Electric Vehicles: A Survey Study

jelly-roll deformation, active materials crumbling, aluminum
corrosion, and an abnormal SEI formation [145], [146]. The
capacity loss is mainly due to the lithium plating that causes
irreversible loss of cyclable lithium [147]. Under high charge
current or fast charging, heat generation within the cell accel-
erates the side reactions [148]. Lithium plating, ohmic heat,
and increase in impedance are significant issues during fast
charging that deteriorates the battery faster [149]. The stud-
ies of X-ray diffraction analysis (XRD), transmission elec-
tron microscopy (TEM), and scanning electron microscope
(SEM) on the individual electrodes done in [123], indicate
that the capacity fade during rapid charging and discharging
of the battery can be correlated to two leading causes. First,
the formation of the defects such as cation disorder and cracks
in positive electrode’s active material LiCoO2. Second, the
continuous increase in the passive film thickness on the neg-
ative electrode is due to the reduction of the electrolyte.

Also, overcharging a battery is another issue dur-
ing the operation of EVs. Paper [124] investigates the
overcharge-induced capacity fading behavior of 20Ah com-
mercial pouch Li-ion batteries with NCM + LMO as a
positive electrode and graphite as a negative electrode.
A prognostic/mechanistic model and incremental capacity
analysis were used to investigate the capacity deterioration
process (ICA). This model was used to calculate the LAM
in the positive and negative electrodes and the LLI at various
overcharge phases. The analysis shows no noticeable capacity
degradation until overcharged to 120% SoC. Above this SoC,
LLI occurs as a result of lithium deposition, with LAM in
the LiyMn2O4 of the composite positive electrode [125]. The
thickening of the SEI film is confirmed by the increase in
internal resistance. When the battery is overcharged above
140% SoC, LAM occurs in both the positive and negative
electrode. Also, due to the electrolyte oxidation, the battery
starts to swell. When the battery was overcharged to 150%
or more SoC, the battery cell started to rupture, with all
the stored energy released instantly due to an internal short
circuit, and pinholes on the separator surface were observed
after dissembling the batteries.

To clearly understand the effect of charging current rates
on the lifecycle count of a battery cell, many life cycle tests
were carried out at a constant charge current of 1.25C, 2.5C,
4C, 7C, and 10C in the study [89]. The effect of the charge
current rate is similar to that of the discharge current rate;
the higher the amount of current rates, the lower the lifecycle
count of the battery [126]. Figure 25 shows that when the
battery was charged at 1.25 C-rate, it had a 2950 lifecycle
count; however, when the charging rate was increased, the
cycle count started to decline rapidly. The battery had 1607,
660, 567, and 414 cycle counts at 2.5C-rate, 4C-rate, 7C-rate,
and 10C-rate, respectively. Hence, continuously charging a
battery at a high current rate decreases the life cycle of the
battery drastically [122].

Similarly, a 25Ah battery was utilized to examine the effect
of charging current in [147], where cycling was performed
between 20% and 80% of SoC and discharged at a constant

FIGURE 25. Change of capacity versus number of cycles at different
charge current rates [89].

FIGURE 26. Capacity fade at different charge currents vs cycle count [147].

rate of 1C (25A). The battery was charged at four different
charging current rates of 1C, 2C, 3C, and 4C (25A, 50A,
75A, and 100A). Two cells were operated at each charging
current rate to ensure that the tests were as reliable as possible.
Figure 26 shows the capacity fade in eight battery cells exper-
imented on in this study. The two battery cells charged at a
4C rate had the highest capacity reduction than those charged
at other rates. These two cells reach their EOL in less than
500 cycles. Similarly, the battery cell-8 charged at 1C- rate
had the least capacity loss among these cells. The increase
in capacity fade at higher charging current is due to more
loss of free lithium ions as the SEI layer grows thicker with
the increasing charging current. Also, there will be lithium
plating at a higher charge current and an accelerated material
loss [147]. The increase in the thickness of the SEI layer
and lithium plating increases the battery’s internal resistance,
as shown in figure 27.

