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ABSTRACT: The fast charging of lithium-ion batteries (LIBs) is crucial for electric vehicle
applications yet poses thermal safety challenges. This research delves into the effects of current
switching frequency (CSF) within multistage constant current charging (MSCC) protocols on LIBs c=
thermal performance. By integrating electrochemical-thermal model simulations with experimental - | -
validation, we reveal that increasing CSF enhances heat dissipation, leading to lower battery ==

temperatures postcharging. Notably, considering the design cost, an 8SCC protocol emerges as the

Model
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putd
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most effective, reducing surface temperatures by approximately 1.5 °C compared to a 2SCC
protocol, without compromising charging efficiency. This study provides insights into optimizing MSCC protocols for LIBs,
balancing fast charging with thermal stability, which is pivotal for the advancement of high-performance energy storage systems.

1. INTRODUCTION

The rapid development of electric vehicles with high energy
efficiency and low exhaust emission demands future advanced
lithium-ion batteries (LIBs) with high power and energy
density and fast-charging capability. ~* However, thermal
safety limits the development of LIBs.”~® Numerous
researchers have suggested various alternatives, such as
changing the battery electrode structure, altering the battery
pack’s construction, and improving the heat dissipation
mechanism, to increase the thermal safety of LIBs.”~"* All of
these options, however, raise the price of producing LIBs
during the manufacturing process. LIBs’ thermal safety can be
enhanced with low production costs with properly planned
charging processes.”””'! Traditional charging protocols
advocate applying small currents to the LIBs charging process
because large charging currents will increase the battery’s heat
generation rate. Once the battery temperature exceeds the
critical value, the heat control of the battery will fail and the
battery may catch fire and explode.'*™'® Therefore, designing
and developing new fast-charging protocols that can reduce the
heat generation of batteries and improve the performance of
batteries are crucial to the development of high energy density
and fast-charging LIBs.

As a new fast charging protocol, multistage constant current
(MSCC) charging is often employed to reduce the charge time
and extend the cycle life of LIBs.'”'® MSCC charging
protocols can reduce the heat generation rate of batteries
and enhance the charging performance."” Multiple currents
that are continuously switched during the charging process
consist of the MSCC charging protocol. In addition, the pulse
current charging strategy can also improve the charging
performance of a lithium-ion battery. Among them, the pulse
constant current charging mode (PCCC), by a positive pulsed
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current (PPC) followed by a constant current (CC),
alternately, can make the battery capacity utilization rate of
80%—95%.”"*" Inspired by this, this research examines the
effect of current switching frequency (CSF) on the thermal
behavior of batteries during MSCC charging.

The thermal performance of LIBs has been the subject of
numerous experimental studies.”” >* Currently, the exper-
imental methods adopted to investigate the thermal perform-
ance of LIBs are primarily macroscopic in nature. Compared to
experimental methods, simulation techniques can efficiently
lower the cost by visualizing the processes of ion transport,
heat generation, and heat transfer within the LIBs.>*™* Studies
on how fast charging processes affect lithium-ion battery
thermal behavior are primarily based on empirical techniques
and empirical models, e.g, equivalent circuit models.”**’
These research techniques fall short of accurately capturing the
dynamic behavior of LIBs during the charging process. The
pseudo-two-dimensional (P2D) electrochemical model pro-
posed by Newman et al.>' ~** was employed to investigate the
dynamic characteristics of LIBs.”' " Bae et al. used the
electrochemical model to examine the impact of three
independent parameters, including the diffusion coeflicient of
lithium ions, the lithiation rate constant on the surface of the
active material, and the particle radius of the active material, on
the performance of the batteries.”> An et al. discovered that the
average heat generation rate is relatively unaffected by
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Figure 1. (a) Diagram of pouch battery. (b) Electrochemical model diagram. (c) Three-dimensional thermal model schematic. (d) Flowchart of

simulation research.

temperature after simulating the thermal behavior and dynamic
evolution of electrochemical processes in a battery using an
electrochemical model.** However, few studies have utilized
the electrochemical model to illustrate the influence of the fast-
charging protocols on the electrochemical-thermal behavior of
batteries.

