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Abstract: The article provides an overview and comparative analysis of various types of batteries,
including the most modern type—lithium-ion batteries. Currently, lithium-ion batteries (LIB) are
widely used in electrical complexes and systems, including as a traction battery for electric vehicles.
Increasing the service life of the storage devices used today is an important scientific and technical
problem due to their rapid wear and tear and high cost. This article discusses the main approaches
and methods for researching the LIB resource. First of all, a detailed analysis of the causes of
degradation was carried out and the processes occurring in lithium-ion batteries during charging,
discharging, resting and difficult operating conditions were established. Then, the main factors
influencing the service life are determined: charging and discharging currents, self-discharge current,
temperature, number of cycles, discharge depth, operating range of charge level, etc. when simulating
a real motion process. The work considers the battery management systems (BMS) that take into
account and compensate for the influence of the factors considered. In the conclusion, the positive and
negative characteristics of the presented methods of scientific research of the residual life of LIB are
given and recommendations are given for the choice of practical solutions to engineers and designers
of batteries. The work also analyzed various operating cycles of electric transport, including heavy
forced modes, extreme operating modes (when the amount of discharge and discharge of batteries is
greater than the nominal value) and their effect on the degradation of lithium-ion batteries.

Keywords: lithium-ion batteries; electric transport; battery degradation; cycling; load cycles; aging
model; residual life

1. Introduction

Modern trends in transport infrastructure are manifested in the fact that an increasing
number of vehicles are switching to the use of electric traction. Such cars are equipped
with an electric motor (EM) instead of an internal combustion engine, which receives
energy from storage batteries [1–3]. These rechargeable batteries can be charged from
the mains or other source of electrical energy. With improvements in battery technology,
increased energy intensity and lower production costs, major automakers have begun
to actively introduce a new generation of electric vehicles, which has led to a demand
for modern electrical equipment that provides both fast-charging of batteries and the
conversion of electrical energy stored in the battery for needs. final electrical equipment.
Due to the fact that the level of development of electronics is growing, new electronic
components appear, as well as new opportunities for creating power electrical equipment
with improved characteristics [4,5].
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In 2008, battery prices were over $1000/kWh and had relatively large manufacturing
deficiencies due to lack of mass production. At the second stage of the battery market devel-
opment until 2018, battery prices have already dropped to $600/kWh. Some manufacturers
declare a reduction to $450–550/kWh in the near future [6,7].

Despite this, the cost of traction current sources (TCS) for electric vehicles is about 40%
of the cost of the entire vehicle. In this case, the battery life is from one to three thousand
cycles (charge/discharge with rated current). Battery manufacturers claim an average
battery life of 5 years. Operating the battery in modes other than those recommended
by the manufacturer will significantly reduce the service life. The widespread use of
rechargeable batteries in electric vehicles, freight and passenger transport has led to the
need to solve problems in rational and efficient ways to charge them, as well as to comply
with temperature and performance indicators.

Battery life is a defining indicator that should be given special attention as it affects
the vehicle’s energy efficiency. Studying the issue of improving the resource, the economic
efficiency of using expensive batteries is an urgent task at the present time, which is
designed to improve the consumer properties and the availability of electric vehicles for
the end consumer [8–12].

The regulatory documents within the framework of the European Platform for Tech-
nologies and Innovation for Batteries—Batteries of Europe, supported by the European
Commission within the framework of the ENER-2018-453-A7 tender (Strategic Research
Agenda for Batteries 2020), define the prospects for scientific and technological progress
and its role in the development of power sources for electric vehicles [13]. In Europe,
during this decade, the majority of transport will be electrified, making battery technology
one of the most important factors for the transition to green energy, facilitating existing and
new technologies. Applications will vary widely from most vectors in the transport sector
(including: e-bikes, scooters, motorcycles, passenger cars, vans, trucks, buses, boats, ships,
trams, heavy equipment, robotics, drones and other areas), to energy storage technologies
that support and strengthen the energy system. The energy transition is vital to significantly
reduce greenhouse gas emissions. Globally, the transport and energy sectors accounted
for 18% and 25% of global emissions, respectively, in 2019. Currently, in the European
Union, transport emissions are approximately 25%, of which 60% are from cars [14,15].
By allowing the electrification of transport and the use of renewable energy sources as a
reliable source of energy, the use of battery technology is of paramount importance. The
energy transition is vital to significantly reduce greenhouse gas emissions. By allowing
electrification of transport and the use of renewable energy sources as a reliable source of
energy, the use of battery technology is of paramount importance [16–18].

In this regard, in the course of design, manufacture and operation, high require-
ments [19,20] are imposed on the scientific component and technology of manufacturing
storage batteries. In order to understand the differences in the functioning of promising
autonomous current sources for electric vehicles, we present the characteristics of the
lead-acid battery, nickel cadmium battery and nickel-metal hydride battery, traditionally
existing for quite a long time.

1.1. Lead-Acid Battery

When charging a lead-acid battery (LAB), an algorithm based on voltage changes is
used. The charge time for sealed, lead acid batteries was 12–16 h, and up to 36–48 h for
large stationary batteries [21–23]. With higher charging currents and multi-stage charging
methods, the charging time can be reduced to 10 h or less, however, this method cannot be
fully charged. LAB cannot be charged as quickly as other types of TCS can. In charging the
LAB, at least three stages should be followed: 1—limiting the initial current, 2—voltage
stabilization, and 3—recharging (voltage stabilization). The first charging stage takes about
half of the required charging time; then the charge continues at a lower current value and
ensures the achievement of the specified voltage, and the recharge already compensates for
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the losses caused by self-discharge. The battery is fully charged when the current drops to
the required level or upon reaching the second stage [24,25].

Lead acid batteries can be found in a wide variety of applications including small
scale power storage such as UPS systems, starting lighting and ignition power sources
for automobiles.

1.2. Nickel Cadmium Battery

A nickel cadmium battery (NCB) achieves optimum performance after several charge/
discharge cycles as part of normal operation. Energy efficiency peaks between 100 and
300 cycles, after which battery performance begins to gradually degrade. Most rechargeable
cells include a safety valve that releases excess pressure when incorrectly charged. The
release of pressure through the closing valve does not cause any damage, however, some
electrolyte may escape during ventilation [26–28].

The detection of a fully charged sealed NCB is more difficult than that of LAB and
lithium batteries (LIB). Inexpensive chargers often use temperature measurement to inter-
rupt the fast charging process, which is inaccurate. Charger manufacturers use 50 ◦C as
the shutdown temperature. Any prolonged temperature above 45 ◦C will adversely affect
battery life.

The voltage-based method provides more accurate detection of full battery charge
than temperature-based methods. To obtain the required voltage, the charging current
must be 0.5 C or more. With a 1 C charge rate, the charging efficiency of a conventional
NCB is about 90 percent and the charging time is about an hour (66 min with an assumed
charge efficiency of 91 percent) [29].

Efficiency on a slow charger drops to 71 percent. At a charge rate of 0.1 C, the charge
time is about 14 h. During the first 70 percent of the charge, the efficiency of the NCB is close
to 100 percent (the battery absorbs almost all the energy and remains unheated) [30–32]. It
is also possible to charge the battery ultra-fast up to 70 percent within a few minutes, but
in this case a full charge must be carried out with a reduced current.

NCB are used in portable communications equipment, portable hand tools and acces-
sories, photoflash equipment and emergency lighting.