D. DEPTH OF DISCHARGE
The DoD is the portion of electrical charge discharged or
charged during a cycle with respect to the maximum possible
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FIGURE 27. Internal resistance at different charge currents vs cycle
count [147].

charge that a battery can hold. Or, in simple words, it is the
percentage of battery capacity (rated capacity) to which a
battery is discharged. Generally, the withdrawal of at least
80% of battery capacity is referred to as a deep discharge [89],
[159]. A higher DoD indicates higher discharge of the battery,
accelerating the battery aging and increasing the battery life
cycle cost [151]. The study [152] finds that the deep dis-
charging of batteries used in PHEV for bulk energy services
during vehicle-to-grid (V2G) operation led to the annual
replacement of battery packs across all EV charging regimes.
Nevertheless, when compared to PHEV, charged opportunis-
tically at home or worked, the battery pack was replaced once
in 3 years. This concludes that the regular deep discharge
of the battery can reduce the life span by more than one-
third. These phenomena are mainly due to the degradation
of a positive electrode and growth of the SEI layer [153].

The influence of DoD on the capacity fading of the battery
can be examined using the data acquired in research [154],
shown in figure 13. Looking at a constant C-rate of C/2 at
any temperature, it can be seen that the battery’s cycle count is
more when it is discharged less. For example, at 15Â◦C,when
the battery is discharged 90% (i.e., from 100% SoC to 10%
SoC), the cycle count is 2144. However, when the battery is
discharged by 10% (i.e., from 100% SoC to 90% SoC), the
cycle count is 18067. The cycle count of the battery reduces
as the battery is depleted deeper, suggesting that the battery’s
capacity diminishes. Figure 28 replicates the data from the
test matrix shown in figure 13, showing how the capacity of
a lithium battery fades when it is discharged at different DoD
at a constant temperature of 60◦C and a constant discharge
current rate of C/2. The reduction in capacity for the battery
cell discharged at 10% DoD is minimum and found to have a
cycle count of more than 6000 if 80% of the initial capacity is
considered EOL of the battery cell. As the DoD is increased,
the capacity fade goes on increasing. The reduction in capac-
ity is found to be maximum for the battery cells that were

FIGURE 28. Change of cycle number at different DoD at constant
temperature of 60◦C [154].

FIGURE 29. Change of cycle number with different DoD [89].

deeply discharged (i.e., 80% and 90% DoD). The cycle count
was found to be around 1000 for these DoD.
In [89], the life cycle of various battery cells was compared

at different DoD, and it was found that the cycle count was
not fixed. To look at a clear view of the battery performance at
different SoC levels, a series of cycle life tests were conducted
at different DoD at a room temperature of 20-25◦C and is
shown in figure 29. Here one cycle count means the SoC of
the battery cell is reduced by 100%, which can be one time
from 100% to 0% or five times from 100% to 80%. When the
battery was discharged at 20% DoD, i.e., from 100% to 80%,
the battery’s cycle life was found to be 34957. As the DoD
was increased to 40%, i.e., from 100% to 60%, the cycle life
of the battery cell decreased to 19985. Similarly, when the
battery was fully discharged (100% DoD), i.e., from 100% to
0%, the cycle life of the battery was only 2600. As a result,
if the DoD is higher, the battery will degrade faster and have
a shorter lifespan. Study [155] also concludes the same effect
by conducting an experiment on a 60Ah Li-ion battery.

The change in DoD in a Li-ion battery cell can be elec-
trically linked with the change in internal resistance. The
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FIGURE 30. Increase of internal resistance versus cycle at different
DoD [89].

