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Abstract

The world faces an increasing threat of environmental pollution and
fossil fuel depletion. Therefore, many legislative and technical efforts
have been done to promote the use of renewable energy sources for the
transportation sector. The most crucial part of the elec- tric vehicle is
the energy storage system, and among the various storage technologies,
batteries are the most prominent in electric vehicles. Thus, the energy
storage system is the core of electric propulsion system implementation
in vehicles. Battery packs using lithium-ion cells are widely used for
electrified drive-lines, owing to their specific energy and power. Also,
they are lighter and last longer than other types of cells. This paper pro-
vides a comprehensive review of electric vehicle battery development,
focusing primarily on lithium-based batteries. This review covers the
material structure, advantages, disadvantages, and thermal characteristics
of different types of Li-ion batteries. Also, battery degradation is a major
challenge for electric vehicle applications. Degradation shortens the
battery’s lifetime, reduces its maximum capacity, and affects driving
range and performance. In this regard, the paper furthermore reviews
the degradation of Li-ion batteries by discussing the degradation
mechanisms on the cathode, anode, and electrolyte. As well as, the
key factors that affect degradation. The presented review provides a
comprehensive picture of current Li-ion battery technology, a description
of battery degradation, and solutions to decelerate its degradation. It
also explores areas that academic researchers and industrial partners
can further explore to achieve electric vehicle performance goals and
provides important guidance..

1. INTRODUCTION

many governments worldwide are implementing diverse

The advent of Electric Vehicles (EVs) marks a
significant turning point in transportation, offering an ideal
solution to mitigate the environmental impacts associated
with traditional Internal Combustion Engine Vehicles
(ICEVs). By leveraging electric power as an alternative
to fossil fuels, EVs present a multitude of environmental
benefits that extend far beyond merely reducing tailpipe
emissions. The most significant advantage of electric
and hybrid vehicles is that they play a pivotal role in
reducing greenhouse gas emissions and reducing reliance
on limited fossil fuel resources, thus promoting a cleaner
and more sustainable transportation ecosystem. Statistical
records show that the transportation industry, particularly
road transportation, is responsible for around 28% of
the total carbon dioxide (CO,) emissions. Therefore,

initiatives, regulations, and programs to encourage shifting
to electrified vehicles!!.

EV batteries are considered the most critical component
as well as the main obstacle to wider adoption of EVs.
Since the beginning of the EV technology, different types
of battery technologies have been used, ranging from lead-
acid to lithium-ion batteries. Later, lead-acid prototype has
been implemented into the first EV. In 1899, the nickel-
cadmium battery was introduced, which showed significant
improvements in its capacity. However, it also suffered
from aging issues and memory effects.

In 1991, commercial production of lithium-ion
batteries began. Their use in EVs marks a significant
transition for the EV industry. Lithium-ion batteries are
a highly promising battery technology as they provide a
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compact and lightweight solution for high-energy storage,
with an energy density of 240-280 Wh/L and a specific
energy of 120-140 Wh/kg. Therefore, lithium-ion batteries
are uniquely qualified with superior performance features,
making them a suitable replacements for heavier and less
efficient batteries such as nickel-cadmium and lead-acid
batteries. At present, lithium batteries dominate the EV
market?®!.

Full-scale EV adoption faces many challenges,
especially in the Energy Storage System (ESS); the most
crucial one is specific power/energy. As power must be
constantly provided to continue their movement, which
makes increasing the power capacity essential. Battery
degradation also poses a major challenge to the adoption
of EV technology in terms of durability and reliability.
Battery degrades and loses capacity over time and use,
resulting in a reduction in its capacity to store and deliver
energy. Degradation is also affected by driving behavior,
storage conditions and charge and discharge cyclest.

The most significant operational factors that primarily
affect battery degradation are temperatures, variations
in the State of Charge (SoC), and charge and discharge
current rates. The C-rate in electric batteries stands for the
charge or discharge rate relative to the battery’s capacity.
It is well known that high temperatures can adversely
affect battery aging. However, low temperatures also
cause serious issues for the battery. Storing or cycling at
a higher SoC accelerates battery degradation compared
to a lower SoC. However, if the SoC is extremely low,
it would significantly impact the battery’s lifespan. High
C-rates also further reduce battery capacity, especially at
high temperatures®..

Many different studies have been conducted on Li-ion
battery degradation. It has been proven that the degradation
of Li-ion batteries occurs as a result of a variety of chemical
and physical processes that affect different parts of the
battery. The most common degradation mechanism is the
formation of the Solid Electrolyte Interphase (SEI). The
formation of SEI hinders the interaction between lithium
ions and the electrodes, contributing to the degradation of
the cell as the film grows thicker. Furthermore, the battery
could lose 10% of its initial capacity due to the formation
of SET film!,

Comprehending the mechanisms underlying the
degradation of Li-ion batteries can aid in reduce
degradation, as contributes to an improvement in ESS
design™. Therefore, significant progress has been achieved
in the advancement of battery technology to meet higher
performance goals, especially regarding driving range and
lifespan. In fact, during the last decade, the specific energy
of a lithium-ion battery cell has nearly doubled, reaching
a value of 240 Wh/kg. Nevertheless, it needs to be higher
than 1700 Wh/kg to compete with internal combustion
engine vehicles (ICEVs)®,

In light of the above discussed challenges of batteries as
energy storage sources in EVs, the following conclusions
can be put forward: firstly, Lithium-ion batteries offer
several advantages over other rivals’ batteries, including

higher energy density, longer lifespan, and faster
charging capabilities. These attributes make them ideal
for powering EVs, enabling greater driving range and
improved performance. Secondly, the degradation rate in
Li-ion batteries is a complex phenomenon that attracts the
attention of many researchers to investigate its influencing
and dominant variables. It can manifest through various
processes, including capacity fade, electrode material
degradation, and electrolyte decomposition. Therefore,
it needs to be well understood to ensure long-term
performance and reliability. Finally, factors such as
operating temperature, charging and discharging rates,
and depth of discharge significantly influence battery
degradation rates.

