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Li-ion batteries are widely used in electric vehicles because of their promising

characteristics that meet high specific power and energy density requirements.

The only setback is the capacity fading due to degradation in Li-ion batteries.

The rate of capacity fade in Li-ion batteries in EVs vary based on the charging

rate, changes in internal cell temperature and external ambient temperature,

and user driving patterns. Since the Li-ion battery is electrochemical, deter-

mining the actual cause of degradation at a particular instant and constraining

the rate is a big challenge. Further, the causes are related to parameters which

are chemical, electrical and mechanical. In this work, the causes of degrada-

tion are studied by analysing the variation of parameters for multiple charge

types and rates at different ambient temperatures. The analysis leads to de-

veloping a new universal charging scheme suitable to fast charge battery at

different ambient temperatures appropriately and constrain battery degrada-

tion.
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Introduction

Lithium-ion batteries have shown promising characteristics to meet the requirements of both

hybrid and battery electric vehicles. Lithium-ion batteries were first commercialised in 1991

by Sony corporation (1). Higher energy density, specific energy and power density of Li-ion

batteries are the major reason for wide usage in EVs. The equivalent weight of the lithium

metal compound (160 g Li/kWh) used in the battery’s negative electrode is low compared to

other chemistries of secondary batteries (2). The size of the positive ion of lithium (0.74A◦)

is also very small, providing ease to diffusion and efficient intercalation and deintercalation of

Li+ ions in electrodes of battery. The lower weight of Li metal leads to a higher energy density

and specific energy, while the size of its ion helps increase the power density of the batteries.

To date, researchers have proposed a variety of Lithium-ion chemistries that have either been

commercialised or still under research (1, 3). The goals of the ongoing research in batteries for

application in EVs are to improve the safety, thermal stability, energy density, rate of charge

acceptance, cycle durability and reduce the manufacturing and environmental cost (4, 5).

Although Li-based chemistry is commercially used in EVs, it has limitations that hinder the

acceptance. The Li compounds and the materials required for manufacturing Li-ion batteries

should have the least impurity. Further, metals like lithium, nickel, cobalt and manganese are

also costly. Hence, the development and manufacturing processes of Li-ion batteries is high (6).

Capacity fade due to ageing and the change in its rate due to variation in ambient temperature

are the major issues related to Li-ion batteries. Calendar and cyclic ageing are the two types

of ageing characterised in batteries. Calendar ageing is linked to the storage conditions of

batteries, state of charge (SoC), and the storage area’s ambient temperature. A higher storage

temperature and SoC instigates the secondary reactions (7). On the other end, cyclic ageing

is characterised by the degradation in the battery due to the charge-discharge cycle. Structural

2



change in electrodes, solid electrolyte layer formation, chemical decomposition, or dissolution

is a few resultants of cyclic ageing (8). Capacity fade of Li-ion batteries is a widely researched

topic in literature (9). The literature highlights that the magnitude and pattern of applied current

density, ambient and internal temperature of battery, packaging and mechanical stress have a

major role in deciding the rate of capacity fade (10). The discharge pattern of the batteries also

impacts the capacity fade, but the pattern in an EV is based on the requirement of current to

drive the motor in the powertrain. Hence, instead of studying capacity fade due to discharge

pattern in an EV, the sizing of entities in a powertrain is widely studied.

The directions of research in capacity fade is diverse. Research in electrodes (material,

structure, chemistry and binders), electrolytes (chemistry and additives), the structure of the

battery, tabs, parameter estimation, electrochemical modelling, mechanical modelling, causes

of capacity fade, electrical modelling and charging techniques are commonly found in the lit-

erature (10, 11). However, they have a common question to answer- how can the battery be

charged at the fastest possible rate with minimum capacity fade? Fast charge and low capacity

fade are opposing goals which is shown in Figure S.7. Figure S.7 shows the increase in the

rate of capacity fade with an increase in the charging rate. An increase in the charging rate

corresponds to a decrease in the time to charge.

Further, the battery is an electrochemical system. Hence it requires more profound insights

into the chemical and mechanical changes occurring inside the battery to claim the causes of ca-

pacity fade. Chemical degradation and mechanical degradation are the two types of degradation

reported in the literature.

The processes of chemical and mechanical degradation and their dependency on the charg-

ing techniques and the ambient temperature have been described in the literature. However,

there is a lack of studies that provide a deeper insight by describing the variation of both types

of parameters of battery with change in charging technique. The parameters widely studied in

3



the literature are inactive material, SEI layer thickness, overpotential, lithiation, porosity, tor-

tuosity, and particle crack length (10, 12–14). The variation of the parameters results in the

change in charging time, capacity, energy and power (13, 15). Moreover, the parameters are

dependant on the ambient temperature of the battery. The studies related to the impact on the

battery parameters with change in the ambient temperature with change in charging types are

also missing in the literature. Hence, via this work, the authors describe the impact of Crate on

the rate of chemical and mechanical degradation, the suitability of charging techniques at dif-

ferent ambient temperatures, and the suitability of the type of charging for high power and low

power application. Further, a new charging technique suitable for all applications and ambient

temperatures is proposed to fast charge with constrained degradation.