1.3. Nickel-Metal Hydride Battery

When operating a Nickel-Metal Hydride Battery (NMHB), the charging algorithm is
similar to the NCB charging method. Some modern charging systems use an initial charge
of 1 C. When a certain voltage threshold is reached, a time delay occurs for several minutes
in the absence of a charge, which allows the battery to be in the optimal temperature range.
Further, the charge continues at a lower current value with periodic repetition of these
cycles until full charge. This method is known as “differential charge step” and works
well for all nickel-based batteries [30]. Chargers using incremental differential or other
aggressive charging methods can shorten the overall charging time of the battery, however,
overcharging along with high currents inevitably has the negative effect of shortening
battery life [33,34].

Most of the cylindrical batteries can be charged with a constant current of 0.2 C
for 6–7 h or with a current of 0.3 C for 3–4 h (where only the charging time needs to
be controlled). After stopping the charge, the increase in pressure in the accumulator
continues for some time, since the oxidation of hydroxyl ions is taking place on the nickel
oxide electrode [35–38]. As the potential of the nickel oxide electrode decreases due to self-
discharge, the rate of the gas evolution process decreases and turns out to be commensurate
with the rate of oxygen absorption on the negative electrode. Ultimately, the pressure in
the AB starts to decrease. With the same state of recharge, the faster the charge rate, the
more the pressure in the battery increases after the completion of the charge.

NMHB cells are often used in digital cameras and other high-drain devices, where over
the duration of single-charge use they outperform primary batteries. NMHB cells are advan-
tageous for high-current-drain applications, largely due to their lower internal resistance.
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2. Determination of the Most Efficient Traction Power Sources for Electric
Vehicle Applications

Today, the developers and manufacturers of vehicles in Russia and abroad are solving
the problem of creating electric vehicles with performance characteristics close to tradi-
tional cars with an internal combustion engine (ICE). One of the promising areas for the
development of the electric power complex of Russia is the creation of heavy-duty and
passenger transport operating on electric traction. This type of transport requires an energy-
intensive source of electrical energy. At present, storage batteries have proven themselves
as traction power sources. The traction power source in modern electric vehicles accounts
for about 40% of the total cost of the entire vehicle. In this regard, a rational way of saving
is to charge the batteries with a nominal current. Compliance with the nominal operating
modes of the battery does not allow the vehicle to be implemented. This contradiction can
be solved by optimizing the operational characteristics of the TCS, the criterion of which
will be the preservation of the battery life [39–41].

Lithium-ion (Li-ion) batteries are a good energy storage solution for plug-in electric
vehicles. However, the performance and health of these batteries is highly dependent on the
use case, including operating temperature, power consumption profile, and control strategy
(heavy forced alternating charge–discharge modes) imposed by the battery management
system. In addition, in EVs equipped with electric climate control systems, the climate
control loads are placed as additional loads on the battery, resulting in a reduction in the
all-electric range (AER) and increased battery capacity degradation.

There are different modes of battery operation depending on the purpose (see
Figure 1) [38]. The most intense mode (charge–discharge) is typical for traction batteries.
Depending on the driving conditions of the vehicle, the battery charge can be completely
used up, or partially used. At the same time, there are intensive cycles when during the
day of operation, the battery is subjected to several full charge–discharge cycles [39–41].
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Figure 1. Operating modes of storage batteries: (a)—stationary batteries, (b)—starter batteries, (c)—traction batteries
(normal mode), (d)—traction batteries (intensive mode). 1—discharge, 2—full charge, 3—partial charge, 4—idle.

Such operation greatly affects the battery life, for example, in the first model of the
Tesla Model S electric vehicle, the number of cycles when using a full battery charge is
300–500 full cycles. The total mileage of the electric vehicle is 92 thousand kilometers.
In the case of using only 50% of the capacity, the number of cycles increases to 1200–1500,
which will eventually give a mileage of 585 thousand km [39].

A more detailed dependence of the service life of electrolyte batteries on the depth of
discharge for various chemical compositions is shown in Figure 2.

From the graph in Figure 2, it can be seen that with an increase in the depth of
discharge (DOD) the number of cycles decreases significantly. At the same time, if DOD is
reduced to 50%, the number of cycles increases to 5000. It follows from this that a traction
battery with a large capacity and half-discharging will last longer than a small-capacity
battery that is completely discharged [42–44].
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Batteries can be charged at different rates, which are proportional to the amount of
current flowing through the battery. With an increase in both the charging and discharge
currents, not only the intensity of operation increases, but also the aging rate.

Modern battery materials are an important factor in their development for industrial
applications [45,46]. When choosing the type of batteries for electric vehicles (EV), it
is necessary to rely on individual factors, which, together with charging characteristics,
service life and traction indicators, should put the parameters of a certain type of TCS
above the rest. The highest efficiency, both in power and energy terms, is provided by
electrochemical current sources [47,48]. The main ones are discussed below.

2.1. Li-Ion Battery

Lithium power sources can be divided into several types according to the materials
used in their production and the technologies implemented.

2.1.1. Positive Electrodes

Since carbon (graphite) which is most commonly used as a negative electrode doesn’t
bear any Li-ions, the positive electrode must act as the source of Li. Thus, the cathodes are
generally intercalation compounds from which Li+ ions can diffuse out or back in. High
cathode voltage is generally desirable as energy stored in the cell is directly proportional
to it. However, electrolyte stability also has to be considered. A number of candidates
have been explored as suitable candidates for cathode materials of Li-ion batteries, and
can be categorised based on voltage verses lithium. The 2 V cathode materials are TiS2 and
MoS2 with 2-D layered structure; 3 V cathode materials are MnO2 and V2O5; 4 V cathode
materials are LiCoO2, LiNiO2 with 2-D layered structure and 3-D spinel LiMn2O4 and
olivine LiFePO4; 5 V cathode materials are olivine LiMnPO4, LiCoPO4, and Li2MxMn4-xO8
(M = Fe, Co) spinel 3-D structure.
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In 1996, researchers at the University of Texas in Austin found that phosphate materials
were well-suited to be used in Li-ion battery positive electrodes. LiFePO4 (LFP) offers a
number of advantages, such as great electrochemical performance, high current rating,
stability, excellent cycle life [49], and temperature tolerance (243 K to 333 K), which makes
it less prone to be suffering from a thermal runaway. The phosphate structure provides
stability to the electrode against overcharging and provides higher tolerance to heat,
limiting the breakdown of the material.

However, LFP has a disadvantage of poor electronic and ionic conductivity as well
as relatively low capacity [50]. Moisture seems to significantly limit the lifetime of the
battery. In addition, it effectuates diffusion of ions through one-dimensional channels,
which can get blocked very easily by defects and impurities. Nevertheless, as LFP holds
decent rate capabilities, extensive research is being carried out to limit down the issues.
To enhance conductivities, the two common strategies are employed, namely doping by
ions and coating by carbon [51]. Combined doping and nanoscale size, it was possible to
produce high power Li-ion batteries based on LiFePO4.

Currently, LiCoO2 is the most widely used in commercial Li-ion batteries as it is
easily manufactured in large scale and is stable in air, deintercalating and intercalating Li
around 4 V. They have a high energy density and high cyclability [52]. However, lithium
cobalt batteries are highly reactive due to the occurrence of Li-plating on rapid charging,
consequently suffering from poor stability and must be monitored during operation to
ensure safe use. Furthermore, Co is toxic and not sufficient cobalt is not globally available
to meet perceived demands, making it expensive for exploitation of rechargeable batteries
in EVs.

Solid solutions of Li, NiO2 with Co, Fe, Mn, Al, Ti and Mg were developed in order to
develop enhanced chemistry that providing high stability along with supporting stable
structure. The lithium Nickel Manganese Cobalt Oxide (NMC) electrode was developed
from such solutions. They are designed for high specific energy with high density that is
achieved due to the presence of nickel, and the low stability provides by it is managed
by the aspinel structure formed due to the presence of Mn. The stochiometric ratio of the
metals in the compounds is a very closely guarded formula. NMC the most successful
Li-ion system and is suitable for EV power trains.