To address the challenges described above, this paper is
organized as follows. Section 2 deals with the evolution of
electric batteries, explaining their specifications, especially
lithium batteries, how they work, the most often used
materials, and their chemical structure features. Li-ion
battery degradation mechanism and its negative impact are
discussed in section 3. In section 4, the effect of various
variables on battery degradation is reviewed. Section
5 summarizes the methods and practices for extending
battery life. Finally, the main insights and key findings of
this study are given in section 6.

2. FROM LEAD-ACID TO LITHIUM-ION:
EVOLUTION OF BATTERY CHEMISTRIES IN
ELECTRIC VEHICLES

The electric battery is an electrochemical device
consisting of several cells. Each cell consists of a cathode
and anode, with an electrolyte solution acting as a medium
for ion exchange between the two electrodes. The cells
are interconnected either in series or in parallel to provide
the desired voltage and capacity, respectively. The battery
generates electricity and stores energy by applying a
voltage to the battery terminals and causing chemical
reactions internally. For discharging, the internal reaction
is reversed™l.

Many types of batteries have been used as propulsion
energy sources for the electrification of vehicles. Lead-
acid batteries have been typically used for many decades
in conventional vehicle; however, they are hardly suitable
to empower electric drive-lines due to their unfavorable
characteristics, i.a. low specific power/energy and the
difficulty to recycle its knocked raw materiall'l.

Lead-acid batteries were soon substituted by nickel-
based batteries, specifically nickel- cadmium (Ni—Cd) and
nickel-metal hydride (Ni-MH) batteries. The nickel-based
battery is an advanced technology and has double the
energy density compared to the lead-acid battery. Although
Ni—Cd batteries have the highest life cycle and can be
fully discharged without damage, they are inadequate for
electrified vehicle applications due to their high memory
effect and cadmium metal toxicity. Because of these
drawbacks, Ni-MH batteries are presently replacing Ni—Cd.
Ni-MH batteries use Metal Hydride for negative electrodes
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instead of cadmium (Cd). Despite their widespread use in
hybrid vehicles over the past decade, these batteries also
exhibited several drawbacks. These include a high self-
discharge coefficient, low charge and discharge efficiency,
poor performance at low temperatures, and a memory
effect!!l.

Zebra batteries are nickel-based ones which also contain
sodium and chloride. Which offer many features, such as
high specific energy and lower costs than others. However,
their disadvantages are its low specific power and safety,
in addition to storage problems. These batteries require
temperature control due to their high operating temperature
(300°C). Due to Zebra’s low specific energy, it cannot be
the energy source for EVs; therefore, it is combined with
another energy source, such as supercapacitorst',

Additionally, there is the sodium-sulfur (Na-S) battery,
which is considered one of the most advanced battery
technologies. This battery has high energy density and high
efficiency which extended its life. In addition, it is capable
of reaching operating temperatures ranging from 300°C to
350°C. The Ford Ecostar, introduced in 1992-1993, uses
this type of battery®.

The evaluation of different battery types is based
on their energy density, power density, and cycle life.
Among all types of batteries, Lithium-Ion Batteries (LIBs)
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dominate the auto- motive market due to their significant
features in terms of these crucial characteristics and play a
pivotal role in the widespread adoption of electric vehicles.
The dominance of LIBs is due to their high energy density,
power density, precise memory effect, long cycle life, low
self-discharge rate, and high-efficiency rate (more than
99%). But, they are more costly com- pared to lead-acid
and Ni-MH batteriest'®'"). Figure 1 compares LIBs to other
battery technologies in terms of energy density and specific
energy.

The essential operation of LIBs is the movement of
lithium ions and electrons between the electrodes during
charge and discharge cycles. In discharge mode, the
lithium intercalated between the layers of carbon graphite
begins to liberate electrons, which flow to the cathode
through an external circuit. Simultaneously, the positive
Li-ions are also liberated from the anode and migrate to
intercalate into the cathode, but through the electrolyte.
The electrolyte is ionically conductive, allowing Li-ions to
travel between the anode and cathode, but is an insulator to
electrons. A separator separates the cathode and anode from
each other, thus avoiding a short circuit while enabling the
flow of Li-ions. When charging, the travel of Li-ions and
electrons is reversed by the external voltage, and the energy
is stored"2.
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Fig. 1: Ragone plot of various battery types (based on*).

The lithium battery’s characteristics are defined by the
careful selection of materials for the electrodes. As well as,
the cost, performance, and capacity of the battery. Figure 2
illustrates the various materials commonly used in Li-ion
batteries. This variety of construction materials allows for
a wide variety of LIB types.