In this article, a three-dimensional (3D) heat transfer model
coupled with a P2D electrochemical model is established to
describe the heat generation and transfer processes in the LIBs
constructed by LiCoO,/graphite. We apply different current
combinations to the P2D model and calculate the heat
generation of LIBs during the charging process. We apply the
heat generation calculated by the electrochemical model as a
heat source to the three-dimensional thermal model and
calculate the temperature of the battery during the charging
process. In the fast-charging process, we adopt the charging
currents of 1 and 3 C. Combined the designed MSCC charging
protocols with different CSFs, we explored the influence of
CSF on the battery temperature. The theoretical model is
verified by using a commercial LiCoO,/graphite battery with a
3:7 volume ratio of ethylene carbonate (EC):methyl ethyl
carbonate (EMC) electrolyte. Additionally, under various
charging protocols, the reversible, joule, and polarization
heats in the battery’s positive, separator, and negative
electrodes are studied. By utilizing multistage constant current
charging strategy, the impact of various ambient temperatures
on the thermal behavior of the battery is also elucidated.

2. MODEL AND METHODS

2.1. Electrochemical Model. Figure la shows the
schematic diagram of a lithium-ion battery, including negative
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collector, negative electrode, separator, positive electrode, and
positive collector. The numerical simulation for the charging
process of a battery, as reported by Newman and Doyle,”' ~ is
based on a P2D model as shown in Figure 1b. The P2D model
is used to describe the process of ion migration, ion diffusion,
and interface reaction in lithium-ion batteries during charging.
Therefore, the concentration of lithium ion in the solid and
liquid phase is a function of charging time. The control
equation in the P2D model is mainly solved by five variables:
lithium-ion concentration of the active material particle c,,
lithium-ion concentration of the electrolyte c,, solid potential
@, electrolyte potential @, and local current density j,.

At the electrode, the governing equation for lithium-ion
concentration of the active material particle is

o, Df &) 5 0c,
Bt R B Pt
ot > or\ or (1)
where 7 is the coordinate along the particle radius direction
and D is the effective diffusion coefficient of lithium ions in
the active material.

The boundary conditions of the active material particle are

de,

s =0

ar r=0 (2)
oc, _ J,

or =, a,F 3)

where r, is the radius of active particles, a, is the specific

surface area of active particles, and F is the Faraday constant.
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The governing equation for lithium-ion concentration of the
electrolyte is
ace eff azCe 1 - t—?— .
g— = — + —
‘ot ° o F & ©

where g, is the volume fraction of the liquid phase, c, is the
concentration of lithium ions in the liquid phase, D is the
effective diffusion coefficient in the electrolyte, and £} is the
transport number.

The boundary condition at the collector is

de de

_e = _° =0

ox -0 ox L

L = Ly + Ly + Ly, )

The potential of the solid phase is expressed as

2
O_eff d ¢s =]

ox* v (6)

where 6 is effective conductivity of the electrode active

material, @, is the potential in the solid phase, and x is the
coordinate along the battery thickness.
The governing equation for the potential of electrolyte is

62 eff alnf a1
ke“%’jejtik 2RTN =l 4 =0
ox 0x F dln¢ ox v
(7)

where k*f effective conductivity of the liquid phase, ®, is the
potential of the liquid phase, R is the ideal gas constants, and f,
is the mean molar activity coefficient.

No liquid phase current is considered to pass at the
boundary of the battery.

| _ %

Ox Ox
x=0

e

=0
x=L (8)
During the work process of the lithium-ion battery, the

interface reaction occurring on in negative electrode and
positive electrode can be described by

charge

negative electrode: 6C + xLi" + xe” === Li C

discharge

charge _
positive electrode: LiCoO, === Li;_,Co0, + «Li" + xe
discharge

©)

The Butler—Volmer equation for interface reaction is
described as

. ) a,Fn a.Fn
o= aafenl ) ool -5

where g is the specific surface area of the active particles, i is
the exchange current density, 7 is the overpotential, and a, and
a. are charge transfer coeflicients for oxidation and reduction,
respectively, assumed to be equal to 0.5.