Li-manganese batteries (LMO) are often blended with NMC to improve specific energy
and prolong life span. The LMO-NMC has been used by multiple EV manufacturers in the
past including Nissan Leaf, Chevy Volt and BMW i3. Developing composite electrodes us-
ing structurally integrated layered Li2MnO3 and spinel LiMn2O4, with a chemical formula
of xLi2MnO(1-x)Li1+yMn2-yO4 is one of the main fields of research regarding cathodes of Li-
ion batteries. A rechargeable capacity in excess of 250 Ahkg−1 was reported in 2005 using
this material, which has nearly twice the capacity of currently commercialized rechargeable
batteries of the same dimensions and are expected to play increasing roles in commercial
Li-ion batteries.

2.1.2. Negative Electrodes

Carbon anode has been dominant in the Li-ion battery industry since its commercial-
ization as it renders excellent cyclability by facilitating the movement of lithium ions in
and out of its lattice space with minimum irreversibly [53]. Carbons that are capable of
reversible lithium-ion storage can be classified as graphitic and non-graphitic (dis-ordered)
carbon. Graphitic carbons have a layered structure. The lithium insertion into graphite
follows a stepwise occupation of the graphene interlayers at low concentrations of the
lithium ions, known as stage formation [54]. Non-graphitic carbons consist of carbon atoms
that are arranged in a planar hexagonal network without an extended long-range order
with crystalline graphitic flakes cross-linked by the amphorous domains. They have high
specific capacity but also hold issues of capacity fading and huge irreversible capacity
loss from the first cycle, which may be attributed to the formation of a passivating solid
electrolyte interphase (SEI) on the carbon surface. SEI may grow with time increasing the
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cell resistance and subsequently decreasing the cell energy density. Ongoing studies focus
on the exact mechanism by which high-specific capacity is achieved in disordered carbon.
Other carbon-based materials that have been studied are the buckminsterfullerene carbon
nanotubes, and graphene. Carbon nanotubes serve as great hosts for Li due to their linear
dimensionality [55] and good conductivity. Graphene-based composites have a very high
capacity [56].

Silicon based anode is recently receiving much attention lately due to its high theoreti-
cal capacity, about 10 times that of graphite and 4 times that of spinel oxides. However,
silicon suffers two main drawbacks, namely poor conductivity and huge volume variation
(400%) upon cycling, which limits the use of bulk silicon anode. The advantages of sili-
con can still be exploited by replacing bulk Si by Si nanostructured anode materials [57].
Si nanowires show efficient reversible lithium storage properties, and enhanced cyclability
and rate performances. However, producing Si nanomaterials is not yet cost effective to
be produced in large scale. If that issue is resolved, then Si nanowires hold the potential
to replace carbon anodes. Since nanomaterials have comparatively low energy density,
their application would be limited to devices with no space restriction. To produce Si/C
nanocomposites with optimised ratio of Si to C to obtain a trade-off between specific
capacity and energy density, further studies are necessary.

2.1.3. Electrolyte

The electrolyte is the solution compromising the salts and the solvents and is the third
component of the battery. The choice of electrolyte is very crucial and it determines the
stability of the cell. The electrolyte is supposed to be chosen such that it can withstand
the redox environment at both cathode and anode sides and the voltage range involved
without decomposition or degradation. A positive electrode that’s highly oxidising, for
instance, will require electrolyte combinations that operate well outside their window
of thermodynamic stability. Liquid electrolyte in commercialised Li-ion batteries are
typically a solution of Li salts in organic solvents. The existing liquid solvent, however, has
issues and needs enhancement. Ideally, the electrolyte should be environmentally benign
and cost effective. Currently, polar aprotic organic solvents, such as carbonate solvents
with high dialectic constant, are selected to solvate lithium salts at a high concentration
(1 M typically).

Other type of electrolytes used are the polymer electrolytes, gel electrolytes and
ceramic electrolytes. Polymer electrolyte contain lithium salts dissolved in polymers
with typically high molecular weight [58]. They offer numerous advantages over liquid
electrolytes such as improved safety properties due to low volatility, design flexibility,
cost effectiveness, potential to eliminate additional separators, ease of processing [59].
One of the widely studied polymer is poly(ethylene oxide), which has been coupled with
various lithium salts, such as LiCF3SO3 and LiClO4 and operated in amorphous phases
and has good mechanical and electrochemical stability. However, the ionic conductivity of
the polymer electrolyte is significantly lower than that of the liquid electrolyte. Another
example is LiTFSI58, which is stable, non-toxic and has higher ionic conductivity.

Ceramic electrolytes are attracting much research focus lately. It contains no flammable
organic solvents and is thus safer than the other categories of electrolytes in high tem-
perature medium. Another interesting property of these electrolytes is that their ionic
conductivity increases with increasing temperature due to the formation and flow of ionic
point defects [60]. Research on polymer electrolyte is aimed at achieving high conductivity
at room temperature. With that, polymer electrolytes could find implementation in the
next generation Li-ion batteries used in electric vehicles due to its excellent abuse tolerance.

2.1.4. Separator

Optimising the chemical stability of any electrode-electrolyte requires a control over
the electrode-electrolyte interface through surface chemistry. Thus, separators are essential
components of Li-ion batteries. The separator in a Li-ion battery plays the critical roles to
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avoid direct physical contact between the cathode and anode, and prevents short circuit to
occur. At the same time, the separator allows lithium ions in the electrolyte to pass through
it. The separators must be chemically stable and inert in contact with both electrolyte
and electrodes.

The separator has to be chemical stable and inert in the given electrolyte and electrode
system. However, it must be mechanically robust to withstand the tension and puncture
by electrode materials.

Although various separators, including microporous polymer membranes, nonwoven
fabric mats and inorganic membranes have been explored, the microporous polyolefin
materials-based polymer membranes are dominantly used in commercial Li- ion batteries
with liquid electrolyte. They can be constructed to be extremely thin and highly porous
such that they have higher conductivity, at the same time sustaining its mechanical ro-
bustness. Microporous membranes also provide precaution against thermal runaway or
short-circuiting of the battery through properly designed multilayer composites, which
works such that one layers melts to close the pores and another part provides mechanical
strength and electrical insulation. One example of a separator made with this technology
is the microporous separator made of both polyethylene (PE) and polypropylene (PP),
in the form of tri-layer of PP- PE- PP. The melting points of PE and PP are 408 K and
438 K, respectively. In the case of temperature rising due to overheating, the porosity of the
membrane could be closed by PE, preventing further reactions, while the PP later stays
intact to retain support and insulation. Since the separator cost constitutes a significant
fraction of the total expenses of the battery, efforts are directed on trying to produce efficient
separators at lower cost [61].

2.2. Comparison of Different Types of Batteries

An important feature of LIB is its short charging time, which in some cases can reach
about 2–3 h. LIB manufacturers recommend charging at 0.8 C or less to prolong battery
life. In this case, the charging efficiency is about 99 percent, and the change in temperature
conditions during charging is within the acceptable range. Some LIBs can withstand a
temperature rise of 5 ◦C when fully charged. This could be due to protective circuitry
and/or increased internal resistance. A full charge occurs when the battery reaches the
threshold voltage and the current drops to three percent of its nominal value [58–61].

LIB do not need to be fully charged, as is the case with LAB. It is recommended not
to allow the battery to be fully charged because the high voltage causes the battery to
be unbalanced. Selecting a lower voltage threshold or eliminating the saturation charge
completely extends battery life [62,63].