2.1. Lithium Cobalt Oxide (LCO)

LCO batteries are widely utilized in -electrified
automobiles; due to their low specific power and high

specific energy, they could be combined with another
battery with a high specific power in a single power supply.
They also achieved reasonably reliable efficiency!™.

The theoretical capacity of LCO is about 274 mAh/g
excluding lithium from the electrode, although, for a long
time, the capacity fell to about 135 mAh/g. The operating
voltage of LCO increased from 4.25 V to 4.45 V, increasing
capacity to 175 mAh/g and energy density from 200 Wh/L
to 700 Wh/L", But, these batteries have some drawbacks
such as expensive prices due to limited cobalt reserves, the
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need for protection during fast charging, a limited lifespan,
and thermal instability. Therefore, adding aluminum
and nickel leads to more stability in the cell and a safer
battery!'sl,

2.2. Lithium Nickel Manganese Cobalt Oxide (NMC)

NMC batteries use a combination of nickel, manganese,
and cobalt as cathode materials. This combination is
complementary because nickel has high specific energy,
while manganese can achieve low internal resistance. The
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balance between elements can be adjusted to create a high
energy density or power density, such as NMC 111 (equal
proportions nickel, manganese, and cobalt), NMC 532, and
NMC 622. Increased nickel in the cathode enhances energy
density and reduces cost due to reduced cobalt®. NMC
batteries exhibit good thermal stability and are less prone
to voltage fade compared to some other Li-ion batteries.
The operating temperatures for discharge mode are 20°C to
+55°C, and 0°C to +55C in charging mode!'!.
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Fig. 2: Various materials for in Li-ion battery segments(based onl'?).

Although NMC batteries use less cobalt compared
to some other batteries like LCO, they are still relatively
expensive, which can impact battery costs and supply
chain sustainability.

2.3. Lithium Manganese Oxide (LMO)

LMO batteries are also known as spinel batteries.
The cubic spinel structure of these batteries has several
advantages, the most important of which is reducing the
internal resistance of their cell. This allows fast charging
and a high discharge current of 30A. LMO has better
thermal stability than LCO and offers a good balance
between power and energy density. It renders them
appropriate for automobiles with high electrical output and
adequate storage for electricity. Although it has a lower
specific energy than LCO, it provides 50% more energy
than nickel-based batteries!'”.

However, its capacity is 33% less, and there is more
capacity loss during charging and discharging cycles
because of manganese cite fragmentation. They also suffer
from a limited lifespan. LMO batteries may experience
voltage fade over time, where the voltage drops more

rapidly than in other lithium-ion chemistries. This can have
an impact on the apparent SoC as well as the total battery
efficiency!'®l.

Despite LMO’s limitations, it has a significant cost
advantage over other lithium batteries, making it vital to
promoting the commercial use of EVs. Therefore, most
LMO batteries are combined with NMC to enhance the
specific energy and extend the lifespan. The combination
of LMO and NMC technologies enhances the performance
of each component. When LMO provides a large current
increase during acceleration, NMC provides a long driving
range. This LMO/NMC combination is frequently found in
the BMW i3, Chevy Volt, and Nissan Leaf!!?).

2.4. Lithium Iron Phosphate (LFP)

LFP batteries operate more reliably at elevated
temperatures compared to other lithium-ion chemistries
as the phosphate offers better stability for the cathode in
cases of overcharging, superiority in high temperatures,
and security than lithium manganese oxide and lithium
cobalt oxide. LFP batteries have an operating temperature
range from -30°C to +60°C for a unit cell and from
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50°C to +60°C for a pack. They are also less susceptible to
thermal run away. LFP battery demonstrates many features
such as high current handling capacity, long cycle life,
high specific power for almost 160 mAh/g, low resistance,
and low cost?,

LFP batteries have a higher self-discharge rate, which
can cause balancing concerns with aging, reducing their
capacity to deliver constant and stable electric power. In
addition, this battery has drawbacks with aging due to
temperatures. But due to its ability to handle allowable
current, the battery does not need a heating or liquid cooling
system!'*l, Thus far, LFP technology has been extensively
employed in many electric vehicles, including the BYD
(e6), BMW Active Hybrid 3, and Chevrolet Spark!?!l.

2.5. Lithium Nickel Cobalt Aluminum Oxide (NCA)

NCA batteries have the same specific power, specific
energy, and lifetime as nickel manganese batteries.
However, they are more expensive and require safety
monitoring as they are considered less safe than other
types of Li-ion batteries. It is interesting to note that these
two batteries lose 60% and 40% of their energy density,
respectively, when they operate at 18°C. Therefore, NMC
and NCA batteries require a heating system to maintain the
temperatures between 0°C to 40°CP?2,

Although NCA is more expensive than spinel LMO,
it has a variety of benefits, including a extended lifespan
, a greater specific capacity, and a high specific energy. It
is expected that by 2025, the energy density of NCA will
reach 700 Wh/L at the level of individual cells. Thus far,
NCA technology has effectively been utilized in electric
vehicles, specifically Tesla Model X, Model S, and
Model 3231,