The exchange current density is calculated by lithium
concentration in solid and liquid phases:

C
iO = Fk(cs,max - Cs)mﬂ (Cs)(lC —
Ce,ref (11)

where k is the reaction rate, ¢, is the maximum
concentration of lithium in the solid phase, and c,, is the
reference concentration in the liquid phase.

The overpotential can be calculated as follows:

n=¢ - & - Eq (12)

where E,, is the equilibrium potential.

Gu and Wang’s formulas are used to simulate the heating in
accordance with the Rao and Newman'’s local heating model.””
The heat produced by two electrodes and separators is
included in the battery unit’s total heat generation. The heat
produced by the collector can be disregarded because of the
material’s high conductivity. According to the heating method
used during charging and discharging, the battery is separated
into three heat sources: reaction heat Q,.,, active polarization
heat Q,,,, and ohmic heat Q.- The total heat generation Qe
can therefore be described as

Q—total = Q—rea + Q—pol + Qohm (13)

The reaction heat is mainly caused by reversible electro-
chemical reactions, so only the reversible heat generated by the
positive and negative electrodes is considered and calculated
according to the following formula:

OE,

Qrea Jy oT (14)
The heat of polarization is mainly due to the polarization at the
electrochemical interface, and therefore the heat generation in
this part of the separator is not considered and can be
calculated from the following equation:

onl = ]Vl’] (15)

Ohmic heat is mainly due to the resistance of the active
material, the ion migration resistance, and the diffusion
resistance in the electrolyte phase, calculated as follows:

eff(%)z + keff(%)z + 2kSRT(1 — 1))

= 0o..
Lotn = % Ox Ox F
< |1+ 61nfi dlnce%
dlnc, ) ox ox (16)

2.2. Three-Dimensional Thermal Model. In order to
describe the heat transfer inside the lithium-ion battery and the
heat exchange with the outside, a three-dimensional thermal
model has been constructed, as shown in Figure lc. In the
thermal model, the physical properties of the battery are
considered to be isotropic, so that the heat conservation
equation can be described as

T
pg%wngT+v@%ym=le -
where p is the battery density, C, is the constant pressure heat
capacity, u is the heat flow rate, and ky, is the thermal
conductivity of the battery.

The boundary conditions of the thermal model are set to
heat exchange with the environment.

—n(—kpVT) = W(T, — T) (18)
The parameters in the model include constant parameters and

temperature/concentration related parameters, which are
derived from the literature and estimated.”***" All

https://doi.org/10.1021/acs.iecr.4c00971
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Table 1. 32 min/0—80% SOC Fast Charging Current Protocols

charging SOC 0% to SOC 10% to SOC 20% to SOC 30% to SOC 40% to SOC 50% to SOC 60% to SOC 70% to
protocol 10% 20% 30% 40% 50% 60% 70% 80%
two-stage CC 1C 1C 1C 1C 3C 3C 3C 3C
four-stage CC 1C 1C 3C 3C 1C 1C 3C 3C
eight-stage CC 1C 3C 1C 3C 1C 3C 1C 3C
sixteen-stage 1C 3C 1C 3C 1C 3C 1C 3C 1C 3C 1C 3C 1C 3C 1C 3C
CcC
Wire
(b) 44
Experiment
| —40 O  Simulation
Z
4.0
(0 =
|| o [|m .
2
2
. = 3.6
Voltage and current data ﬂ
collecting computer and —
software - 34
go“"\t Thermostats 2T
0 0 0O G e . . . . .
0.0 0.5 1.0 1.5 20 25

Temperature data collector

Capacity (Ah)

Figure 2. (a) Diagrammatic sketch of the experimental system. (b) Simulation and experiment capacity—voltage curves during charging at a 3C

rate.

parameters used in the model are summarized in the
Supporting Information.

2.3. Setting of MSCC Charging Protocol. We investigate
the effect of the CSF on the thermal behavior of the battery
with MSCC charging protocol using the electrochemical and
thermal models described above and the coupled model built
with the commercial software COMSOL Multiphysics. We set
up four charging protocols with the same characteristics in
order to guarantee the same charging time for various charging
procedures: the battery charges to 80% of its rated capacity
(80% SOC) in 32 min. Table 1 lists the four charging
protocols used in this study. In this table, the 16SCC charging
protocol is defined as a multistage constant current charging
protocol with 1C and 3C in turn, and the constant current
charging depth of each charging stage is 5% SOC. A preferable
charging protocol is thought to be the one that results in the
battery with a lower temperature rise after charging. The entire
simulation study is shown in Figure 1d.