Another important distinguishing feature of LIB is its operation in a safe mode within
a limited range of operating voltages. A long-term over-normalized charge forms a lithium
metal coating on the anode, while the cathode material becomes an oxidizing element
and becomes unstable, contributing to the formation of carbon dioxide (CO2). In this case,
the pressure in the battery rises, and if the charge continues under current conditions, a
protective device is triggered, which is responsible for the safe operation of the battery. If
the pressure continues to build up, the diaphragm will rupture and eventually the battery
could ignite. The critical temperatures of LIB for fully charged batteries are, depending
on the technology used: for cobalt 130 ◦C–150 ◦C, nickel-manganese-cobalt 170 ◦C–180 ◦C,
and manganese 250 ◦C. LIB is not the only battery that requires proper handling and
organization of permissible operating conditions in order to increase explosion and fire
safety. LAB, NMGB and NCB can also be hazardous if mishandled. Properly designed
charging equipment is paramount in all battery systems [64,65].

The characteristics of accumulator battery depend on the chemical composition of
the components, but, despite this, an equivalent selection of the main characteristics for
the traction storage battery is required, since they affect the quality and service life of the
traction power source as a whole. Table 1 shows the main characteristics that you need to
be guided by when choosing the most preferred type of rechargeable batteries [66–68].
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Table 1. Main comparative characteristics of different types of batteries [67].

Battery Parameters Lead Acid Nickel-
Cadmium

Nickel Metal
Hydride Li-ion

Battery rated voltage, V 2 1.2 1.2 3.7

Specific energy consumption, Wh/kg 30–40 40–60 30–80 90–140

Specific power, W/kg 180 150 250–1000 1800

Average charge time, hour more than 10 8 6 2

Number of discharge/charge cycles
(service life) 500–800 2000 800 2000

Average self-discharge per month, % 4 twenty thirty 7

Average cost per kWh, $ 150 400–800 250 450

To determine the most preferred type of TCS, the following characteristics were
selected [68,69]:

• Compactness is a comparative characteristic that determines the weight and size
properties to provide the specified parameters;

• Fast-charging process—the ability of the battery to be charged with the maximum
currents for it in less than 2.5 h;

• Ease of disposal—the complexity of the technological process associated with the
disposal or the impossibility of recovering useful chemical elements;

• Memory effect—a reversible loss of capacity that occurs in some types of electric
batteries when the recommended charging mode is violated, in particular, when
recharging an incompletely discharged battery;

• Permissible overcharge—a quantitative indication that determines the permissible
value when the battery is charged over 100%;

• Depth of discharge (DOD)—the real amount (of the declared) energy that the battery
can give without increasing the temperature.

• The distribution of quality indicators is shown in Table 2.

Table 2. Qualitative comparison of batteries [70].

Comparison Parameter Lead Acid Nickel-
Cadmium

Nickel Metal
Hydride Li-ion

Compactness - + + +

Fast-charging process - + + +

Ease of disposal - - + +

Shelf life is more than 3 years + + - +

Memory effect - + + -

Permissible recharge High Average Short Very low

Depth of discharge (DOD) 50% 50–80% 50–85% 80%

Service intervals 3–6 months 30–60 days 60–90 days Not regulated

Based on the performed analysis of charging characteristics, quantitative and qual-
itative comparison of indicators of batteries of four different types, the choice of LIB as
traction is due to the following properties and indicators:

• high indicators of specific characteristics;
• high values of permissible charging and discharging currents;
• the ability to quickly charge;
• no need for maintenance;
• maximum service life;
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• low self-discharge readings;
• lack of “memory effect”.

The only negative quality of LIB today is their high cost, although there have been
certain successes in the direction of reducing the cost of LIB in recent years [71,72].

3. The Use of Lithium-Ion Batteries as the Most Promising Traction Power Sources

In most modern Li-ion batteries, the negative electrode is made of carbon materials.
In such batteries, not metallic lithium or its alloys with other metals is used as a negative
electrode, but the intercalation compound of carbon with lithium. Carbon has proven to be
a very convenient matrix for lithium intercalation (implantation). The specific volume of
many carbon graphitized materials changes by no more than 10% upon the introduction of
a sufficiently large amount of lithium. Carbon electrodes containing not too large amounts
of intercalated lithium have a potential higher than the potential of the lithium electrode
by 0.5–0.8 V higher [73]. To keep the battery voltage high enough, lithiated cobalt oxides
(lithium cobaltate), manganese spinel, lithiated iron phosphate, and, so-called. multi-oxides
(mixed oxides) [74–76]. The potential is about 4 V with respect to the lithium electrode,
so that the operating voltage of the battery has a characteristic value of 3.5–3.8 V. When
the battery is discharged, lithium deintercalates from the carbon material (on the negative
electrode) and lithium intercalates into the oxide (on the positive electrode). When charged,
the processes go in the opposite direction. Thus, there is no metallic (zero-valence) lithium
in the entire system, and the discharge and charge processes are reduced to the transfer
of lithium ions from one electrode to another. That is why the authors of such a battery
coined the term “lithium-ion battery”.

In the vast majority of lithium-ion batteries brought to the commercialization stage,
the negative electrode is made from carbon materials.

The current-forming process at the negative electrode is described by the equation
6C + xLi+ + xe-↔ LixC6. The forward process corresponds to the charge, and the reverse
process corresponds to the discharge of the battery [77,78].

A schematic diagram of the operation of a lithium-ion battery is shown in Figure 3.
On the left is a graphite negative electrode. Its structure is characterized by the presence of
layers between which lithium ions can be embedded (black dots). On the right is a positive
electrode made of lithium-manganese spinel, into the structure of which lithium ions can
also be incorporated. As an electrolyte, solutions of lithium salts in non-aqueous solvents
are used [79,80].
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Lithium-ion batteries follow a pattern common to all types of batteries. An ideal
battery should be completely reversible: all electricity should be spent only on current-
generating reactions of charge and discharge (in other words, the current efficiency of these
processes should be 100%). In a real battery, there are always some processes (electrochem-
ical and chemical) in addition to current-forming reactions. These extraneous processes
(usually irreversible) consume a certain amount of electricity. As a result, at each cycle,
the discharge capacity is less than the amount of electricity consumed in the previous
charging stage. In addition, capacity decreases from cycle to cycle as the cycle progresses.
The nature of irreversible processes in batteries of different electrochemical systems is
different [81–83].

3.1. Processes on the Positive Electrode of the Li-Ion Battery

While primary lithium cells (meaning non-rechargeable cells) use a variety of active
materials for the positive electrode, in lithium batteries, the choice of material for the
positive electrode is limited. Lithium oxides of cobalt or nickel are used here, as well as
lithium-manganese spinels. Currently, materials based on mixed oxides or phosphates are
increasingly used as cathode materials. It has been shown that the best battery performance
is achieved with mixed oxide cathodes. The technologies of coating the cathode surface
with finely dispersed oxides are also being mastered. The problems of the synthesis of
these compounds, associated with the difference in the structures of nickelate (layered
hexagonal) and lithium manganate (layered rhombohedral), were overcome by using
nickel and manganese double hydroxide systems for the synthesis, after which work on
the synthesis of mixed oxides began to be intensively carried out in different countries
(USA, Canada, South Korea, China) [84–88].

High nominal voltage, flat discharge curve, high efficiency of the charge–discharge pro-
cess, good capacity and cyclability, acceptable self-discharge, ease of production in indus-
trial conditions explain the most widespread use of lithium cobaltate in commercially de-
veloped LIB, which provides a reversible capacity of positive electrodes of 135–150 mAh/g.
when cycling LIB in the voltage range of 2.54–3 V. Smaller particle size, more uniform
distribution and the formation of small agglomerates of fine spherical particles contribute
to the improvement of the electrochemical characteristics of the cathode material [89].