2.6. Lithium Titanate (LTO)

Contrary to all listed lithium batteries, the anode
of this battery is lithium titanate, not graphite, with a
spiral structure. This is because graphite suffers from the
formation of lithium dendrites when overcharged. These
issues can result in internal short circuits and cause safety
issues such as the risk of fire or explosion. LTO provides
the highest performance among the commercially available
lithium batteries. Additionally, lithium titanate provides a
large capacity, a high rate of charge and discharge, and a
long lifetime due to unchanged electrodes’ volume during
lithiation. Furthermore, LTO is capable of functioning in
both high-temperature and low-temperature environments,
ranging from —30°C to 60°C. It is noteworthy that

even at —30°C, it can still achieve 80% of its maximum
capacity®¥,

These advantages have the potential to significantly
enhance traditional LIBs for use in electrified vehicles
in the near future. Nevertheless, there are still many
challenges that need to be over-comed for LTO anodes
to achieve success in EV applications. These challenges
include limited energy density and high-power capabilities
to meet the fast charging and discharging requirements of
vehicle batteries®!.

Each type of these batteries has unique specifications,
which are crucial in deciding which battery fulfills the best
performance especially, since they used to empower the
engines. Consequently, many battery technologies have
been developed, and extensive research has been conducted
to achieve equivalent performance between electric
propulsion systems and internal combustion engines in
terms of power, range, cost, and reliability. For this reason,
making the right battery choice requires understanding the
benefits and drawbacks of each type. Some systems require
high power, others need lightweight and small volume, but
long life is the most commonly desired feature. Table 1
compares the characteristics, advantages, and drawbacks
of various battery technologies.

3. DEGRADATION OF LI-ION BATTERIES

Degradation is a key disadvantage of Li-ion batteries.
It minimizes the battery’s life, diminishes its ability
and performance, and imposes significant expenses
on individuals. Degradation is caused by a multitude
of physical and chemical processes that affect almost
every component of the battery, including electrodes,
electrolytes, separators, and current collectorsi?®l.

Degradation of batteries can be identified through two
conceptual phenomenon, namely power- and capacity-
fade. Power fade of the battery indicates the augmented
lack of ability to deliver the initial throughput over time. On
the other hand, capacity fade refers to the degraded ability
store the same energy after several cycles of charging and
discharging®-2",

It is commonly recognized, that losing 20% of the
initial capacity of the battery indicates reaching its end of
life (EoL) [28]. During initial cycles, batteries lose 10% of
their capacity because of the creation of a Solid Electrolyte
Interface (SEI). Furthermore, excessive temperatures, a
high cycle rate, a high Depth of Discharge (DoD), and a
significant SoC speed up capacity fade™.
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Table 1: Comparison of the most prevalent types of EV batteries!!-3%-33

Batter Specific  Energy  Specific Cvele Operating Nominal  Efficiency
type Y Energy  Density = Power Ly1 fe Temperature ~ Voltage (%) Advantages Disadvantages
P (Whikg) (WhL)  (W/kg) (=C) V)
. . -Low specific
-High specific power.
Lead 5050 60100 200400 2290 201060 2 70-90  -High efficiency. CneIey.- ,
acid 4500 -Limited  service
-Low cost. .
life.
-High specific
energy. -High self
Ni-MH 5070 100-140  150-300 2007 40 t0 +50 1.25 5080  -Laree temperature discharge
3000 range. -High cost
-Safety. -Memory effect
-Long service life.
-High specific
energy. -Cadmium toxicit
- R ; y
Ni-Cd  40-50  80-100 150-350 2000 4010460 1.5 60-00 ~ No . degradation o o
3000 for deep charge or L
disch -Recycling issues
ischarge.
-Long lifetime.
-High energy density.
-High specific -High cost
energy. Affected by
-High specific power. temperature
Licion  120-140 240280 200300 L o0” 20 t0 +60 3 70-85 Migh = voltage -Required
4500 -operation. overcharge  and
-No memory effect  over-discharge
-Lighter and smaller  protection
-Low self-discharge  -Fragile
-Long cycle life
Li-Po 155 200 315 >1200  -20 to +60 3.7 70 -Short calendar life
-Low conductivity
NMC 150 300 - 3000 -20 to +55 3.8-4 90-95  Lomg cycle and b ety
calendar life
NCA 240 670 500 -20to +60 3.65 - -Long cycle and ety
calendar life.
-Good thermal and
LEP 130 247 - 3600 30t0+55 33 _ Chemicalstability.  -Low —energy
-High safety. density.
-Low cost

The battery loses capacity not just while cycling, but
also during storage or in a dormant state when the battery
does not produce power¥. In g$torage circumstances,
capacity loss is classified into two forms: reversible due to
discharge on their own and irreversible due to variations
in temperature, SoC, and storage duration. As excessive
temperatures and SoC accelerate the loss of capacity,
battery aging is also impacted. The authors in®**! have
conducted tests on LTO and NMC, and found that storing
the battery at 60°C or less has no impact on the battery, but
at 80°C, it leads to a reduction in capacity because of the
strong gassing behavior.

There are two expressions to define battery life: cycle
life and calendar life. Calendar life is the amount of time
left until the battery comes to the EoL during storage; this

type of aging increases with time, temperature, and SoC.
Cycle life is the number of cycles that a battery can go
through during its working process before losing 20% of
its initial capacity. According to®®), lithium-ion battery
can achieve 2000 cycles at 20-C, otherwise 800 cycles at
50°C. InP"), tests on lithium-metal-polymer batteries show
that cycling at a low DoD reduces cycle aging and capacity
fade.