Results

The parameters of Li-ion batteries studied in the literature are either electrical or electrochem-

ical, or mechanical in nature. The electrical parameters studied are impedance, SoC, SoH, ca-

pacity (fade, retention, relative, incremental, utilisation), energy efficiency, variations in OCV

voltage, and specific energy are. Electrochemical parameters include side reactions rate, over-

potential, active material volume concentration in electrodes, SEI (thickness, density, film re-

sistance, potential), lithium loss, side reaction exchange current density, electrode potentials,

and polarisation voltage. Porosity, electrode particle cracking, structural disordering, stress and

expansion of cell (width and length) are the mechanical parameters studied in the literature. The

rise in temperature, change in charging time, and rate of capacity fade results from variation in

these parameters.

The CC-CV is the oldest and standard technique described in the literature. Hence, all

the new proposed charging algorithms have compared the variation of parameters listed above

with CC-CV. Moreover, impedance is the most commonly studied parameter in earlier studies

4



because of the possibility to relate with the variation of SoC and battery degradation (14, 16–

19). Table S.3 list the types of parameter studied for different types of charging techniques.

Maximum parameters are studied in CC-CV charging technique being the oldest and a standard

charging technique. In contrast, the least number of parameters are studied in the temperature-

based charging technique (20).

The study of variation in the type of parameters for each charging technique is associated

with the rate of battery degradation. Although the literature has described multiple studies on

each charging technique to prove the suitability of fast charge and reduced battery degradation,

there are lack of studies that associate all the three types of parameters -electrical, chemical, and

mechanical. Further, only a few works describe the effect on the parameters due to an increase

or decrease in the ambient temperature. Hence, the commercially used charging techniques-

CC, CCCV, pulse charging (with negative pulse and without negative pulse) and variable fre-

quency/duty charge pulse will be analysed in detail to understand and associate the change in

the three types of parameter with degradation phenomenon.

In this work, overpotential, the extent of lithiation in electrodes, inactive material volume

fraction, SEI layer thickness in electrodes are studied as chemical parameters. The porosity, tor-

tuosity, and the phenomenon of particle cracking in the electrodes are included in mechanical

parameters, while the resultant parameters such as energy, power and capacity fade as analysed

as electrical properties. Li-ion batteries undergo two reactions during charging and discharging-

primary intercalation reactions and secondary electrochemical reactions (also called as side re-

action). The intercalation reactions are responsible for the charge and discharge of batteries. In

contrast, the side reactions lead to the loss of lithium and materials, which intervenes in inter-

calation reactions called active materials. It also leads to electrolyte oxidation and reduction,

passivation, structural disordering, particle cracking and thickening of the SEI layer. The resul-

tants of side reactions lead to the capacity fade in the battery, which will be described in the
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Figure 1: Variation of parameters of the batteries at different charging techniques and charging

rates : (a) The X-averaged total negative electrode SEI thickness [m] decreases with increase in

Crate as the chemical degradation is dominant at slower Crate; (b) X-averaged negative electrode

particle crack length increases with increase in Crate because of the increased stress in electrode

particles; (c) X-averaged cell temperature [K] is higher for higher Crate due to the increase

in chemical kinetics. The discharge pulses further instigates the phenomenon because of the

change in the direction of motion of ions and masses;(d) Capacity is a function of chemical and

mechanical parameters and internal change in temperature.
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subsequent subsections. SEI layer thickness, particle cracking, change in internal cell temper-

ature are the major parameters impacting the discharge capacity of batteries. Hence, they are

included in the main study while others are described in the supplementary section.

Table 1: Summary of the variation of parameters with increase in the charging rate in different charging techniques.
†, #, ⇓, ⇑, and ∗ resembles decreasing, increasing, decreasing trend, increasing trend and negligible change, respec-

tively.