Modification of lithium–metal–oxide compounds by doping them, including mul-
tidoping with various elements. The introduction of the latter improves the stability of
the electrochemical characteristics of the cathode material during cycling by stabilizing its
structure and reducing the tendency to phase transitions. The search for other compounds
with stable structures led to the creation of a cathode material with the formula

LiNi0.33MN0.33Co0.33O2. The discharge capacity of the obtained compound, which
possesses good cyclability, at a final voltage of 4.3–4.6 V was 159,200 mAh/g, respectively.
The doping of this compound with silicon leads to an increase in the crystal lattice parame-
ters, which is accompanied by an increase in specific capacitance, speed capabilities and
cycling, as well as a decrease in impedance [90].

During operation (cycling and storage) of LIB, the most significant changes occur on
the electrodes made of lithium-manganese spinels.

In the course of regular cycling at room temperature, the relatively unstable two-phase
structure of LiMn2O4 transforms into a stable single-phase structure with the loss of Mn3
+ and the formation of MnO2, which transforms into inactive LiMnO2 with a layered
structure upon intercalation of lithium. When the positive electrode based on lithium-
manganese spinel is overcharged to potentials below 3.5 V, the crystal structure is distorted
according to Jan-Teller [91–94], which leads to dissolution of spinel and slow degradation
of capacity during cycling [95].

Table 3 shows the main manufacturers of oxide materials for LIB positive electrodes.
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Table 3. Main manufacturers of cathode materials [94].

Chemical Formula of
the Cathode Material

Manufacturer
Country Company Manufacturer

LiCoO2

Japan,
Tokyo Nippon Chemical Industry Co.; Simimoto Co.

USA,
Clearwater Loop OMG

Germany,
Darmstadt Merck KGaA

Belgium,
Brussels Umicore

China Shanghai Shanshan Science & Technology Co.

LiNi1-yCOyO2

Japan,
Tokyo Simimoto Co.; Seimi Chemical Co

Germany,
Darmstadt Merck KGaA

LiMn2O4

Japan,
Tokyo Mitsui Mining & Smelting Co. Ltd.

USA,
Philadelphia FMC Corp

Germany,
Darmstadt Merck KGaA

3.2. Negative Electrodes. Carbon Materials

In the early days of the development of lithium-ion batteries, a variety of carbon
materials were investigated with the ability to reversibly intercalate lithium. The earliest
studies concerned the intercalation of lithium into graphite. Graphitized materials include
natural and synthetic graphite, highly oriented pyrolytic graphite, modified graphite
materials, including MCMB (from the English “mesocarbon microbeads”), carbon powders.
Only some types of carbon materials find wide commercial application, which can be
divided into two groups: materials with a highly ordered crystal structure and with a
disordered structure [96].

Every six carbon atoms form graphene sheets that look like honeycombs. These
graphene sheets, under the action of van der Waals forces, form graphite layers, the
latter, located parallel to each other, form a graphite structure. From the point of view of
crystallography, the term “graphite” is applicable only to forms of carbon with a linear
spatial structure with an ideal ordered arrangement of graphene layers. There are two types
of graphite phases—hexagonal (α-phase) and rhombohedral (β-phase). The rhombohedral
phase is stable at lower temperatures and therefore shows better cycling stability.

To date, many different carbon materials have been investigated and the industry has
mastered the production of some special materials for negative electrodes of lithium-ion
batteries. Examples of such materials are MCMB material. However, studies of carbon
materials for lithium-ion batteries are still ongoing, with special attention paid to various
nanofiber materials, nanotubes, nanocomposites, graphene nanoparticles, etc. [97]

3.3. Reversible Processes on Carbon Materials

The maximum amount of lithium that can be incorporated into carbon is one lithium
atom per six carbon atoms (Equation (1), 0 < x < 1). Lithium is embedded through a
prismatic surface. Penetration through the basal surface is also possible, but only if there
are defects on this surface [98].

The mechanism of lithium intercalation into graphite is the sequential filling of the
space between the graphene layers with lithium. This process can be described by a stepped
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index, which is equal to the number of graphene layers between two nearest lithium layers.
At the maximum filling, there will be only one graphene layer between the lithium layers,
and this state will correspond to stage No. 1. Each stage is characterized by a reversible
potential and corresponds to a certain concentration of lithium in the graphite matrix. The
transition through the steps is as follows:

1. LiC72 + Li↔ 2 LiC36
(Stage 8) (stage 4)

2. 3 LiC36 + Li↔ 4 LiC27
(Stage 4) (Stage 3)

3. 2LiC27 + Li↔ 3LiC18
(Stage 3) (stage 2)

4. 2LiC18 + Li↔ 3LiC12
(Stage 2) (Stage 2)

5. 2LiC12 + Li↔ LiC6
(Stage 2) (Stage 1)

The mechanism of the introduction of lithium into non-graphitized carbon materials is
still not fully understood. But at least three types of interaction between lithium and carbon
material are assumed: interaction with graphene layers, with the surface of polynuclear
aromatic planes, and the introduction of lithium into microvoids on the frontal surface of
the carbon material. When lithium is intercalated into non-graphitized materials, the filling
with lithium occurs simultaneously throughout the entire volume of the carbon material;
therefore, the charge–discharge curve has a smoothed form, and there are no clear steps on
the charge–discharge curve [99].

Table 4 shows a list of LIB performance indicators with different chemical compositions
of the cathode and anode.

Table 4. Comparative characteristics of electrochemical systems used for the production of lithium-ion batteries [99].

Type (Formula) of
Electrochemical System,

Cathode/Anode
materials

Specific Energy
Consumption

(Wh/kg)

Resource, (The Number
of Discharge Charge

Cycles Per 1 C Discharge
Depth 80%

Allowable Charge/Discharge
Rates in Multiples of the

Rated Capacity C—(Hourly
Discharge Current)

Operating Temperature Range
without the Use of Passive or

Active Temperature
Compensation Systems, ◦C

LiCoO2/C 150–190/ <200 0.5 C/1 C −15 . . . +50/

LiMn2O4/C 135 <1500 2 C/5 C −30 . . . +50

LiFePO4/C 125 <2000 2 C/5 C −30 . . . +50

The largest number of cycles is typical for lithium titanate batteries. This is primarily
due to the use of heavy metal as an anode material. This structure provides a long service
life, high charge–discharge currents, as well as a wide range of operating temperatures.
The main disadvantage of this type of batteries is their low specific energy consumption
compared to other materials. This is primarily due to the low voltage level of the battery
(2.2–2.7 V). The use of modified lithium nano-titanate allows to increase the specific energy
consumption by 2 times, but such an improvement significantly increases the cost of
batteries [100].

3.4. Determination of Parameters Affecting the Life of a Lithium-Ion Battery

Self-discharge is one of the factors affecting the battery life. All major metal oxide
cathodes (LixMn2O4, LixCoO2, LixNiO2) are susceptible to self-discharge even in a mod-
erate oxidation state. During self-discharge, the oxidation of the solvent occurs on the
positive electrode; in different systems, the process occurs in different ways. The clog-
ging of the pores of the electrode with oxidation products leads to an increase in the
impedance of the electrode and, as a consequence, to a decrease in the rate of processes
during charge–discharge. In addition, the following mechanisms affect the self-discharge
processes: decomposition of the electrolyte on the electrode; spontaneous introduction of
lithium into the volume of the positive electrode; dissolution of the electrode material [101].
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4. Degradation Processes in a Lithium-Ion Battery

There are mainly two reasons causing the battery failure, the chemical degradation and
the mechanical damage. Chemical degradation is caused by the instability of electrolyte
and deposits formed on the surface of the electrode. Mechanical damage is due to the
deformation and fracture of the electrode caused by the diffusion-induced stress during
cycling, which can result in electrical disconnects that render electrode active material
incapable of storing lithium-ion.