There are many mechanisms that cause degradation,
which vary depending on the anode and cathode materials
used. Modes of degradation Lithium-Ion batteries can be
identified through the loss of lithium inventory and loss of
active material. The former is typically induced through
the decay of reusable lithium, which is highly adverse to
the achievable capacity of the battery. The loss of active
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material is a reduction in the number of lithium intercalation
sites because of the aging of the electrodes. The combined
effect of LLI and LAM is known as power fadel®.

3.1. Degradation mechanisms on the anode

The lithiated graphite anode is not stable, therefore,
batteries are assembled with lithium ions intercalated in
the cathode. In the first cycle, the voltage source is applied
to charge the battery, and then the lithium ions transfer to
the anode. When lithium ions react with the anode, a thin
layer of lithium oxide and lithium carbonate is formed
[29]. This layer is known as SEI; when it forms, Li-
ions are irreversibly consumed, decreasing capacity and
causing LLI. Nevertheless, a strong SEI film is essential to
the anode and overall battery performance, as it prevents
any contact between it and the electrolyte, thus avoiding
extra side reactions. However, it is hard to control SEI
growth('],

SEI is supposed to be permeable for positive lithium
ions only; however, electrons, solvents, and solvated
cations may diffuse to the electrode, resulting in solvent
cointercalation. The graphite exfoliate as a result of this,
which results in a reduction of active material. Therefore,
growing SEI film consumes positive Li-ions, causes
capacity fade, and increases internal resistance!’’.

By cycling the battery, the graphite anode volume
changes by approximately 10%, leading to a crack in the
SEI film and contact between the anode and the electrolyte,
which further leads to additional SEI growth. Superficial
intercalation of the anode with (+) lithium ions is typically
stimulated through retaining full charge of the battery
during operation [39]. As a result, it is devised to count for
nearly 10% increase in the relative capacity of the anode to
mitigate the formation of ion layers on its surfacet’..

However, charging the battery at a high current rate
leads to the deposition of lithium ions on the anode surface
instead of being intercalated into the anode lattice due
to the speed of lithium ions. Therefore, regardless of the
designed anode/cathode ratio, the speed of Li ions induces
lithium plate formation!*?.

Metallic lithium formation is influenced by operating
or idling the battery at a high SoC and cycling the battery
at a high DoD™!.. This process leads to LLI, an increase
in internal resistance!?, and even may destroy the anode
structure and separator, resulting in short circuits and
thermal runaway. Furthermore, lithium metal can react
with electrolyte, resulting in acceleration of the aging
processi+,

3.2. Degradation mechanisms on the cathode

There is a wide diversity in cathode aging, considering
that cathode degradation is dependent on its material. LAM
is the most common cathode degradation mechanism.
When transition metals are dissolved in the electrolyte,
it’s called” Transition Metal Dissolution” (TMD) and
causes the loss of active materials. Furthermore, meager

amounts of water can form Hydrofluoric Acid (HF), which
also causes the dissolution of the transition metal and
consequently leads to capacity fade™. Moreover, TMD
can increase the SEI film by being deposited on the anode,
leading to a reduction in cathode active material. It is
worth noting that TMD occurs, especially for cathodes that
contain manganese in their structure’!.

Because of cathode structure-prone change, lithiation
and delithiation of the cathode cause volume change and
mechanical stress, resulting in cracks in the materials.
Also, a high current or voltage of the cells cycling impacts
structural phase transitions in the cathode and causes
cathode material fissures. Cracking fractures hinder the
transition of lithium ions, causing capacity fadel*.

The structural changes can expose the cathode to the
electrolyte, resulting in LLI and reducing the available
active materials in the cathode!’. The side reaction
between cathodes and electrolytes results in the formation
of the Cathode Electrolyte Interface film (CEI), which is
smaller than the SEI and more difficult to measure. At
high temperatures, metal oxide loses oxygen, and at high
voltages, electrolyte decomposes. These two processes
cause gas generation, resulting in cracks in cathode
materials!*!.

3.3. Degradation mechanisms on the electrolyte

The electrolyte influences the battery’s cycle stability,
capacity, and safety. It typically contains lithium
hexafluorophosphate (LiPF6), which is unstable and
easily decomposed into LiF and PF5 and organic solvents.
Electrolyte aging occurs due to the reaction between PF5
and organic carbonates. This electrochemical reaction
leads to the formation of SEI and CEI films on the surface
of the anode and cathode, respectively™”.

3.4. Degradation mechanisms on inactive materials

Over discharge influences the anode current collector,
which leads to copper dissolution. Therefore, if enough
copper is dissolved, internal short circuits could occur.
On the other hand, overcharge influences the cathode
current collector, resulting in aluminum corroding and cell
resistance increasing!*cl.

Lithium plating, transition metal dissolution, and
copper dissolution can cause dendritic growth, which leads
to mechanical damage to the separator. Even worse, these
dendrites may puncture the separator, causing internal
short circuits!*.