2.4. Experimental Equipment and Operation. Com-
mercial LiCoQ,/graphite batteries are applied for experimental
testing. The experimental devices are listed in Figure 2a. The
test system consists of five parts: a computer with special
control software, the Neware battery test system, a constant
temperature test chamber (BTT-150D, Guangdong Bell Test
Equipment Co., Ltd.), a commercial LiCoO, battery with five
thermocouples, and a temperature data collection unit. The
Neware battery test system (maximum operating current: 20
A; maximum operating voltage: 20 V) charges the battery and
records the current and voltage data, controlled by special
software on the computer. The constant temperature test
chamber (temperature control range: —40 to 150 °C; humidity
control range: 10% RH to 98% RH) provides a constant
ambient temperature and humidity for the test sample. Five
thermocouples are placed evenly on the surface of the battery
to measure the temperature of the surface. The temperature

10057

data of the thermocouples are recorded by the temperature
data acquisition unit (temperature range: —200 to 1600 °C;
temperature accuracy: 0.01 °C; thermal response time: 1 s)
and recorded on the computer.

As it is not easy to accurately measure the SOC of the
battery in real time on the experimental equipment, we use
different charging currents for different time periods to
implement our proposed charging protocol. 2SCC charging
protocol: 1C charging current applied for 24 min, 3C charging
current applied for 8 min; 4SCC charging protocol: 1C
charging current applied for 12 min, 3C charging current
applied for 4 min, then repeated once; 8SCC charging
protocol: 1C rate charging current applied for 6 min, 3C
charging current applied for 2 min, then repeated 3 times.
During charging, the thermocouple records five temperatures
on the surface of the battery, which are averaged to obtain the
average temperature on the surface of the battery and
compared to the simulated data. Because of the higher
experimental design costs associated with 16SCC, the
experimental section only focuses on the first three charging
protocols. Subsequent simulations were conducted for the
16SCC protocol to investigate whether adopting an excessively
high switching frequency is necessary.

3. RESULTS AND DISCUSSION

3.1. Model Validation. The validity of the numerical
model is verified by comparing it to experimental data. Figure
2b illustrates the voltage versus charge capacity of the battery
at a 3C charge rate. The charging curve demonstrates that the
maximum relative error is about 2% between the simulated
results and experimental data. In addition, the charging results
show a rapid increase in the voltage of the battery at the
beginning of the charge, which is due to polarization caused by
the charging current applied to the battery. The simulated
battery voltage is slightly lower than the experimental battery

https://doi.org/10.1021/acs.iecr.4c00971
Ind. Eng. Chem. Res. 2024, 63, 10054—10066
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Figure 3. (a) Simulated and (b) experimental charging voltage curves with different charging protocols. (c) Simulated and (d) experimental battery

temperature curves with different charging protocols.

voltage, which can be attributed to battery polarization. The
polarization of the battery includes ohmic polarization caused
by the electrode material, electrolyte, separator resistance, and
contact resistance of the parts, electrochemical polarization due
to the rate of electrochemical reaction on the positive and
negative electrodes being less than the speed of electron
movement, and concentration polarization due to the diffusion
of the lithium ions involved in the reaction in the solid phase
being less than the rate of electrochemical reaction. The
separator resistance and the contact resistance of the parts are
neglected in the present model, which leads to the simulated
battery voltage being slightly lower than the experimental value
at the beginning of charging. The effect of polarization on the
battery voltage becomes less and less as charging proceeds, and
the experimental and simulated battery voltages are close.

3.2, Effect of CSF on Battery Temperature. Figures 3a
and 3b show the voltage changes of the battery during charging
at 298 K for simulated and experimental batteries by using
different charging protocols. As charging proceeds the battery
voltage rises, and when the battery charging current is switched
to high current the battery voltage shows a rapid rise; this is
because the high current causes an increase in the polarization.
Conversely, when the battery charge current is switched to a
low current, the battery voltage decreases. The experimental
and simulated charging curves show the same trend, which
further validates our model.