4.1. Chemical Degradation
4.1.1. Influence of the Number of Cycles

The problem of LIB stability has become especially acute for those objects and areas of
application where, due to operating conditions, a wide range of operating temperatures is
provided. Degradation refers to a variety of phenomena and features of systems. These
include: overcharge and irreversible self-discharge of LIB, deposition of metallic lithium
on a negative electrode, a change in the composition of the electrolyte as a result of its
oxidation on the positive electrode and reduction to a negative one, a decrease in the
electrochemical activity of the electrodes, electrochemical and chemical dissolution of the
active material of the electrodes and a change in its phase composition, destruction of
down conductors due to corrosion [102].

Experiments on the aging process of lithium-ion rechargeable batteries of commercial
production were first carried out in 1995 by Japanese scientists [103], while LIB based on
cobalt oxide (LiCoO2) was considered. Studies have shown that one of the main indicators
of aging is the drop in capacity falls almost linearly in relation to the number of cycles (see
Figure 4).

Energies 2021, 14, x FOR PEER REVIEW 15 of 34 
 

 

 
Figure 4. Change in the ratio of the initial capacity of the battery cell to capacity at different voltage 
ranges [103]. 

At the same time, the RNG 1–5 modes assumed a significant recharge. RNG 6–9 
modes assumed charge–discharge at operating voltage range (2.5–4 V). In addition to volt-
age levels, the tests involved four modes: 
1. Charge with direct current, then with constant voltage (DC + PN), within 8 h and 

subsequent discharge up to 30% within 8 h; 
2. Charge PT + PN for 8 h and subsequent discharge up to 20% within 8 h; 
3. PT charge for 10 h and subsequent discharge up to 30% within 8 h; 
4. The charge of the PT within 10 h and the subsequent discharge up to 20% within 5 h. 

The average number of cycles during such tests was 1690 for the first mode. Moreo-
ver, with the predictive extrapolation of the calculated results, the number of cycles was 
about 2200 (see Figure 5). 

Figure 4. Change in the ratio of the initial capacity of the battery cell to capacity at different voltage
ranges [103].



Energies 2021, 14, 8072 15 of 33

At the same time, the RNG 1–5 modes assumed a significant recharge. RNG 6–9 modes
assumed charge–discharge at operating voltage range (2.5–4 V). In addition to voltage
levels, the tests involved four modes:

1. Charge with direct current, then with constant voltage (DC + PN), within 8 h and
subsequent discharge up to 30% within 8 h;

2. Charge PT + PN for 8 h and subsequent discharge up to 20% within 8 h;
3. PT charge for 10 h and subsequent discharge up to 30% within 8 h;
4. The charge of the PT within 10 h and the subsequent discharge up to 20% within 5 h.

The average number of cycles during such tests was 1690 for the first mode. Moreover,
with the predictive extrapolation of the calculated results, the number of cycles was about
2200 (see Figure 5).
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Since the difference between the test results and the calculated data was about 40%.
The coefficients of the acceleration of the aging of the battery cell were calculated. The
graphs of changes in the aging coefficients depending on the charge–discharge and tem-
perature regimes are shown in Figure 6. These coefficients were calculated for specific
conditions of charge–discharge of battery cells, such a regime is not assumed in the opera-
tion of an electric vehicle. However, the studies themselves have shown that these factors
directly affect the life of lithium-ion batteries. In other batteries with a different chemical
composition of the electrodes, the coefficients will differ [105].

In addition to cycling, the loss of capacity during storage of charged cylindrical LIBs
of size 18650 with a cathode based on LiCoO2, an irreversible decrease in capacity is
observed, and an increase in temperature during storage and an increase in the degree
of charge strongly affect the degree of degradation. A three-month storage of a fully
charged battery (emf 4.2 V) leads to almost the same drop in capacity (11%) as after
500 charge–discharge cycles; as a result of a one-year storage of fully charged batteries,
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the irreversible loss of capacity is 30% [106]. In addition, tests of Sony LIBs were carried
out, stored at temperatures of 20 and 60 C, which showed that in the case of potentiostatic
maintenance of 4.2 V, capacity losses during the year amounted to 23%, of which 18% were
irreversible losses. Storage under normal temperature conditions and constant charge
maintenance increase the rate of LIB degradation, while at elevated temperatures this
factor is not so critical [107]. In addition, exceeding the threshold value of the charging
voltage or a long-term charge of LIB at a voltage of 4.2 V has an extremely negative effect
on the performance of the battery. In this case, the main cause of LIB degradation is the
electrochemical oxidation of the electrolyte on the surface of the positive electrode [108].
In this case, the main reason for the degradation of LIB is the electrochemical oxidation of
the electrolyte on the surface of the positive electrode [109]. In this case, the main cause
of LIB degradation is the electrochemical oxidation of the electrolyte on the surface of the
positive electrode [110].
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4.1.2. Influence of the Depth of Discharge

Overcharging of LIB leads to irreversible degradation of the battery, as well as to a
decrease in its capacity and power. When the negative electrode is overcharged, metallic
lithium is deposited on it. Too much excess lithium due to an unbalanced initial mass
ratio of the positive and negative electrodes is the main cause of deposition. Due to the
same imbalance, the potential of the positive electrode does not reach its optimal state.
Another reason for overcharging the negative electrode is a forced charge, which in some
cases leads to excessive polarization of the electrode. Lithium deposited on carbon, which
quickly reacts with the solvent, forms a film on the electrode surface covered with a layer
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of salt and other products. The film, blocking the pores in carbon, reduces the size of its
working surface,

Recharge of the positive electrode is accompanied by a number of electrochemical
reactions, depending on specific conditions: the nature of the electrode material, electrolyte
composition, temperature, etc. The formation of an inert material also leads to a loss of
capacity. A high level of potential can lead to exothermic oxidation reactions of organic
solvents with the formation of gaseous and insoluble solid products, in particular, Li2CO3,
which block the pores of the electrode. The main way to prevent overcharging of LIB is to
ensure a lithium balance between the positive and negative electrodes.

The effect of the depth of discharge on the battery life is different for different chemical
compositions of the electrodes.

For batteries intended for transport applications, the NCR18650F (LiCoO2) batteries
have been tested. The battery capacity is 2900 mAh. Typical battery performance is shown
in Figure 7 [111].
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When testing the cell at different depths of discharge at a temperature of 250 C, it
was determined that with a decrease in the used capacity, the number of cycles increases
significantly. So, with full capacity utilization (DOD = 100%), the battery life was only
500 cycles. At DOD = 75%—700 cycles, DOD = 50%—1100, DOD = 25%—1800. The
charging current was 0.5 C, and the discharge 1 C. The test schedule is shown in Figure 8.

In addition to the depth of charge, the level of operation at different degrees of charge
of the battery (SOC, from the English “State of charge”) also has an impact on the resource.
The partial discharge test procedure is shown in Figure 9. During the experiment, a full
discharge and full charge of the battery was performed every 50 cycles to calculate the full
capacity [112].
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Figure 9. Test procedure for a battery cell [112].

Table 5 shows the results of a study by Dutch scientists when testing a LiCoO2
battery cell.

For lithium-ion batteries, the charge level is one of the factors affecting the resource.
An increase in the resource can be achieved by reducing the depth of discharge, as well
as achieving the same level of degree of charge. At the same time, operation in medium
ranges improves the resource, unlike operation at high ranges of the degree of charge, i.e.,
incomplete battery charge also increases the maximum number of cycles.
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Table 5. Number of cycles depending on the depth of charge and the capacity used [113].