FIGURE 31. Increase of internal resistance at three different DoD [112].

internal resistance of the battery increases with the degree
of DoD, which is shown in figure 30 from the study [89].
The percentage increase in internal resistance is lowest for
the battery cell that was discharged at 20% DoD, which was
found to be 112%. In contrast, the battery cell that was fully
discharged (100%) had the highest percentage increase in
the internal resistance of 132%. The higher the DoD, the
higher the increase in internal resistance, which further assists
in the battery’s aging mechanism, which is further verified
in [156], [157], [158]. Similarly, in [112], the influence of
various DoD (20%, 40%, and 60%) on the battery’s internal
resistance was examined. The result from this experiment is
the same as described previously and is shown in figure 31.
The resistance of the battery goes on increasing as the cycle
count increases. When the battery is discharged at 60%, it has
the highest ohmic resistance, whereas when discharged at
20%, the ohmic resistance is the lowest.

V. LIFECYCLE PREDICTION OF BATTERY AND
DEGRADATION ABATEMENT
The battery’s health in EVs must be closely monitored and
predicted in real time for reliable operation and timely main-
tenance of the vehicle [186]. In recent years, there has been

significant improvement in estimating the life of a battery
using different degradation models. They can be classified
into different categories where the literature [187], [188],
[189] groups the methods into three main categories

1) Model-based approach,
2) Data-driven approach, and
3) Hybrid approach.

The model-based approaches are based on physics-based
modeling of degradation behavior, in which an empirical
model is built to represent the system’s diminishing path
based on the real diffusion phenomenon. This model demon-
strates the degrading behavior of a battery using a combina-
tion of algebraic and differential equations or an empirical
equation. Since the deterioration of the battery is nonlinear,
predicting long-term performance can be rugged [190]. The
main drawback of this model is its lack of flexibility and
parametrization difficulty. It can easily lead to poor model
design due to a lack of prior understanding of the system.
To construct a robust model, the designer must have a proper
understanding of the numerous aspects of the system, includ-
ing mechanical, electrical, electronic, chemical, and other
physical characteristics.

Data-driven approaches (commonly known as black-box
models) are based on empirical observations with little or
no understanding of the underlying processes. This method
depends heavily on evaluating data from the process; there-
fore, designers do not need to gain a thorough, domain-
specific grasp of the background process to use it. The
data-driven method uses statistical theories or machine learn-
ing techniques to derive a model from measured data. This
method creates a mathematical model from data gathered
in the lab through large-scale testing under various aging
circumstances, rather than utilizing a specific physical-based
model, and forecasts the battery’s deterioration trajectory.
It has lately become the most popular method since it is more
adaptable and practical and removes the need for sophisti-
cated physics-based models. These models are self-adaptive,
model-free, and have the ability to learn from previous data on
their own. Data-driven approaches include techniques such as
artificial intelligence, statistical analysis,Wiener process, and
signal processing [54].

The data-driven approaches rely heavily on data; therefore,
themodel’s accuracy and effectiveness aremainly determined
by the data quality. Unbalanced data, for example, might
lead to decision-making bias (also known as overfitting and
underfitting) in a model. In essence, if a large amount of
relevant data is readily accessible, a data-driven strategy
would be beneficial. However, in the absence of this data,
the application of a data-driven strategy would be limited.
Recently the concept of featured-based data-driven models
has been widespread. In this technique, certain features are
retrieved from the voltage and current during the preprocess-
ing stage using knowledge about the behavior of the cell’s
physical properties. Then, these attributes are used as a input
to the algorithm used in the process. This method has the
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advantage of producing less complex inputs by preprocessing
the raw data that is supplied for the input. Studies [191],
[192], [193] have used this concept of feature-based data-
driven models to predict the RUL of the battery. Also, the
study [194] explains the concept of generating synthetic data
that are equivalent to the actual battery data for the data-
driven approach. The generated datasets were compared to
the battery’s actual behavior, which yielded identical results.
These large synthetic datasets can be used to train algorithms
for data-driven approaches and diagnoses. As a result, these
datasets can help evaluate various algorithms and enhance
these techniques.