Sl. No Parameters

CC CCCV Pulse charging without discharge Pulse charging with discharge

Crate
# Crate

# ton
† ton

† ton & to f f
† Crate

# ton
Amplitude of discharge current

Crate
#

0.5 1 2

1

X-averaged negative

electrode inactive

material volume

fraction

⇓ ⇓ ⇓ ⇓ ⇓ ⇓ ⇓ ⇓ ⇑ ⇓ ⇓

2

X-averaged total

negative electrode

SEI thickness [m]

⇓ ⇓ ⇓ ⇓ ⇓ ⇓ ⇓ ⇓ ⇑ ⇓ ⇓

3
X-averaged negative

electrode porosity
⇓ ⇓ ⇓ ⇓ ⇓ ⇓ ⇓ ⇓ ⇑ ⇓ ⇓

4
X-averaged negative

electrode tortuosity
⇑ ⇑ ⇑ ⇑ ⇑ ⇑ ⇑ ⇑ ⇓ ⇑ ⇑

5

X-averaged negative

electrode reaction

overpotential [V]

⇑ ⇑ ⇓ ⇓ ⇓ ⇑ ⇓ ⇑ ⇓ ⇑ ⇑

6

X-averaged negative

electrode extent of

lithiation

⇓ ⇓ ⇓ ⇓∗ ⇓ ⇓ ⇓ ⇓ ⇑ ⇑ ⇓

7
X-averaged cell tem-

perature [K]
⇑ ⇑ ⇑ ∗ ⇓ ⇑

Low

Crate =⇑

and

High

Crate =⇓

⇓

Low

Crate =⇑

and

High

Crate =⇓

⇓ ⇑

8 Capacity fade ⇑ ⇑ ⇓ ⇓∗ ⇓ ⇑ ⇑ ⇓ ⇑ ⇑ ⇑

9

X-averaged negative

electrode particle

crack length

⇑ ⇑ ⇑ ⇑ ⇑ ⇑ ⇑ ⇓ ⇑ ⇑ ⇑

SEI layer thickness

Side reactions in Li-ion batteries occur in three major regions viz. electrode-electrolyte inter-

faces, electrode-collector interface and electrolyte (21). Change in the equilibrium potential

of the reactions during charging and discharging leads to instability in the electrolyte. The in-

stability is accompanied by the start of side reactions within battery (22). The change in the

equilibrium potential depends on the amplitude of the charging current and the types of charg-

ing. Hence, the concentration of the inactive materials and electrode-electrolyte interfaces or
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SEI layer thickness varies for different charging types and rates. Although the SEI layer is a

by-product of side reactions, it is a required protective layer in graphite particles of negative

electrodes in the battery. The lithium potential makes the electrolyte unstable and vulnerable to

the reaction, which leads to the loss of lithium and a reduction in the overall capacity of batter-

ies. Since it is a form of inactive material, the variation of the concentration of inactive material

and the thickness of SEI layer are similar as shown in Fig. S.1 and Fig. 1a. The thickest SEI

layer is formed in CC and CCCV, followed by CT9, which is pulse charging with discharge.

The SEI layer thickness for all charging rates is also highest in CCCV. During CCCV, the time

for the CV phase is higher and increases with an increase in the number of cycles. During CV,

the stress due to electrochemical reactions and temperature is lower than the CC phase, leading

to stable SEI formation (8). Hence, with an increase in the number of cycles, the SEI layer

keeps becoming thicker. Further, the formation of SEI is also higher at lower charging rates for

the same reason as seen in Fig. 1a.

The plot in Fig. 1a shows that pulse charging has the potential to reduce the SEI layer thick-

ness. The SEI layer thickness in charge type 3 to 8, which is pulse charge without discharge,

varies with the change in the ton. The thickness is highest in charge type 3, which has the maxi-

mum ton, while charge type 5 has the lowest because of the least ton. The to f f , too, impacts the

thickness of the SEI layer. With a decrease in the to f f , the SEI layer thickness is reduced. A

reduced ton as well as the to f f help to suppress the thickness of the SEI layer. A larger ton at a

lower Crate act similar to CCCV. Even at a higher Crate, the rest phase of the pulse will help to

stabilise the SEI layer leading to thickening with an increase in the number of cycles. Hence, a

decrease in ton and to f f help reduce the SEI layer’s thickening.

The variation in the change of SEI layer thickness for pulse charging with discharge is shown

in charge type 9 to 15 in Fig. 1a. Majority of the pulse charging with discharge charge type help

in reducing the SEI layer thickness. The SEI layer thickness has a reducing trend for charge
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type 9 to 11, although the variation is not much for charge type 10 and 11. The amplitude of

discharge current, too, had a role in the change in the SEI layer thickness. When the amplitude

of the discharge current is equal to the average current (charge type 9 to 11), with the reduction

in ton, the SEI layer thickness is also reduced.