Discharge Depth, % Number of Cycles Capacity Used (Total for All Time), Aph

The State of Charge is 100%, Charge Current Is 0.5 C, Discharge Current Is 1 C

100 550 1360

75 650 1360

50 1070 1480

25 1840 1370

Discharge Depth 100%, Charge Current Is 0.5 C, Discharge Current Is 1 C

100 550 1360

90 660 1510

80 900 1920

Partial Discharge, Charge Current Is 0.25 C, Discharge Current Is C/2

100 1300 2230

75 2220 3610

60 2500 4130

The depth of discharge implies the used capacity of the battery in a different range of
degrees of charge. Figure 10 shows the characteristics of capacity reduction obtained during
a study conducted by the Institute of Power Electronics and Electric Drive (IPEED) [114].
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In addition, cycling tests were carried out in [115] at different battery voltage levels
(Figure 11). The results showed that the battery operation is most resource-efficient at the
nominal voltage value.

The upper and lower levels of the degrees of charge have the greatest impact on the
resource. This is primarily due to the previous thesis that the voltage level also has an
impact [115].
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Figure 11. Capacity reduction at different battery voltages [115].

Despite the low voltage level, the range between 5 and 15% reduces the battery life.
A single battery, cycling in the range from 40 to 60%, contains a minimal reduction in
battery capacity. The range of 60–80% reduces the resource, equivalent to the lower range,
which is explained by the high voltage level (see Figure 12).
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4.1.3. Effect of Charge–Discharge Currents

Studies, including the most complete range of loading modes of lithium-ion storage
batteries, have identified the most resource-saving modes of operation [117,118]. Figure 13
shows the most commonly used loading modes of the battery.
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The test results indicate that in the a-charge/discharge mode with a current of 1 C, the
battery life is preserved to the greatest extent compared to other modes. The test results
are shown in Figure 15 [119].
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The greatest result was shown by tests with partial use of capacity in the ranges of
NW from 40 to 20%. The results obtained allow us to determine the most resource-saving
modes of battery operation, and to select the most optimal for EM movement [120].

Lithium ion batteries are developed from various chemical materials, which have
their advantages and disadvantages [121–123]. For example, a multilayer NMC cathode
has a high capacity and temperature stability, but it does not work well at high values
of the charge–discharge current. In turn, the LMO-based cathode works normally at
high current values, is not expensive, but has a short life cycle, due to the dissolution of
manganese [124–126]. It is possible to achieve the elimination of all these shortcomings
by combining two chemical compositions. This allows you to reduce the dissolution of
manganese, increase the number of cycles. As a result of the tests obtained, in order to
optimize the charge–discharge modes of the batteries, the main current levels at which the
electric vehicle should be tested were selected.

4.1.4. Influence of Temperature on Battery Life

Battery operation at low temperatures, as a rule, leads to an irreversible decrease in
battery capacity. The decrease in battery capacity at low temperatures is associated with the
deposition of lithium metal on the surface of the negative electrodes during the charging
process, as well as with the difficulty of transporting lithium ions in the electrode volume,
due to a decrease in the rate of their solid-phase diffusion in the carbon material. The
stability of the negative electrodes, in addition to the negative temperature, is also affected
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by the increased temperature. The decrease in the capacity of fully charged carbons is
always less than that of fully discharged ones. The destruction of the surface of the solid
electrolyte film leads to continuous deethylation of the electrode volume and subsequent
interaction of lithium atoms with the electrolyte solution.

The main type of loss is the loss of the electrolyte, and not the destruction of the anode.
With a low charge current, losses are mainly related to time and temperature, and the depth
of discharge has little effect.

The effect of temperature in the range from −20 ◦C to +70 ◦C on the battery life was
quantified by electrochemical methods and analyzed in [127]. In the test, high-power
18650 form factor cells with a LixNi1/3Co1/3O2/liymn2o4 cathode and a graphite anode
were used [128]. The batteries were tested with a current of 1 C until the discharge capacity
dropped below 80% of the initial one. The resource was checked using a microscope, X-ray
and some chemical methods. The effect of different temperatures on the polarization of the
electrode was evaluated by assembling the electrodes into modules with a control electrode.
It was determined that the main resource-determining mechanism at temperatures below
25 ◦C is lithium metallization, while at temperatures above 25 ◦C the cathode undergoes
aging and the anode will increase the thickness of the electrolyte (see Figure 16).
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Battery aging is often defined as the ratio of the discharge capacity of an old single
battery to when it was new. A single battery is out of order when the aging rate is less
than 80%.

This criterion is called the end of service life. The aging process, as a function of
time, is influenced by the operating conditions of the battery and contains information on
the degree of degradation of the electrodes, only if the experimental conditions are well
defined. Such conditions can be achieved by cycling, at different temperatures. In order to
study the aging processes in more detail, German scientists conducted several studies of the
aging of electrodes, electrolyte and separator material using a microscope [129]. The aging
effect is known, including the dissolution of magnesium at the cathode, and its subsequent
deposition at the anode. An accelerated operating mode was used to determine aging,
since normal tests could take several years. In these tests, the batteries were subjected to
stressful conditions, including temperature changes. However, at low temperatures, the
data obtained was insufficient [130,131]. The aging rate can be quantified by the aging
coefficient, which contains a capacitance loss curve. At the same time, a method has proven
itself in which the data are approximated when the dependence of the internal resistance on
the value is inversely proportional to the temperature (1/T), which is called the Arrhenius
Line and is described by the following relation:

r = A exp
(
− Ea

kT

)
(1)

where r is the aging coefficient;
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A—exponential coefficient;
k is the Boltzmann constant.

The Arrhenius theory has been used for several lithium-ion accumulators in order to
describe the limits of the activation level of aging and other processes that change the state
of the battery. However, it is often overlooked that the Arrhenius law is applicable only in
a certain temperature range.

The change in the slope in the Arrhenius line is decisive in the calculations. Arrhenius
characteristics have been studied for lithium-ion batteries before, but these studies did not
cover the entire temperature range in which electric vehicles can be operated. Only a few
authors described tests at 64, 70 and 85 degrees. Depending on the chemical composition of
the electrodes and the design, various tests were carried out. In the works of the researchers,
in order to accelerate the testing of batteries and the polarization of measurements with
different electrodes, the temperature range from −20 ◦C to +70 ◦C was investigated. The
standard size of the accumulators is 18650. The cathode of the studied batteries is described
by the formula LixNi1/3Co1/3O2/LIYMN2O4, the anode is graphite [132–134]. All tested
cells were the same in weight, had similar open circuit voltage, internal resistance and
capacitance at the beginning of the tests. To compensate for small changes in capacitances
and internal resistances in new batteries, all values were compared with the same obsolete
batteries in %. The cells were subjected to aging inside the climate chamber, and elec-
trochemical measurements were obtained using the Basytec CTS system. All charging
processes during the cycle and checking of the ambone were carried out using the method
of charging with direct current and constant voltage (Constant current/constant voltage).
While the discharge was carried out by direct current. The cycling cells were charged and
discharged in the range from 2 to 4 V with a current of 1.5 A (1 C) in all cases. The criterion
for stopping the tests was to achieve a battery state of 80% compared to the reference value,
with a discharge current of 1 C and a temperature of 25 ◦C. Figure 17 shows the test control
points. To measure the residual capacity, the cells were cooled/heated to 25 ◦C, and then
the capacity was measured at a discharge current of 1 C. The subsequent test was continued
and the end-of-life level did not correspond to the manufacturer’s data. The level of aging
was tangential relative to the oblique [135].