Figure 3c shows the simulated temperature of the battery
surface during charging, where the ambient temperature is 298
K. At the start of charging, there is a drop-in battery
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temperature for all three charging protocols due to the fact
that the battery is in a state of heat absorption at the start of
charging. Apart from the initial drop, the temperature of the
battery using the 2SCC charging protocol stays continuously
rising, with a sharp increase when the current switches from 1C
to 3C. This is caused by the high heat generation of the battery
using the high charging current. Once the current reaches 3C,
the rate of increase in battery temperature decreases. This is
because the rise in the battery temperature will result in an
increase in heat exchange between the battery and the external
environment, as shown in eq 18. For a lithium-ion battery with
4SCC charging protocol, the surface temperature rises rapidly
to a peak after the initial drop; then the charging current drops
and so does the battery temperature, before the battery
temperature finally rises to a maximum. The final temperature
of the battery with 4SCC charging protocol is lower than the
temperature of the battery with 2SCC charging protocol. The
surface temperature of the battery with the 8SCC charging
protocol also varies with the charging current: as the charging
current increases, the battery temperature increases; as the
charging current decreases, the battery temperature decreases.
The final temperatures of the batteries with the three charging
protocols from highest to lowest are the batteries with a 2SCC
charging protocol, 4SCC, and 8SCC. This suggests that
increasing the CSF can be effective in reducing the
temperature rise of the battery. Figure 3d shows the
experimental results, which have the same results as the
simulation.

https://doi.org/10.1021/acs.iecr.4c00971
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In the design of the multistage constant current charging
protocol, 1C and 3C currents are selected for investigation.
Based on this, the final temperature increase of the battery
under different current switching frequencies is compared. As
illustrated in Figure 3, the accuracy of the simulation is
validated. Here, we simulate the voltage change and temper-
ature rise of the battery charged with only 1C and 3C,
respectively, as the original comparison sample. According to
Figure 4a, it is evident that the battery charged with 3C current
has reached 80% SOC at 1000 s and can be charged rapidly.
However, the temperature of the battery rises rapidly, reaching
a final temperature of 30 °C, as demonstrated in Figure 4b.
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When charging with 3C current, there is no significant
temperature drop at the beginning, which may be because 3C
charging is faster, and the heat absorption stage is shorter.
Concurrently, Figure 4 also reflects that the temperature rise of
the battery charged only at 1C is slow and the final
temperature is also lower, but its charging process is very
slow. Meanwhile, the simulation results of the 8SCC charging
protocol with the lowest temperature increase are added for
comparison. It can be seen that the charging efficiency and
charging temperature increase of 8SCC are between the two
single-stage constant-current charging protocols. Therefore,
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Figure 6. (a) Anode electrolyte concentration under four charging protocols. (b) Anode solid-phase lithium ions concentration distribution at 185,

4585, 965, and 1900 s.

the single-stage constant-current charging mode is not
recommended.

Because of the high design cost of 16SCC, the effect of
16SCC on the cell temperature rise is not studied in the
experimental design. By comparison with the experimental
results, the validity of the simulation outcomes has been
demonstrated. Therefore, subsequent simulations will continue
to utilize the constructed model and incorporate the 16SCC
charging protocol. We investigate the heat generation rates of
the negative electrode, positive electrode, and separator of the
battery under four charging protocols to explore the impact of
the CSF of multistage constant current on battery temperature.
Figure S shows the heat of reaction, reversible heat, and joule
heat of the negative electrode of the battery during charging.

The reaction heat generation rate for the negative electrode
(Quegrea) nearly reached 60 kW m™ at the end of the charging
process as shown in Figure Sa. At the initial period, Quegres s
negative, which means that the reaction at the negative
electrode is heat absorbing at this stage. This is because the
temperature equilibrium potential of graphite is positive when
its SOC is small, while the local current density in the negative
electrode behaves negatively during the charging process, and
the heat generation rate of the reaction heat in the negative
electrode is calculated to be negative according to eq 14. As the
charging proceeds, the thermal behavior on the negative
electrode changes from heat absorption to heat release. In the
initial stage, the heat generation of the battery is the same for
all four charging protocols used. Qpeg e, rises when the charging
current is switched to a high current. However, Qyegreq did not
increase to three times the original one when the charging
current was changed from 1C to 3C because it is related to
both the temperature equilibrium potential of the electrode
material and the charging current.