4. KEY-FACTORS INFLUENCING
DEGRADATION OF BATTERIES

The previously degradation mechanisms are dependent
on cycling and storage conditions besides cell chemistry.
These conditions are defined by many variables, such as a
change in temperatures, the current rate in cases of charge
and discharge, and an alteration in the State of Charge (A
SoC). Therefore, the factors influencing battery degradation
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can be categorized into the three main variables mentioned.
4.1. Temperature

Temperature is considered the dominant factor
affecting battery degradation rate. Both high and low
temperatures accelerate the degradation of Li-ion batteries,
as temperature is directly proportional to battery capacity.
It also influences the rates of both main and side reactions
inside Li-ion batteries. Therefore, the rate of side reaction
increases with increasing temperaturet*’..

The environment temperature has a significant influence
on battery degradation and batterry life, as indicated in
many accelerated aging tests. Qian et al.. conducted a
study to investigate the effects of temperature variation on
the lithium-ion battery cycle. The study concluded that the
ambient temperature influences the SEI film growth, as the
cathode degradation rate at 45°C is 10 times higher than
the rate at 25°C. Also, when the ambient temperature is
high, there is a significant capacity loss during the storage
of the battery®.

If the temperature rises beyond a certain point, it
will result in a thermal runaway. Moreover, as it rises,
the viscosity of the electrolyte decreases, which leads to
obstructing the diffusion of the lithium ions. When it rises
above a certain limit, which is often 25-C, the aging rate
increases and continues to increase as the temperature
increases. Which leads to an increase in the thickness of
the SEI film as well.

Additionally, operating the battery at high temperatures
accelerates the TMD process on cathode. accelerate when
the battery operates at high temperatures Furthermore,
temperatures above 60°C result in a severe capacity fade.
It gets even worse when the temperature rises higher than

Table 2: Mechanisms at high and low temperatures

80°C, which leads to the decomposition of the SEI layer,
accelerates degradation, and causes thermal runaway®!,

As mentioned before, low temperatures also
accelerate the degradation of Li-ion batteries and leads to
additional side reactions. These interactions can reduce
the intercalation rates of lithium ions due to the slow Li-
ions diffusion into the anode, increasing the strength of
the lithium plating on the anode surface. This causes an
enduring reduction in active Li-ions. Temperatures below
30°C increase the resistance of the cell. Particularly,
charging batteries at low temperatures can result in
lithium deposition, angments the degradation process and
potentially causing hazardous conditions?!l.

Hannan ef al.. indicated that the charging range for
lithium-ion batteries is between 15°C and 50°C™*?. Pesaran
et al.. identify 15 30-C as the optimal temperature range
for Li-ion batteries. However, the acceptable range is
20°C to 60°C. According to Li et al.., LiPF6 and LiBF4
batteries’ capacities are significantly reduced when the
temperature decreases below 20°C, but at 25°C, there is
only a 10%2.

Dubarry et al.. found that LFP batteries tested at 60-C
had a five-fold higher internal resistance compared to those
tested at 25°CB3. A study conducted on NMC batteries
demonstrated that the battery lost 7.5% of its capacity
when it cycled at 85°C, and 22% at 120-C. Therefore,
the key to extending battery life is to make sure that the
cycling or storing of the battery is in a suitable temperature
range. Figure 3 shows the optimal temperature operating
range of LIB with different charging rates. In addition, the
aging mechanisms at high and low temperatures are shown
in Table 2.

Temperature

Mechanisms

Low Temperature

» Mechanical deformation of the negative electrode
* lithium de position.

* Lithium plating becomes more competitive

* Reduction in metal ions

» Damage of the active material’s structure.

High Temperature

Increase the rate of the inside reactions
¢ Thickened SEI film

* Cathode degradation

* Increased lithium plating

¢ Failure of the binder

4.2. State of charge (SoC)

SoC is an expression of the present battery capacity
as a percentage of its maximum capacity. It strongly
influences the aging rate. Therefore, overcharge and over-
discharge lead to accelerated battery degradation and
shortened battery life. Thermal runways can be induced
by over-charging of the battery. Overcharged cells endure
irreversible capacity loss and stability changes as well,

which can raise the risk of safety issues. On the other side,
over dis-charge results in capacity loss and the prospect of
safety issuesi®* >,

Therefore, a higher SoC typically denotes a higher
terminal voltage, which indicates a lower anode potential
and a higher cathode. Lower voltage causes side reactions,
leading to accelerated battery aging!'4l.

Accordingly, a combination of high SoC and high
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temperature hastens battery degradation!”. On the contrary,
reducing both in appropriate proportions extends the
battery life. However, lowering SoC excessively low has

a negative impact on battery life due to the dis- ordering of
the cathode active material structure and corrosion of the
anode copper current collectorl™.

b Cyclelife
1250 —
Charge rate
1000 — 1C
— 2C
Temperature range 3C
to ensure maximum cycle life
Temperaturd"C)

Fig. 3: Cycle life in regards to temperature at various charging rates of LIB (based on>).

Amiri et al. deduce that prolonged battery life
can be achieved by small changes in SoC during
cycling®. Cycles with partial discharge lead to less
capacity loss compared to those with full discharge
because the accumulated stress from each cycle is a factor
in the reduction of battery lifel®®!. According to Hoke et al..,
reducing the aging of LIBs can be achieved by keeping the
temperature and discharge rate constant and minimizing
the time at high SoCP’.,

Millner identifies procedures to prolong the battery life
by avoiding high SoC >60%, DoD

>60%, and high temperatures > 35°C%%. However,
Marano and Madella show that discharging LIBs at >%25
SoC adversely affects the efficiency and performance of
the battery™!l. In general, 60%—97% is the safest region for
a battery, according to Trippe et al..[).