The research results showed a significant reduction in battery life at low temperatures.
This suggests that operation at such temperatures is unacceptable. The most effective
temperature is 25 ◦C. Temperatures above 25 ◦C also reduce the battery life, but not as
intensively compared to the low temperature range (at low temperatures, the difference is
more than 200%). The temperature ranges from +20 ◦C to +35 ◦C is the most acceptable
during operation [136].

Researchers from [137] summarized the results of determining the effect of tempera-
ture and the degree of charge of the battery on the resource. As a result, a multiparameter
characteristic was obtained describing the ranges of battery operation and the effect on the
service life (Figure 18).

As a result, it can be concluded that the most favorable temperature range, which
allows to obtain the most effective resource characteristics, is from 25 ◦C to 40 ◦C, and
the range of degrees of charge is from 30 to 60%. The studies shown in [138] allow us to
identify the main criteria for optimizing modes and parameters that significantly affect the
battery life. However, the resulting review does not allow us to form a complete picture of
the impact of the criteria obtained on the resource. First of all, this is due to the fact that the
impact of the criteria on each other has not been considered. In the case of laboratory tests
conducted by foreign researchers, the charge current was a multiple of the capacity value
and did not correspond to the actual current profile during operation of an electric vehicle.
Based on the review, a system for determining the battery life has been formed, taking into
account the listed disadvantages [139].
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4.2. Mechanical Damage
4.2.1. Effect of Elastic Stiffening

The internal stress field produced in the lithium-ion battery during its charging and
discharging process is a major factor for its capacity attenuation, research on it appears
especially important. Zhou et al. [135] developed a fully coupled diffusion–stress model
to analyze the concentration field and built-in stress field during the charging process
of lithium graphite electrode, with the consideration of concentration-dependent elastic
modulus (elastic stiffening). When lithium-ion inserts into the particle, it first fills an
annular shell around the surface [135–137]. Thus, the lattice constant near the surface of
the particle is greater than that of the center, which results in a mismatch strain between
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the shell and core. This mismatch strain tends to produce tension effect at the lithium-poor
inner region and compress effect at the lithium-rich outer part.

Results show that hydrostatic stress can enhance lithium-ion diffusion and leads to a
more uniform concentration profile, resulting in a lower stress, seen in Figure 19. Although
elastic stiffening enhances lithium-ion diffusion, it also greatly increases the elastic modulus,
and the latter is more dominant compared to the former. So elastic stiffening tends to
increase stresses.
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4.2.2. Effects of External Mechanical Loading

Li-ion batteries are ineluctably subjected to external mechanical loading or stress
gradient. Such stress can be induced in battery electrode during fabrication and under
normal operation. Novak et al. [115] and Gnanaraj et al. [116] found both the capacity
and first cycle efficiency of batteries had a decrease when subjected to high levels of
compression. They explained that it was caused by electrode particle fracture for the largest
pressures as well as transport limitations within the liquid path. By studying low-loading
electrodes prepared with a natural graphite from Superior Graphite and compressed at a
range of moderate pressures, Shim et al. found both the reversible capacity and irreversible
capacity loss (ICL) had a decrease with increases in pressure [117]. They concluded that the
decreased reversible capacity was due to increased stresses generated within the graphite
electrode, which also slowed down in Li-ions diffusion process [118].

Zhou [135] developed a model for diffusion induced stresses of a thin plate electrode
and considered the effects of external mechanical loading. The results show that stress
profile through the thickness of the plate is asymmetric due to the coupling effects of
asymmetrically distributed external mechanical stress.

Figure 20 shows the results of insertion with different negative external mechanical
stress gradients. With the charging time increasing, the external stress gradient exerts a
significant influence on the evolution of stresses. Such an influence will increase with
increasing external stress gradient, and larger external negative stress gradient tends to
increase the value of stresses generated in the electrode compared with that of lower
external negative stress gradient as time increases. It implies that compressed electrode
has a decrease in capacity, and when the external negative stress gradient is applied and
becomes larger, the charging at the entry surface will be slower. The external negative stress
gradient will impede the diffusion of solute atoms in this case. Consequently, the value of
the concentration decreases and thus leads to more unevenly distributed concentration, as
shown in Figure 20a.

The results of insertion with different positive stress gradients are illustrated in
Figure 21. The external positive stress gradient will accelerate the solute penetration and
thus leads to more uniform concentration profile. Therefore, the external tensile stress can
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be employed to modify diffusion barriers and help to decrease strains/stresses originating
from unevenly distributed concentration.
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Yen et al. found tensile mechanical stress will enlarge atom spacing of silicon and
thus enhance the oxidation rate [120]. Moreover, Sanchez et al. showed that an external
tensile stress of 2 GPa decreased diffusion barriers by about 9%, improving diffusion rates
by about 30% at room temperature [140–142].

5. Discussions

Lithium-ion batteries suffer more from aging (deterioration over time) than from
cycling. This means that most batteries will not last more than five years under normal
operating conditions (optimistic forecast).

Considering that the manufacturer’s standard for determining the end of the life of a
battery is to reduce its capacity to 80% of the nominal, it is clear where five years of life
came from (when the battery operates at a temperature of no higher than 25 ◦C and is in a
semi-discharged state most of the time).

The temperature factor should also be taken into account when operating lithium-ion
batteries—the discharge can also be carried out at low temperatures (depending on the
chemistry of the battery from −25 ◦C to −10 ◦C), but the charge should be made only at a
positive battery temperature.

The number of charge–discharge cycles does not affect the life of a lithium-ion battery
as much as age and temperature factor—with a short cycle time and good cooling, a
lithium-ion battery can withstand from 1000 cycles to 2000–3000 cycles.

6. Conclusions

Drawing on literature review and analyzing studies of the stability of energy char-
acteristics LIB, we can say that the reason for the decrease in capacity during LIB cycling
can be various chemical and electrochemical reactions occurring both on the electrodes
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and in electrolyte volumes. The main processes responsible for the deterioration of the LIB
characteristics can be as follows: overcharge, which leads to the oxidation of the electrolyte
on the positive electrode and the deposition of lithium metal on the negative electrode,
electroreduction of electrolyte components (in the main electrolyte salt) and various im-
purities on the negative electrode, self-discharge of electrodes, etc., dissolution and phase
changes of the active material of the positive electrode at different operating and storage
temperatures of the battery.

Some factors and a combination of such factors may prevail in each specific case,
while these factors determine the parameters of stability systems. Moreover, due to its
complexity and multifactoriality, it is very difficult to predict the main possible causes of
LIB failure. An important challenge for the developers of lithium-ion batteries, based on
available information on the impact various factors on the LIB is to minimize their possible
harmful effects on a particular electrical system.

The analysis of the main types of batteries used in electric vehicles has been carried
out, and the most promising in terms of maximizing the resource and improving the
characteristics of the vehicle, as well as determining the key factors affecting the reduction
of the battery life, have been determined.

When choosing the type of battery for EVs, it is necessary to proceed from individual
factors, which, in combination with the charging characteristics, service life and traction
indicators, should set the parameters of the TCS of a certain type above the rest.

The characteristics of the storage battery depend on the chemical composition of the
components, but, despite this, an equal selection of the main characteristics for the traction
battery is necessary, since they affect the quality and service life of the traction current
source as a power source as a whole.

Exceeding the threshold value of the charging voltage or charging the LIB for a
long time at a high voltage level has an extremely negative effect on the performance of
the battery.

The life of a lithium-ion battery is influenced by a number of criteria, including
discharge depth, battery temperature, charge–discharge currents, and battery charge range.
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