Further, when the amplitude of the discharge current is equal to half of the average current

(charge type 12 and 13), a higher on-time resulted in less SEI layer thickness. On the contrary,

when the amplitude of discharge current is equal to the twice average current, a higher on-time

resulted in a thicker SEI layer. The change in the polarity of the charge pulses leads to a similar

variation of equilibrium potential. When the amplitude of the current in the discharge pulse

is more than the charge pulse, the equilibrium potential falls below the electrolyte’s stability

limits, accelerating the SEI formation. The rest phase further helps to stabilise the SEI formed,

leading to a thick SEI layer in comparison when the amplitude of the current in the discharge

pulse is less than or equal to the charge pulse. The charge type with amplitude of discharge

current equal to the average current and least ton and rest time have thinnest SEI layer formed

over the negative electrode.

Particle crack length

Particle cracking is a form of mechanical degradation in battery observed in the electrode par-

ticles. The stress in electrode particle are commonly modelled or experimentally reported due

to intercalation/deintercalation reaction and changes in internal cell temperature variations or

ambient temperature variations. The crack in the particles results in exposure to the surface of

active materials leading to side reactions. These side reactions further lead to heat generations,

amplifying the phenomenon of stress and side reactions due to an increase in cell kinetics (23).

Hence, an increase in mechanical degradation increases the chemical degradation and vice-

versa.
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Fig. 1b shows the variation of particle crack length on the application of different types

of charging techniques at different charging rates. The slower charging rates resulted in the

least particle cracking. There is an increase in the particle crack length on going from left

to right. The CC and CCCV resulted in the least crack length, although CCCV has higher

values when compared to CC. Since at higher potential of battery, the stress on the particles of

electrodes is higher, CCCV resulted in higher crack length. In CC, the battery is allowed to

settle with a reducing charge current. Since the battery is not allowed to settle and overpotential

remains higher, the stress due to increased potential of battery and saturation of electrodes is

not experienced. While in the case of CCCV, the battery keeps on charging after switching to

CV. With increase in potential, the stress on particles of electrodes continue to increase. Hence,

the particle crack length is more than CC.

The pulse charging techniques that resulted in a better candidate for fast charge when pre-

vious parameters were considered do not perform well. The reason behind the increase in the

crack is related to the heat generation during the intercalation and deintercalation reaction. The

heat generation adds to the internal battery temperature rise, increased chemical kinetics, and

stress in the electrodes particle. The higher the rise in internal cell temperature (Fig. 1c), the

higher is the particle crack length. Hence, a change in the ambient temperature might result in

an increase or decrease in particle cracking. During pulse charging with discharge, the increase

in the amplitude of the discharge pulse resulted in a further increase in the particle crack length.

Cell temperature

The internal cell temperature is a major factor impacting the capacity fade of batteries. The

temperature brings changes in equilibrium potential of reactions within the battery, the chemical

kinetics which affects the rate of side reactions, SEI layer formation and erosion, the diffusivity

of charge and mass in electrodes, stress in battery, structure disordering or electrodes and overall
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geometry, and safety in the operation of battery (24, 25).

A higher Crate resulted in an increase in the heat generation due to rapid diffusivity of

charges and increased stress in the electrode particles. The conventional CC and CCCV had

control on the rise in the internal cell temperature. However, during pulse charging with dis-

charge, the temperature rose to a very high value. The temperature rise is related to the ease

in the diffusivity of charge in the battery both during intercalation and intercalation. With an

increase in the SEI layer thickness, decrease in porosity and increase in the tortuosity of elec-

trodes, the charge and mass transfer are offered resistance. The increase in the resistance adds

to the heat generation and impacts the stability of electrolyte.

The impact of the increase in internal cell temperature is deteriorating in nature. The in-

crease in the temperature induces stress in the electrode particles and erodes the SEI layer. On

erosion, the surface of active material or electrode particles are unlatched to further side re-

actions. Apart from forming the SEI layer, the side reactions leave behind residual inactive

materials and gases, which are generated due to phase transition from solid to gas or liquid to

gas. An uncontrolled rise in the temperature is imperative to lead to thermal runaway and harm

the safety of the battery being charged pr discharged. Fig. 1c infers that conventional CC and

CCCV and pulse charging without discharge are effective methods to perform fast charge with

a limited rise in internal battery temperature.

Discharge capacity

Discharge capacity is the final parameter of the battery, which determines the performance of the

battery. Discharge capacity depends on various parameters discussed in previous subsections.

The reduction in capacity fade depends on the Crate and the types of charging techniques as

shown in Fig. 1d. The Crate impacts the rate of chemical kinetics, equilibrium potential and

stress due to intercalation reactions. An increase in the mentioned parameters increases the
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overpotential while vice-versa reduce the overpotential. At higher Crates, the overpotential rises

and leads to an increase in the terminal voltage. Since the battery terminal voltage reaches the

cut-off potential much earlier, the electrode is not lithiated fully. The battery does not charge

to the full range of SoC. When CCCV is used to charge, the CV part of charging allows the

battery to be charged in a wider SoC range as the rise in overpotential is countered by a fall in

current. Further, the time to charge also impacts the reduction in discharge capacity. A larger

time period will lead to increased stress on electrode particles due to increased concentration

gradients (26). Increased stress adds to SEI erosion and further side reactions leading to loss of

active particles and Li-ions (27).