Figure Sb demonstrates the polarization heat of the negative
electrode (Quegpol): Quegpol increases rapidly when the charging
current is switched from 1C to 3C. At the end of charging,
Quegpot reaches 120 kW m™ for all four charging protocols.
Figure Sc shows the ohmic heat of the negative electrode
(Qnegohm) for the three charging protocols. At the same
charging current, Qpegonm iS close at different stages. At a 1C
charging current, Qg ohm is approximately 4 kW m~>. At a 3C
charging current, Quegonm is close to 34 kW m~>. Figure 5d
shows the total heat generation of the negative electrode
(Qnegtotal). The results show that the negative electrode exhibits
heat absorption at the beginning of charging under all four
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charging protocols, which is because the reversible heat on the
graphite negative electrode exhibits heat absorption at the
beginning of charging and the heat generation on the negative
electrode exhibits exothermic heat after a brief performance of
heat absorption. In addition, it can be found that the
polarization heat occupies the dominant position for the
negative electrode heat generation, and the polarized heat
generation rate accounts for nearly 2/3 of the total heat
generation rate.

In addition, we investigated the changes in the electrolyte
concentration at the anode of the battery under four charging
protocols, as shown in Figure 6a. From the graph, it can be
observed that when the charging current increases to 3C, a
significant concentration gradient occurs, which can accelerate
ion diffusion and enhance reaction rates. The lowest
concentration during the 16SCC charging process occurs in
the fourth stage of the 3C current, but it still remains higher
than the lowest concentrations observed in the 4SCC and
8SCC scenarios. Notably, the concentration gradients obtained
during the four 3C charging stages of 8SCC are higher than
those in other protocols during the same time intervals.
Meanwhile, we studied the distribution of solid-phase lithium
ions concentration in the negative electrode at 185, 455, 965,
and 1900 s under the four charging protocols, as shown in
Figure 6b. As the charging progresses, the concentration of
solid-phase lithium ions in the negative electrode steadily
increases. At 185 s, the 16SCC switches the charging current to
3C, resulting in a higher solid-phase lithium ion concentration
in the negative electrode compared to batteries using 2SCC to
8SCC. At 455 s, both the 16SCC and 8SCC batteries switch
their charging current to 3C, causing their negative electrode
particle concentrations to surpass those of the 4SCC and
2SCC batteries. At 965 s, the 4SCC battery also switches its
charging current to 3C. It can be observed that at 455 and 965
s, the solid-phase concentration distribution in 8SCC and
16SCC batteries is quite similar, but when all four charging
protocols switch to 3C at 1900 s, it becomes evident that the
16SCC battery exhibits a lower solid-phase lithium ion
concentration distribution. Furthermore, by combining Figure
6b and Figure Sa, we can see that applying a higher current to
the battery leads to the formation of larger concentration
gradients in the electrode particles, accelerating ion diffusion,
promoting surface reactions, and consequently increasing the
heat generation rate of the reactions. Therefore, combined
with the change of lithium-ion concentration in liquid and
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solid phases, the 8SCC charging protocol has a larger lithium-
ion concentration gradient and a higher ion diffusion rate.
Figure 7 shows the heat generation rate in the positive
electrode during the charging of lithium-ion batteries using the
four charging protocols. Figure 7a shows the reaction heat
generation rate (ons‘m) , and the results show that the positive
electrode is in the heat absorption state during the charging
process and the heat absorption of the positive electrode
increases with the increase of current. Figure 8a displays the
electrolyte concentration at the positive electrode, where
batteries employing the 8SCC charging protocol exhibit a
relatively large concentration gradient during the 3C charging
stage. In contrast to the negative electrode, the solid-phase
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lithium ion concentration in the positive electrode decreases as
the charging progresses; in addition, due to the high
concentration of solid lithium ions in the positive electrode,
a large concentration gradient is formed in the solid phase, as
shown in Figure 8b. Similar to the negative electrode, the
charging protocol of 8SCC in the positive electrode is more
conducive to ion diffusion.