Similarly, the hybrid method incorporates the strengths of
both model-based and data-driven models. This method is
useful when there is limited or biased data, as the data-driven
method can lead to imprecise forecasts or wholly misleading
outcomes. In battery life estimation, hybrid techniques that
combine model-based and data-driven methods to produce
accurate forecasts have become a hotspot of study. The main
advantage of this method is that it can extrapolate beyond
the training data more precisely than the data-driven method.
The use of this approach in studies [195], [196], [197]
demonstrated promising results. The only issue to adopt this
approach is lack of openly available field data, which should
be validated with the results obtained from lab data [198].
All these three methods are summarized in figure 32, and the
papers that use these techniques to predict the degradation of
batteries are provided in table 4.

As discussed in section IV, various factors give rise to
the degradation of the battery. Each factor has a different
impact on the aging mechanism. The cycle life experiment
conducted under one operating condition for a battery may
not be valid for other operating conditions making it difficult
to predict the RUL of the battery. To conduct experiments at
continuously varying operating conditions would cost years
of testing, causing such experiments to become infeasible.
The development of precise battery performance and life
prediction models would be hampered by the absence of
comprehensive experimental data. However, despite the lack
of degradation data, several types of studies have been con-
ducted on accurately forecasting the cycle life of a battery.
A dynamic battery degradation capacity model based on a
semi-empirical equation has been used in several studies
like [66], [154], [199], [200]. In this model, the effect of
four parameters are considered, which are time, temperature,
DoD, and discharge current rate. This semi-empirical model
is based on the original formula of the Arrhenius degradation
model shown in (5). Here, Qloss is the percentage of battery
capacity loss, A is the pre-exponential factor, Ea is the acti-
vation energy, 78.06 (J), R is the gas constant, 8.314 J/mol/K,
Tbat is the absolute temperature of battery(K), Ah is the Ah-
throughput, z is the time factor, CRate is the battery discharge
rate, B is the compensation factor of CRate

Qloss = Ae
−

(
Ea+B.CRATE

RTbat

)
(Ah)z (5)

According to the cumulative damage theory, the capacity
fade model of the battery illustrated by the aforementioned
equation can be utilized to predict battery degradation [201].
The dynamic degradation model’s discrete formula is given
by (6) as done in [202].

Qloss,p+1 − Qloss,p = 1AhzA

(
1
z

)
e

(
−
Ea+B∗CRATE

RTbat

)
(Qloss,p)

z−1
z

(6)

Here, Qloss,p and Qloss,p+1 are the accumulated battery
capacity loss at instantaneous time tp and tp+1, and 1Ah is
the Ah-throughput from tp and tp+1, which can be found by
using (7)

1Ah =
1

3600

∫ tp+1

tp
|Ibat | dt (7)

Study [200] derived an equation to find the remaining cycle
number of the battery (N ), which is obtained by combining
the capacity lossmodel andAh-throughput equation provided
above and is shown in (8).

N =

(
QLoss

A.e

(
−
Ea+B∗CRATE

RTbat

)
) 1

z 1
Qmax .DoD

(8)

Using the above equations for the capacity loss and cycle
number calculation with the help of experimental data, the
study [200] successfully calculated the degradation path of
the LFP battery. The degradation of the battery at differ-
ent operating conditions (DoD and discharge current rate)
was calculated and compared with the actual data. About
2000 sets of experimental cycle data of a commercial LFP
battery were used to create and validate the degradation and
life prediction model. Here, 80% of these data were used
to develop the degradation model, and 20% were used to
validate the accuracy of the developed model. The absolute
mean percentage error of the developed degradation and life
prediction model was found to be about 13%. The degrada-
tion of the LFP battery cell using the degradation model for
three different operating conditions is shown in figure 33.
Using the battery under harsh conditions (fully discharging it
at a high rate, i.e., 2C) results in fast degradation and quickly
reaches its EOL. However, the life of the battery can be
extended by using it gently, reducing the discharging current
rates and deep discharge of the battery. When the battery was
discharged at a 1C rate at 60% DoD, it had a longer serving
life than the one discharged completely at a 2C discharge rate.
Similarly, the battery discharged with 40% DoD at a 0.4C
rate had the highest serving life among these three operating
conditions.