In Fig. 1d, it can be seen that CCCV leads to larger capacity loss at slower Crate when

compared to CC, but at a higher Crate, the CC leads to larger capacity loss. A similar pattern is

seen in the case of pulse charging without discharge also. The ton and to f f time also impacts the

reduction in discharge capacity. A decrease in ton and to f f are instrumental in countering the

reduction in discharge capacity. Contemplating, it is observed that higher charging rates are a

possible solution with pulse charging without discharge. However, 2C is found to be an optimal

Crate.

Looking into the pulse charging with discharge, an increased ton leads to a similar pattern

of reduction in discharge capacity. The reduction in ton helps to reduce the rate of reduction of

discharge capacity. The amplitude of discharge pulse during charging too impacted the change

in discharge capacity. When the amplitude of discharge pulse is more than or equal to the

average charging current, the discharge capacity reduces drastically. The drastic reduction can

be related to the change in the equilibrium potential of reactions and the overpotential during

charge, rest and discharge durations. The rise in internal cell temperature due to an increase in

cell kinetics cannot be neglected while selecting an optimal charging technique to fast charge.

The pulse charging with discharge increases the internal cell temperature to a higher value,
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leading to thermal runaway. Considering the reduction in discharge capacity, CT5 is the best

technique to charge the battery at higher Crate.
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Figure 2: Variation of different parameters of the batteries: (a) An appropriate value of ton

and to f f help in reduction in the X-averaged negative electrode SEI thickness [m]; (b) The X-

averaged negative electrode particle crack length is also least when CT5 is used; (c) The varia-

tion of capacity fade is the most at higher Crate, and CT5 is found to be helpful in constraining

the rate of capacity fade.

Comparison of the results with the change in ambient temperature

Various works in literature have reported the impact of ambient temperature in operation and

ageing mechanisms of the battery at different Crate. However, the effect of the charging types is

a not widely discussed topic in the literature, although a few works suggest charging techniques
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for extreme temperature conditions (28). Hence, this work is further extended to analyse the

impact of the charging technique at two extreme temperatures - 318.15 K (45 oC) and 273.5

K (0 oC). The temperature changes the rate of formation of inactive materials, including SEI,

erosion or decomposition of SEI and instability in electrolyte resulting in reduction reactions

with active material. Rise of internal temperature above a certain level (125oC to 180oC) can

lead to thermal runaway, venting, and complete damage of battery (29).

The previous results, which were at 298.15 K (25 oC), are compared with the results ob-

tained at two extreme temperature for selected four types of charging techniques. CT5 and CT8

variants of pulse charge with discharge resulted in the best performing charging types based

on the previous simulations at normal ambient temperature. Hence, to reduce the simulation

time, further simulations are performed on only four types of charging techniques, viz. CC and

CCCV being conventional, and CT5 and CT8 are only simulated at two extreme temperatures.

Fig. 2 and Fig. S.6 shows all the parameters studied to determine the performance of the

battery at different charging rates and temperatures. Three different temperatures are repre-

sented by ”L” (273.5 K (0 oC)), ”N” (298.15 K (25 oC)) and ”H” (318.15 K (45 oC)). The

parameters analysed are those presented in Fig. 1. The difference in the formation of inactive

material for different Crate is the least in the case of CT5. For CC, at lower Crate, the variation

in the formation of inactive material is negligible with a change in the temperature. The change

in overpotential of the battery is also less; thereby, the changes in SEI layer thickness, poros-

ity, and tortuosity also follows a similar pattern. The parameter which shows differences are

the lithiation, particle crack length and capacity. The changes in the lithiation is related to the

rate of diffusivity, which changes with the change in the temperature. At lower temperature,

higher resistance to diffusivity is found in the batteries, resulting in decreased lithiation. With

an increase in the temperature, the Li-ions and mass transfer rate increases with an increase in

chemical kinetics. As the lithiation increases, there is an increase in the stress in the particles of
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the electrode. Hence, as expected, the particle cracking increases with the temperature.

The changes in temperature does not results in a major change in the parameter when CCCV

is used, although there is a rise in the formation of inactive materials, SEI layer thickness,

overpotential, lithiation and tortuosity. Porosity decreases while particle crack length does not

show any major difference with CC. CT5, which is found to be the best charging technique,

shows the least variation in values of parameters at different charging rates. The decrease in

the ton and to f f resulting in the changes as described in previous subsections. The results with

reduced ton and to f f aligns with the finding in (30) where it is shown that a low-frequency

diffusion leads to higher impedance of the battery. The impedance of the battery is due to an

increase in the growth of the SEI layer and the formation of inactive materials. CT8, which

follows the CT5 in performance, has a similar results pattern as found in CC, CCCV and CT5.