Figure 7b shows the heat generation rate of polarization heat
in the positive electrode (Qpospol). The results show that
Qpospol Of the battery with the 8SCC charging protocol reaches
61 kW m™ when the charging current reaches 3C for the first
time, while the highest Q,o,q of the battery with the 2SCC
charging protocol reaches 37 kW m™. Figure 7c shows the
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ohmic heat generation rate in the positive electrode (Qposohm);
and the highest Qo ohm Of the battery using the four charging
protocols reaches 40 kW m™. In the positive electrode, the
heat generation rate of the reaction heat is greater than the
polarization heat and ohmic heat, so the total heat generation
of the positive electrode is mainly affected by the reaction heat,
as shown in Figure 7d. Therefore, the positive electrode of the
battery behaves as heat absorption during charging.

The rate of heat generation in the separator is depicted in
Figure 9. The heat generation in the separator considers only
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Figure 9. Heat generation rate in the separator.

the ohmic heat in the liquid phase and does not consider the
heat of reaction due to interfacial reactions with the
polarization heat due to electrochemical polarization at the
interface because there is no active material in the separator.
The results indicate that the four charging protocols have
similar effects on the separator heat generation rates for the
cells. The rate of separator heat generation is roughly 0.22 kW
m™> at a charging current of 1C. The rate of separator heat
generation is around 1.98 kW m~>ata charging current of 3C.
This indicates that the charging current is primarily responsible
for the heat generation in the separator, and that the rate of
heat generation is proportional to the square of the charging
current.

We combine the battery heat generation and calculate the
total heat generation of the battery for comparison, as the

graph is unable to show the complete heat generation of the
battery under various charging processes.

t,

W = end Ql, dt

=),

(1)

where f,4 is the time when the multistage constant current
charging ends.

Figure 10a displays the cumulative heat generation of the
battery at different locations at an ambient temperature of 25
°C. The results indicate that as CSF increases, the ohmic heat
in the positive electrode decrease, with a turning point
observed in the positive electrode reaction heat and negative
electrode polarization heat at 8SCC, and the heat generation at
other positions increases with the increase of CSF, which leads
to the increase of the overall heat generation of the battery
with the increase of CSF. This indicates that the battery’s heat
dissipation, not heat generation, is what accounts for the trend
of the final battery temperature of 25CC > 4SCC > 8SCC >
16SCC in Figure 10b. Figure S12 shows 3D temperature
distributions of the pouch battery with 2SCC, 4SCC, 8SCC,
and 16SCC charging protocols at the end of charging with the
initial temperature of 25 °C. The results show that the
temperature at the center of the battery is greater than the
temperature at the surface of the battery, which is due to the
heat exchange between the surface of the battery and the
environment. At the end of charging for all charging protocols,
the maximum temperature difference of the battery is less than
1°C.

In addition, we supplemented the temperature rise data for
batteries using 16SCC and explored the impact of higher CSF
on the battery temperature rise, with a decrease in the final
battery temperature occurring as the CSF increases, as shown
in Figure 10b. It is noteworthy that under the charging
protocol with high CSF, the battery temperature drop due to
reversible heat will be less in the initial stage, which is because
high current will lead to more ohmic heat generation, resulting
in increased battery heat generation, and the thermal behavior
of the battery will be exothermic, resulting in a temperature
rise. In addition, when the current switching times of the
MSCC protocol are more than 8 times, the temperature drop
of the battery at the end of charging is not obvious. When the
current switching frequency of the MSCC protocol exceeds 16
times, the battery’s temperature is nearly the same at the end of
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Figure 10. (a) Heat generation in the battery with different charging protocols. (For better viewing, five breakpoints are set in the vertical
coordinates in panel (a).) (b) Battery temperature curves with different charging protocols.
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Figure 12. Temperature rise of the battery under different charging protocols: (a) the charge state is 60%; (b) the charge state is 90%.

the charging process. However, the experimental design costs
for 16SCC are relatively high, and the electrolyte concen-
tration gradients generated are also lower than those in
batteries using 8SCC. Therefore, when there is no strict
requirement for battery temperature, it is more advisable to use
the 8SCC charging protocol; it is not necessary to pursue too
high a switching frequency.