In storage conditions, high SoC 80% and high
temperatures 45°C lead to the highest capacity degradation
rate. Thomas Bank et al.. conducted calendar aging tests
on LTO and NMC cells at various SoCs, and indicated
that during the 300 days calendar life, a higher SoC >70%
significantly accelerates battery aging?®*,

To conclude, most literature indicates that storing
LIBs at high SoC and high temperatures causes rapid
capacity reduction and, as a result, shorter longevity.
Low SoC in the storage state, for instance, is around 20%
beneficial to battery life and safety; however, 40% SOC
in a cool environment is recommended for a long storage
period, according to Faria et al.., which reduces calendar
agingt,

4.3. C-rate/ Charging Current

The rate and magnitude of battery charging or depletion
plays a central role in accelerating the mechanisms of

capacity loss over time. High C-rate causes irregular
distribution of current, resulting in the deposition of
metallic lithium and SEI growth. When the battery is
discharged at high rates, lithium ions do not fully interact
with the cathode, resulting in the formation of lithium
dendrite, which causes capacity fade!®*!.

If a high charging current is applied to the battery,
lithium ions transfer faster to the anode. Consequently, the
flow of lithium ions will be higher than the amount that can
be intercalated into the electrodet®?.

Additionally, high C-rates also cause a rise in internal
temperature and induce side reactions, which lead to loss
of active material. When the C-rates exceed a certain level,
the increased temperature inside the battery can cause
material stress, accelerate capacity loss, and damage the
battery!®*!,

According to an experimental study conducted by
Mussa et al.., charging at 3-C caused additional lithium
plating, whereas charging at 4-C resulted in gas evolution
and graphite exfoliation*. Spingler er al. show that
capacity fade becomes increasingly evident at high C-rate.
Overall, charging or dis-charging at a lower C-rate would
extend the battery cycle lifef.

Figure 4 presents a comprehensive overview of the
major mechanisms of the degradation of Li-ion batteries and
the associated factors. Table 3 compares the degradation
data of various batteries from recent experimental studies.
The degradation rate significantly varies based on battery
chemistry, testing conditions, and the impact of concurrent
degradation variables on the battery. Furthermore, studies
have demonstrated the substantial influence of temperature,
SoC, and C-rate on the battery degradation rate during both
cycling and storage phases.
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5.LIFETIMEPROLONGATIONOFBATTERIES

LIB life extension reduces the need for a new battery,
which has a beneficial impact on the environment and
the economy. As it leads to lower carbon dioxide (CO2)
emissions. In addition, the replacement of LIB has an
adverse impact on the economy, as the price of LIB may
cost up to 50% of the total price of electric vehicles. To
extend the battery’s life, it should avoid the variables that
accelerate aging in storage and usage conditions. Battery
management system (BMS) and users’ behavior are
responsible for avoiding these variables?.

As mentioned before, temperatures, SoC, and C-rate
are the variables that affect battery life. Therefore, based
on measuring these variables, the BMS can protect Li-
ion batteries from deep overcharge or over-discharge.

The primary objectives of BMS are to safeguard battery
cells and battery packs from damage, guarantee suitable
operating temperature limits, regulate SoC fluctuations
across cells, enable reliable use, maximize battery
longevity, and maintain battery health®".

As known, High temperatures degrade roughly every
component of a Li-ion battery, especially with high
voltages. Additionally, they can result in serious safety
risks because a gas could form inside the battery, increasing
the possibility of an explosion. Low temperature cycling
makes batteries more vulnerable to lithium plating, which
can lead to inner short circuits that permanently harm
the battery. Therefore, temperature recommendations are
$tringent in high and low temperature cases .

Table 3: Experimental investigations on Li-ion battery degradation associated with the main key variables.

. Operated
Key-facotr Experimental test Battery type conditions Test results
23°C 2600 cycles to reach EoL
Cycling!®® NMC/graphite, pouch, 40 Ah 45°C 2000 cycles to reach EoL
65°C 800 cycles to reach EoL
25°C 65+ days to reach EoL
50-C 50 days to reach EoL
i 60-C 35 days to reach EoL
Cycling at 1 C1) NMC + LMO/graphite, Yy
18650, 1.5 Ah 70-C 22 days to reach EoL
-10-C 10 days to reach EoL
-20-C 7 days to reach EoL
105C loss 3.7% of capacity
in 230 days
Temperature 250C loss 4.6% of capacity
in 230 days
o -
Stored at 100% SoC'”!  LFP/graphite, 26650, 2.85 Ah 35:C loss 5% of capacity
in 150 days
. loss 5.9% of capacity
45:C in 100 days
. loss 7% of capacity
33°C in 70 days
250C loss 1% of capacity
after 1 year
NMC + LMO/graphite loss 7% of capacity
0, [19] > o
Stored at 50% SoC 18650, 2.15 Ah 45:C after 1 year
60C loss 30% of capacity