Suitability of type of charging for high power or high energy applications

The degradation of Li-ion batteries in EVs also depends on the application. The EVs in transport

sector ranges from small two-wheeler to large bus application. The fast EV racing cars are not

far behind in tracks. The variation in the requirements of torque and speed of EV motor changes

the discharge pattern of batteries. Hence, the rate of degradation also varies for the same battery

used in a different application. In this work, an analysis to determine the performance of battery

for the higher energy or higher power applications is also done. Fig. 3 shows the plot of terminal

power vs energy plots for different charging techniques and Crate.

Fig. 3a shows the plot for lower ambient temperature. CT5 performs the best up to 2Crate

for all the temperature conditions under study. The CCCV becomes a competitor at normal tem-

perature conditions, but CT5 still outpaces. Further, CCCV is performs worst at low and high

ambient temperature regions. The results clearly depict the requirements of different charging

pattern for different types of vehicles. Fig. 3b is the plot for normal ambient temperature range.
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Figure 3: Variation of terminal power and energy of the battery for different charging tech-

niques and charging rate at different temperatures (a) Energy vs power plot at very low ambient

temperature; (b)Energy vs power plot at normal ambient temperature; (c)Energy vs power plot

at high ambient temperature

CT5 and CCCV are close competitors while CT8 and CC are far behind and not suitable for

use. From Fig. 3c, which is the plot for higher ambient temperature range, CT5 resulted in the

best charging technique. The higher charging rate still remains a challenge for all the ambient

temperature conditions. The solution to the problem is discussed in the next section.

Discussion and outlook

The benefits of Li-ion batteries and their wide application in EVs have developed research

interest to meet the challenges. All the challenges in EVs converge to one- battery degradation

(4,8). The rate of battery degradation changes with the change in utilisation of EV battery. The

utilisation depends on the EV driver behaviour, temperature of the environments and type of

utilisation of EVs (high energy or high power applications). Higher energy and power density

requirements result in a series-parallel connection of cells, which adds to the challenges of

making the pack safe, durable, and lower cost. The battery degradation is triggered by the

change in the equilibrium potential of the reactions in the battery. The thermodynamic force

to drive the reactions in the battery is associated with equilibrium potential. Hence, changes in
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the internal battery or external ambient temperature lead to a variety of chemical and structural

alternations (31).

An increase in the temperature leads to heighten kinetics of both intercalation-deintercalation

and side reactions. The inactive material formed during elevated temperature has a different

morphology in comparison with normal temperature. Most importantly, the SEI layer compo-

sition changes. Studies are performed using differential scanning calorimetry and accelerated

rate calorimetry to determine the cell or electrode behaviour (32, 33). These studies disclosed

the phenomenon of self-heating due to exothermic side reactions. The selection of electrolyte

salt has a significant role in the temperature rise. The elevated temperature further erodes the

existing SEI layer over the active material. The eroded SEI either dissolve or re-precipitate,

leading to the restructuring of damaged SEI and more side reactions. More stable SEI and in-

organic products are formed, such as lithium fluoride and lithium carbonate (34). Further, these

stable products are less penetrable for Li-ions, thereby decreasing SEI’s overall diffusivity and

ionic conductivity.

At low temperatures, the degradation of the battery is not dominated due to changes in

the SEI formation instead by the phenomenon of lithium plating and dendrite formation (13,

35). This study does not consider these two phenomena. Hence the related results are not

presented. However, the literature states that, at low temperature, the equilibrium potential of

intercalation reactions drops close to the lithium metal potential (36). Further, the viscosity

changes in the electrolytes are observed, leading to a decrease in the diffusivity of li-ion into

electrolytes and electrodes. Li-metal reactions in the electrolyte lead to side reactions, which

accelerated the ageing process and increased capacity loss. The saturation of electrodes due

to slow diffusion and Li’s settlement around electrodes adds to the increase in local potential.

Hence, the possibility of Li metal plating or dendrite formation increases.

The discussions in this subsection help gain insights into different types of charging tech-
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niques discussed in this work. The conventional techniques viz CC and CCCV have shown

increased chemical degradation during lower Crate and increased mechanical degradation dur-

ing higher Crate. The inactive materials and SEI layer formed at all the Crate is higher when

compared to pulse charging without discharge, as seen in Fig. S.6a and Fig. 2a. Similarly, the

particle cracking length is also higher. The CT5 has shown the best results in terms of all the

parameters analysed in Fig. 2. Even when the ambient temperature is taken into consideration,

the performance does not deteriorate. Hence, pulse charging technique without discharge pulse

with a reduced ton and ton can be a suitable option to go for fast charging and constrain the

battery degradation. The value of ton and to f f is an optimization problem given in (37).