A. BATTERY DEGRADATION MODEL, ENERGY
MANAGEMENT, AND OPTIMIZATION STRATEGY
Battery safety and reliability are crucial for the operation of
EVs. The fundamental restriction of Li-ion-based EV bat-
teries is aging since the battery goes through a complicated
degradation process throughout the operation of the vehicle.
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FIGURE 32. Methods for modeling battery degradation.

FIGURE 33. SOH of battery at different operating conditions [200].

The degradation occurs over time, resulting in a lower driving
range due to reduced capacity. The operating conditions or
factors giving rise to degradation are explained in detail in
section IV. Battery states, battery aging, driving behavior, and
environmental conditions are all possible, relevant elements
influencing EV usage and energy consumption. The expen-
sive energy capacity, which accounts for a large portion of the
entire cost of an EV, and the restrictive driving environment,
which limits the performance and acceptance of EVs, are two
concerns in the battery application. As a result, minimizing
the degradation through precise modeling, extending battery
life, and optimizing battery capacity and energy management
(EM) are the primary objectives for maximizing EVlifetime
value. One of the most challenging tasks in modeling the
degradation trend of an EVbattery is identifying the factors
that contribute to it. The major factors leading to degrada-
tion are already explained, and these factors have a different
impact on the battery, making it challenging to establish a
degradation model through existing methods. The diversity
and number of research literature on battery degradation give
useful information that analyzes EV battery aging mecha-
nisms, impacts, and features. Several researchers studied the

approaches used to simulate the degradation mechanisms in
EV batteries based on the explored factors.
The integration of precise degradation models with a bat-

tery management system maximizes battery capacity while
guaranteeing that operations are optimized for battery lifes-
pan. Model-based prediction of battery states such as SoC,
SoH, and RULis possible with BMS. It evaluates and quan-
tifies the evolution of EVbattery electrical performances and
precisely predicts their RULin real-world operation. The use
of an accurate degradation model in BMS assists in main-
taining cells and battery packs by maintaining appropriate
operational voltage and temperature ranges, assuring safe
operation, extending battery service life, and keeping batter-
ies in good health. The integration of degradation models into
BMS allows EVbatteries to be used to their greatest capability
and life expectancy before being replaced.

In EVs, combining precise degradation models and effec-
tive EM techniques can potentially extend battery life. Several
research suggested optimization strategies considering bat-
tery deterioration models for the best battery size, DoD, and
EM in EVs. Considering the battery degradation model and
the battery degradation cost as a critical component in deter-
mining the operational costs of the EVbattery can achieve
economic viability during vehicle operation. Hence, an opti-
mized EVEM technique that accounts for battery degrada-
tion model and capacity loss simultaneously can successfully
deal with dynamic EVoperations and extend battery lifespan,
which is explained in detail as follows.

The battery’s degradation path can be calculated using (5)-
(6), and its remaining lifespan can be calculated using (8).
A similar concept of calculating the battery’s capacity loss
and RUL can reduce the battery’s capacity loss and increase
its lifetime. While doing so, the battery’s degradation cost
can be minimized, ultimately reduces the vehicle’s operating
cost. This concept was implemented in the study [37], where
the degradation of the battery in an HEV was reduced using
a prognostic-based control strategy. The degradation path of
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TABLE 4. Methods to Predict the Degradation of Battery (with references).

the battery was calculated from the historical data conducted
in the lab provided by Sandia National Laboratory (SNL) and
minimized the degradation by changing the control algorithm
of EM. The degradation of the battery was calculated using
the Markov chain model, where four different states of the
battery were defined to predict its degradation path. Also,
a load-dependent model was used to model the degradation
of the other components used in HEV. Depending upon
the degradation of the battery and other components of the
vehicle, the degradation forecasting layer interacts with the
EM layer, which reallocates the power between battery and
ICE, so as to reduce the degradation of the battery. This
process was validated on an HEV with ICE and a battery
as power-generating sources. The system was operated for
100 drive cycles, and the simulation results are shown in
figures 34 and 35.