after 1 year
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0%-100% SoC

Loss 18% of the initial
capacity after 800
equivalent cycles

20%-80% SoC

Loss 10% of the initial
capacity after 800
equivalent cycles

Cycling!®®! LCO/graphite, pouch, 1.5 Ah
yeung grap P Loss 11% of the
40%-100% SoC initial after 750
equivalent cycles
Loss 3% of the initial
0%-60% SoC capacity after 750
equivalent cycles
Loss 8% of capacity
0,
100% SoC in 235 days
N -
. 759 SoC Loss ?522?505 :afacny
Stored at 450CL6] LFP/graphite, 26650,2.85 Ah y
Loss 5.6% of capacity
0,
30% SoC in 235 days
Loss 4.4% of capacity
State of Charge 25% SoC in 235 days
N -
100% SoC Los§ 5% of capacity
in 10 months
N -
Stored at 25-C1® LFP/graphite, 18650, 1.06 Ah 60% SoC Loss 3% of capacity
in 10 months
Loss 1% of capacity
0,
30% SoC in 10 months
p .
100% SoC Losg 12% of capacity
in 10 months
N -
Stored at 40-C 60% SoC Loss 8% of capacity
in 10 months
Loss 6% of capacity
0,
30% SoC in 10 months
; :
100% SoC Losg 25% of capacity
in 10 months
;) .
Stored at 55-C 60% SoC Loss 21% of capacity
in 10 months
;) .
30% SoC Losg 15% of capacity
in 10 months
1A Reached EoL at
1050 cycles
. NMC + LCO/graphite Reached EoL at
[70] )
Cyeling 18650, 1.1 Ah 3A 1000 cycles
Reached EoL at
SA 975 cycles
. Reached 85% of initial
Charging rate 05C capacity in 900 cycles
e Reached 85% of initial
. . capacity in 630 cycles
Cycling!™! LCO/graphite, 18650, 2.4 Ah —
12C Reached 85% of initial
) capacity in 500 cycles
15¢C Reached 80% of initial
) capacity in 300 cycles
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Fig. 4: Degradation mechanisms in lithium-ion batteries[72,73].

Considering that a battery’s aging process is accelerated
by higher SoC, a battery’s lifespan can be extended by
reducing the amount of time it is exposed to 100% SoC,
and this can be achieved by only using a small DoD and
charging the battery with the required energy. Therefore,
partial charging positively affects the lifetime of the
battery, as it approximately doubles the battery lifetime.
Moderate SoC alleviates more stress on the battery than
high SoC, for instance, cycling the battery at 80%-50% of
charge better than 100%-70%!.

Fast charging of a battery accelerates its degradation
more than standard charging; thus, lower C-rates are
beneficial for battery life. Rapidly discharging the battery
hastily degrades the battery; however, it can be avoided
by choosing a battery with sufficient energy output for the
electrified system, limiting sudden starts and stops during
driving!®s,

Finally, a list of six recommended behaviors for
extending Li-ion battery lifetime is listed below.

1. Reduce exposure to high temperatures during usage
and storage.

2. Reduce exposure to low temperatures, specifically in
charging mode.

3. Not charge until 100% SoC.

4. Not let the battery exposure 0% SoC.

5. Not using fast charging.

6. Not storage in high environment temperatures.

6. CONCLUSIONS

In conclusion, electric vehicles EVs and their batteries
represent a transformative force in the automotive industry
and the broader pursuit of sustainable transportation
solutions. The widespread adoption of EVs promises to
significantly reduce greenhouse gas emissions, improve
air quality, and decrease dependence on finite fossil
fuel resources. Which leads to saving the planet from
impending disasters caused by global warming and fossil
fuel depletion. Central to the success of EVs are advanced
battery technologies, especially electrochemical batteries,
as they are the most common energy storage devices for
their applications. Therefore, lithium-ion batteries are
now preferred because of their superior characteristics and
performance.

Almost all battery parts, such as the anode, cathode,
electrolyte, separator, and current collectors, are exposed
to degradation due to multiple and complex mechanisms.
The most well-known mechanisms are the formation and
growth of the solid electrolyte interphase, the formation of
the cathode electrolyte interface, electrolyte oxidation, and
lithium plating. The loss of capacity of the battery during
a cycle, as well as storage, are also presented. The loss of
lithium inventory and the loss of active material could also
be classified as degradation modes.

These mechanisms are influenced by various
variables that can be summarized into five key points:
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High temperatures accelerate internal side reactions; low
temperatures lead to reduced metal ions, material damage,
and lithium depletion; high SoC or overcharging induces
electrolyte decomposition, side reactions with the cathode,
and lithium-ion deposition; low SoC or over-discharge
causes corrosion of the anode copper current collector and
deterioration of the active material’s crystal structure; high
charge and discharge rates damage the crystal structure
of the active material, elevate temperature, and accelerate
internal side reactions. These variables underscore the
complex interplay of factors influencing Li-ion battery

degradation.
ABBREVIATIONS
EV Electric vehicle
PHEV Plug-in Hybrid Electric Vehicles
ICEV Internal combustion engine vehicles
DoD Depth of discharge
SEI Solid electrolyteinterphase
LLI Loss of lithium inventory
LAM Loss of active material
TMD Transition metal dissolution
CEI Cathode electrolyte interface
BMS Battery management system
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