Although the CT5 results are optimal for all temperature conditions analysed in this work,

the design of new charging techniques will be indispensable at extreme temperatures such as

-20 oC and 80 oC. Further, each charging technique has advantages and disadvantages that can

be utilised to charge in extreme environmental conditions. The amalgamation of the charging

techniques directs us towards the developing a new rule-based charging strategy for Li-ion

batteries. Further, for high energy and high power applications as well, the rules can be framed

by selecting the suitability of charging type from Fig. 3, monitoring the rise in internal battery

temperature, and appropriately varying the Crate.

The rule-based charging strategy should incorporate the battery electrochemistry, present

battery health parameters, environmental conditions, user requirements and grid conditions.

Hence, a new rule-based charging strategy is proposed to fast charge with reduced battery degra-

dation in this work. Different types of electrochemistry of Li-ion battery are commercially

available such as Lithium Cobalt Oxide (LCO), Lithium Manganese Oxide (LMO), Lithium

Iron Phosphate (LFP), and Lithium Titanate (LTO). The battery electrochemistry is to be con-

sidered because of the variation in ability to fast charge, performance, lifespan, specific power,

and energy. The present battery health conditions will help to determine the ageing of the bat-
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tery. Capacity estimated by the BMS or any types of the model or the previous battery charge

and discharge profile data will help determine the battery’s ageing. The environmental condi-

tion includes the temperature of the region. User requirements can be a fast, medium and slow

charge. The grid conditions should also be incorporated to avoid the impact of uncoordinated

charging, which leads to voltage imbalance and instability (38–40). The electric grid can be at

peak load, off-peak load or normal condition.

Assume an EV arrives at a charging station with LTO battery electrochemistry. The battery

is new and can charge to full capacity as communicated by the BMS. The temperature of the

region of the charging station is below normal (-10 oC). The user opts to fast charge, and the

grid is at peak load condition. For the given scenario, if a fast charge is performed, the grid

will be overburdened. Hence, the user will be given an option to go with a slow or medium

charge rate. If the user wants to continue the fast charge, the service will not be denied, and

fast charging will be selected. The only condition to be evaluated is the ambient temperature.

Since the temperature is very low, the battery is under stress, and the internal resistance is high.

The rise of the internal resistance is due to the low ionic and mass diffusivity. Suppose the

battery’s internal temperature is increased, the viscosity of the electrolyte and the overall rate

of diffusion can be brought to normal. The analysis in the previous subsection has shown that

pulse charging with discharge can help in increasing battery’s internal temperature. Hence,

the battery undergoes a pulse charging with discharge for a period of time until the battery’s

internal temperature becomes normal. Later, with controlled battery temperature monitoring,

fast charging can be performed using a charging pattern, leading to the least battery degradation.

For instance, in this work, CT5 is found to be the best performer. Similarly, for LTO battery, an

optimal charging pattern can be proposed.

The advantages of the rule-based charging system lie in the ease of implementation. The

charging station developer can predefine a set of rules based on the changes in the climatic
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condition, nature of the user and their requirements of fast charge, condition of the electric grid

over a period of time. The charger should be designed to meet the requirements of different

charging strategies. A set of rules can be framed and fed to the controller of the charger. Every

time a user connects for the charge, as per requirements, the rule will ensure the best services for

both EV user and the electric grid. The assurance of the least battery degradation will advantage

the EV user, and the electric grid will have the least impact of uncoordinated fast charge.

The disadvantages of such rule-based charging are data requirements related to battery pa-

rameters that need to be considered to fast charge with reduced battery degradation. Further,

robust communication needs to be established with the grid for real-time monitoring of loading.

The charger should also be capable of communicating with EV battery BMS. A computational

signal processing board or connected infrastructure is also required to monitor and control the

charging of EV batteries. These requirements make the charging systems costly, but an increase

in cost will be compensated by avoiding ageing of battery and losses of power system operators

due to uncoordinated charging. The benefits of Li-ion batteries and their wide application in

EVs have developed research interest to meet the challenges. All the challenges in EVs con-

verge to one- battery degradation Table 2 shows a rule base developed considering all the five

parameters.
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Figure 4: Proposed charging technique: (a) The charging pattern that is suitable for charging at normal or high

ambient temperature. The increase and decrease in cell temperature is countered by reducing and increasing the

amplitude of positive pulse current. (b) The pattern of pulse in which T , ton and to f f are required to be computed

to constrain battery degradation. (c) The charging pattern that is suitable for charging at extreme low temperatures.