These figures show that the prognostic-based control strat-
egy implemented in this study successfully reduced the degra-
dation costs of HEV’s components by $11.94 while running
the vehicle for 100 drive cycles. However, the fuel cost
was increased by $6.879. This is due to the action of EM.
To reduce the degradation of the battery, EM changes its
configuration and allocates more power to ICE, and reduces
the power to be supplied by the battery. While doing so, the

fuel consumption is increased, but it helps to reduce the degra-
dation of the battery and the overall cost of operation of HEV.
The overall cost of the vehicle is reduced by $5.066 while
running the vehicle for 100 drive cycles only. Figure 35
clearly illustrates the decrease in battery degradation path
with the implementation of prognostic-based control during
the operation of HEV. From this figure, it can also be seen
that there is no change in the degradation path of ICE, which
states that the life of ICE is long compared to the battery.

VI. RESEARCH GAPS AND FUTURE RECOMMENDATION
The battery being one of the critical and expensive compo-
nents of the EV, it is necessary to conduct detailed research
on the performance and the factors affecting their perfor-
mance [18]. The operation of the battery under harsh operat-
ing conditions makes its life shorter and needs to be replaced
much faster, resulting in the uneconomical operation of EVs.
Battery degradation is a complex phenomenon that involves
several electrochemical side reactions in the anode, cathode,
electrolyte, and separator. It is critical to investigate degrada-
tion behavior, identify the causes that have the most impact
on the battery, and minimize the impact of these factors in
order to extend the battery’s longevity. Furthermore, know-
ing the battery degradation behavior allows for an accurate
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FIGURE 34. Cost saving using prognostic based control framework [37].

FIGURE 35. Battery degradation abatement [37].

estimation of the battery’s remaining lifetime under various
operating conditions. This is critical for the BMS to ensure
reliable operation and timely maintenance, as well as for the
second-life applications of the batteries.

There have been several studies on the investigation of the
life cycle of a battery. The main challenge is to develop a
proper degradation model and implement it. Different mod-
els developed until now use model-based, data-driven, or a
combination of these two approaches, known as a hybrid
approach, as explained in section V. These methodologies
can be used to anticipate the degradation path and identify
the battery’s remaining life based on correct historical data
and degradation models. These parameters can aid in the
dependable functioning of the vehicle and lower the operating
cost byminimizing battery deterioration as done in [37] and is
explained in detail in section V. However, this study has sev-
eral limitations, such as it was carried out for HEV, where two
power sources are available to supply the power demanded by
the vehicle. The algorithm of power dissipation and battery
degradation estimation would be entirely different for full
EVs. This study uses data from a laboratory for degradation

calculation instead of actual HEV or EVbattery data. Also,
the algorithm that is used to calculate the degradation of
battery is Markov’s chain model, which has several disadvan-
tages, such as it assumes that the present state only determines
the future state and ignores other factors, it believes that
the data-generating system is static and has a tendency to
overfit data and produce unreliable results when faced with
new data, there is difficulty modeling complex non-linear
relationships, which can result in incorrect prediction, and
it needs to compute the transition matrix, which slows the
computational process.

However, this study can be a reference for future research
on the abatement of battery degradation in HEVs and EVs.
This research has shown a way to reduce battery degradation
by creating a degradation forecasting layer in HEV which
can communicate with the EM layer. Depending upon the
degradation of the battery, the EM reallocates the power
dissipation between the power generating sources.

Also, there has been the development of several algorithms
for the prediction of battery degradation. Machine learning
techniques have been used successfully and efficiently in pre-
dicting the degradation path. Study [225] is a perfect example
that uses a model-free deep reinforcement learning (DRL)
method to optimize the battery energy arbitrage considering
an accurate battery degradation model. However, this study
calculates the degradation of batteries used as energy storage
in a grid. But, this advanced control algorithm can also be
used to predict the degradation of batteries used in EVs in
real-time more efficiently.

Besides these issues, another main issue in the prediction
and abatement of battery degradation in EVs is the limited
amount of battery data. Several institutes like NASA Ames,
the University of Maryland, Stanford University, and Hawaii
Natural Energy Institute provides the battery data that are
conducted in the lab. Nevertheless, access to actual battery
data used in EVs is limited. Nissan provided the battery
cell data used in the 2013 Nissan Leaf model, which is the
only EV manufacturer to publicly make its battery cell data
available. However, these data are also limited as they only
provide the charging, discharging, and HPPC tests data which
can be used to model the equivalent circuit of the battery
cell precisely but are limited in predicting the degradation
path and remaining life. Also, maximum research carried out
under different degradation models is developed on limited
data but under well-designed lab datasets and controlled test
circumstances.

It is essential to include field data to develop a comprehen-
sive understanding of how cells age in actual working envi-
ronments. Obtaining data under real working conditions is
another additional challenge. The EV users have uncontrolled
working conditions, less accurate sensors, data collection and
storage issues, and infrequent access to validation checks.
If sufficient battery data is accessible, together with their
driving patterns, a more accurate prognosis of the battery’s
remaining life and deterioration can be made, setting a new
standard for vehicle reliability in the automobile industry.
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Based on the previous sections discussed in this review,
there is still a wide range of challenges in the prediction
and abatement of battery degradation in EV applications.
We outline the following key tasks and prospective research
directions in order to better perform future investigations.

• To accurately estimate battery health and RUL, detailed
degradation mechanism investigations at various stages
are required. Most degradation studies are done at the
cell level and are based on a single stress factor, which is
not conducive to a complete knowledge of battery break-
down involving inconsistency. As a result, degradation
tests at the cell and pack levels that encompass several
stress variables, such as factors mentioned in section IV,
are required.

• There has been the development of several accurate
offline degradation models which can update dynami-
cally to become self-improving. However, this is not the
case for the online or real-time scenario. The use of a
self-learning algorithm in real-time is recommended for
accurate battery health and RUL prediction.

• SoH values are commonly employed in developing
degradation models as training data. In the literature,
these SoH values are recognized as accurate. However,
in a real-world environment, training data is often cal-
culated using estimation methods, where degradation
models are applied onboard and updated online. This
might lead to some errors in the estimations, which
can influence the overall efficacy of the degradation
model. Therefore, an accurate estimation algorithm that
is robust when handling input data uncertainty should be
used to develop effective degradation models.

• The development of large-scale open-source databases
for battery performance and lifecycle count for EV
applications. There are minimal data on batteries that are
used in EV applications. To create a degradation model,
there should be sufficient data, as explained in table 4.
With access to a large database, accurate models can
be created by training and assessing multiple models,
which ultimately results in an accurate prediction of the
battery’s RUL and degradation path.

• The development of scalable algorithms or software that
combines data-driven methods with model-based meth-
ods (i.e., hybrid approach) for predicting the degrada-
tion path of battery and remaining life. Ridgetop Group
is one example of this scenario, which has developed
cellSage and ARULE software in collaboration with
Idaho National Laboratory (INL) that can predict the
degradation path, State of Health (SoH), and RUL of a
battery being monitored. Such an open-source database
of batteries and software that can predict the degradation
and RUL can directly be used in the research to develop
more precise algorithms to minimize the degradation
and increase the serving life of the battery.

The potential research gaps or problems and suggestions
associated with the batteries used in EVs or HEVs from the

research point of view are explained in detail above. The
following points summarize the steps and suggest a way to
abate the degradation mechanism of a battery used in EVs
and HEVs.

1) An open-source database system for the battery used in
EVs or HEVs: This step involves creating a database
system that can be accessed by researchers, manufac-
turers, and other stakeholders to collect and share data
related to the batteries used in EVs or HEVs. By mak-
ing this information publicly accessible, researchers
can better understand the factors contributing to battery
degradation.