The discharge pulse of more than average charging current help to increase internal cell temperature. The increase

and decrease in this case is controlled by shifting from pulse charging with discharge to without discharge and

increasing or decreasing the amplitude of charge current.
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Table 2: Example rule set for charging: The set of rules are designed based on the results obtained for the selected

battery in this work. The user selection is not demonstrated in the process when the grid is in peak load hours.

Further, frequency, duty cycle of the pulses and amplitude of charge and discharge pulse should be either computed

online by preset optimisation algorithms or set as a predefined value determined based on experiments/simulations

for any charge technique (CT5, CT9 or any pulse charging with discharge) defined in the table.

Sl.No

Present

battery

health

Environmental

condition

User re-

quirement
Charge technique

1 New Low Fast

Start charging by a high charge current pulse or pulse charging with discharge (similar

to CT9*). With an increase in the internal cell temperature, charge technique similar to

CT5* can be used to fully charge.

2 New Normal Fast Start charging with charging technique similar to CT5*.

3 New High Fast

Start charging by a technique similar to CT5* and monitor the internal temperature. With

the rise in the internal cell temperature, the Crate should be reduced to constrain the rise.

On stabilising the rise in internal cell temperature, Crate can be increased again.

4 Half-life Low Fast

Start charging by using a technique similar to CT9*, with amplitude of discharge pulse

lower than the average charge current. Monitor the rise in internal cell temperature. With

the rise in internal cell temperature, shift charging to CT5. The internal cell temperature

should be monitored to reduce Crate on a rapid rise.

5 Half-life Normal Fast

Start charging using a technique similar to CT5 while monitoring the internal cell temper-

ature. An increase in internal cell temperature near stability limits should be constrained

by reducing Crate.

6 Half-life High Fast

Start charging using a technique similar to CT5 and monitor the rise in internal tempera-

ture. Constrain the rise in internal cell temperature by reducing the Crate. On decreased

and stabilising the internal cell temperature, Crate can be increased.

7 Degraded Low Fast

Start charging by deploying pulse charging with the discharge with amplitude of discharge

pulse higher than the average charge current. The rise in internal cell temperature should

be monitored. The charging should shift to a technique similar to CT5 on rise in temper-

ature. The internal cell temperature should be monitored and a reduction in Crate should

be used to constrain the rise.

8 Degraded Normal Fast

The charging should be performed using a technique similar to CT5 and internal cell tem-

perature should be monitored. Crate should be decreased to constrain the rise in internal

cell temperature after a certain safe value.

9 Degraded High Fast

The charging should start by a technique similar to CT5 and internal cell temperature

should be monitored. With an increase in the internal cell temperature above a certain

safe value, the Crate should be reduced. The Crate can be increased again once the cell

reaches the level of normal internal cell temperature.

10 New Low Slow

Start charging using a technique similar to pulse charging with the discharge with ampli-

tude of pulse discharge greater than the average charge current. The rise in temperature

should be monitored and with an increase, shift to a technique similar to CT5. The Crate

should be decreased if the rise in internal cell temperature is observed around stability

limits.

11 New Normal Slow

A technique similar to CT5 should be used to charge and regular monitoring of rise in in-

ternal cell temperature should be done. The rise in internal cell temperature near stability

limits should be constrained by decreasing Crate.

12 New High Slow
Start charging using a technique similar to CT5 and monitor the rise in internal cell tem-

perature. Reduce Crate to control the rise in internal cell temperature.

13 Half-life Low Slow

The charging should start using a pulse charging with the discharge with amplitude of

pulse discharge greater than the average charge current. The rise in internal cell tempera-

ture should lead to shifting to CT5 or CT8. Reduce Crate to control the rise in internal cell

temperature.

14 Half-life Normal Slow

The charging should be done using a technique similar to CT5. The internal cell tempera-

ture should be monitored and Crate should be changed to constrain the rise in internal cell

temperature.

15 Half-life High Slow
Start charging using a technique similar to CT5 and monitor internal cell temperature.

Modify the Crate to control the rise in internal cell temperature.

16 Degraded Low Slow

Start charging using pulse charging with the discharge with amplitude of discharge pulse

higher than the average charge current. Monitor the rise in internal cell temperature, and

shift charging to CT5 once temperature rises. The internal cell temperature should be

monitored to modify the Crate on rise around safety limits.

17 Degraded Normal Slow

A A charging technique similar to CT5 should be performed with monitoring of inter-

nal cell temperature. The Crate should be modified to constrain the rise in internal cell

temperature above safety limits.

18 Degraded High Slow

Start charging similar to CT5 and monitor the rise in internal cell temperature. With an

increase in the internal cell temperature around safety limits, the Crate should be reduced

and on reaching normal internal cell temperature, Crate can be ageing increased.
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