2) An accurate algorithm that can predict the degradation
path of the battery in real-time: This step involves
developing an algorithm that can accurately predict
how a battery will degrade over time. By doing so,
researchers and vehicle operators can identify when a
battery is likely to fail and take preventative measures
to avoid it.

3) Development of control techniques or algorithms
to minimize the battery’s degradation path without
compromising the vehicle’s performance: This step
involves the development of novel methods like control
techniques or algorithms that can optimize the use of
the battery without compromising the vehicle’s perfor-
mance. For example, the algorithm can limit the stress
placed on the battery during acceleration or decelera-
tion to reduce degradation

4) Continuous monitoring of the battery’s health: This
step involves regularly monitoring the battery’s health
to identify any signs of degradation or damage.
By doing so, manufacturers can take corrective actions
before the battery fails, reducing the risk of safety
issues and minimizing the cost of replacing the battery.

VII. CONCLUSION
This review article systematically presents state-of-the-art
battery degradation in EVand HEV applications. It presents
a comprehensive classification of factors responsible for bat-
tery degradation and their consequences at different phases of
life described in the literature. This paper focuses on themany
physical and chemical changes that occur during battery
degradation, then goes into detail on how various operating
circumstances such as temperature, discharge current rate,
charge current rate, and DoD affect the capacity and lead to
degradation. The impact of the harsh working circumstances
coming from a different set of fields is thoroughly discussed
based on the findings of the literature.

In this study, section III explains the different degrada-
tion mechanisms that occur inside a battery. Different causes
that give rise to these mechanisms and their effects are
explained in detail. Then section IV explains different oper-
ational conditions that affect the battery’s lifespan. It can be
noted that battery behavior and degradation are fairly com-
plex processes that depend on their operating condition and

VOLUME 11, 2023 42455



L. Timilsina et al.: Battery Degradation in Electric and Hybrid Electric Vehicles: A Survey Study

environment. Due to this reason, it is crucial to have in-depth
knowledge about the degradation behavior and the factors
that have the utmost effect on the battery so that the effect
of these factors can be minimized to increase the lifespan of
the battery. Moreover, it’s difficult to model this complicated
phenomenon as different factors have different impacts on the
degradation path of the battery.

The development of battery degradation models is crucial
from a research perspective to identify ways to enhance
battery performance and lengthen the life of the batteries.
With the knowledge of battery degradation behavior and
factors giving rise to it, a degradation model can be developed
accurately at various operating conditions, which will be
essential for the BMS to ensure reliable operation and timely
maintenance of the EVs. The different techniques to develop
a degradation model are explained in section V, along with
their comparisons. Over the years, there has been a significant
advancement in modeling battery degradation and estimating
health and RUL. Recently, machine learning algorithms in
degradation prediction have been used widely as they offer
a non-intrusive approach with minimal computation and high
accuracy when taking into account the scalability and time-
frame concerns of battery deterioration. However, these algo-
rithms in battery health and RUL estimation have gaps and
face several challenges, which are summarized in the same
section. This section further explains the technique to use
the information from degradation models, i.e., degradation
path and RUL for degradation abatement in EVand HEV
applications with the help of EM.
Finally, section VI explains the research gaps that exist in

this field. It is worth mentioning that there lies an interesting
research avenue in integrating separate works discussed in
this paper. The different factors responsible for the degrada-
tion of the battery can be used to model an accurate degrada-
tion behavior which can give SoH and RUL. Looking at the
degradation path, if the battery is degrading fast, the operating
scenario for an EV/HEV can be changed in real-time so as
to minimize the degradation. Through this paper, the authors
hope that anyone interested in the degradation abatement
of batteries used in EV/HEV applications can benefit from
this survey. Also, we hope this review will benefit several
researchers in developing different degradation abatement
techniques in EVs and improving degradation modeling by
including different stress factors mentioned in this paper.
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