3.3. Effect of Ambient Temperature on Battery
Temperature Rise. According to eq 18, the ambient
temperature is the main factor affecting battery heat
dissipation. We simulated the heat generation and temperature
rise of batteries using 2SCC, 4SCC, 8SCC, and 16SCC
charging protocols at various ambient temperatures in order to
more thoroughly study the impact of ambient temperature on
battery temperature, as shown in Figure 11. The results
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indicate that the battery’s temperature rise trend is the same
regardless of the ambient temperature, with the battery’s
temperature rise under the 16SCC charging protocol being the
lowest and the battery’s temperature rise under the 2SCC
charging protocol being the greatest. In addition, as the
ambient temperature increases, the initial temperature of the
battery rises, which causes the final temperature of the battery
to increase using all four charging protocols. As the ambient
temperature increases, the final temperature of the battery
using the four charging protocols becomes closer to each other
because the high ambient temperature weakens the effect of
battery heat generation on the battery temperature and brings
the battery temperature close to the ambient temperature. The
heat generation of the battery at different locations at different
temperatures is shown in the Supporting Information.
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3.4. Effect of Total Charge Time on Battery Temper-
ature Rise. As depicted in Figure 10b, the temperature
increase of the battery varies with time during the charging
process, ultimately reaching a charged state of 80%, lasting for
a total of approximately 2000 s. To further understand whether
the order in which the final battery temperature rises is
displayed by charging protocols with four different current-
switching frequencies varies as the length of charge changes,
this study simulates final SOC values of 60% and 90%. As
illustrated in Figure 12, the final simulated times are 1465 and
2365 s, respectively. It is evident that regardless of the changes
in charging time, the temperature rise pattern of the battery
remains consistent, with a higher current switching frequency
correlating with a lower final battery temperature. In addition,
as the current switching frequency decreases in Figure 12b, the
battery SOC quickly reaches 90%, which may be because the
battery charge rate slows as the charge state increases.
Changing the current from 3C to 1C will greatly reduce the
charging rate; 3C charge is used throughout the latter period of
the 2SCC charging, thus bringing the SOC of the battery up to
90% earlier.

4. CONCLUSION

A three-dimensional thermal model and a P2D electrochemical
model are combined to build a coupling model. Combining
simulation and experiment, an MSCC charging protocol is
examined to determine the impact of charging CSF on battery
temperature rise. The MSCC charging protocols, consisting of
a combination of two currents (1C and 3C rate), are designed
to “2SCC”, “4SCC”, “8SCC”, and “16SCC”. The battery’s
temperature rises rapidly when the charging current is switched
from low current to high current. The battery temperature
rapidly drops when the charging current is changed to a
minimal current. The results indicate that the final temperature
of the 25CC is 30 °C, which is about 1.5 °C higher than that of
the 8SCC (28.5 °C). Consequently, by frequently altering the
charging current, the temperature increase at high currents
remains relatively low, effectively mitigating the escalation of
the battery temperature. The research reveals that the
polarization heat plays a predominant role in the generation
of negative electrode heat, while the positive electrode heat is
primarily influenced by the reaction heat. The total heat
production of 2SCC is 2.5 X 107 J m™3, and that of 8SCC is
2.74 X 10" J m™>. By comparing the heat production of the
battery under different charging protocols, it is discovered that
the order of battery charging protocols from high to low heat
production is 16SCC, 8SCC, 4SCC, and 2SCC. The primary
reason that the high CSF results in a lower temperature at the
end of battery charging is because the high CSF raises the
temperature of the battery in multiple stages and enhances the
heat exchange between the battery and the ambient temper-
ature. The temperature decrease slows when the charging
protocol used exceeds 8SCC, and when it exceeds 16SCC, the
final temperature remains nearly the same. Therefore, an
excessively high CSF has little impact on lowering the battery
temperature rise. We concluded that pursuing a high CSF is
not necessary, considering the design expense of the charging
protocol. Therefore, 8SCC is the most effective charging
protocol. This study fills the gap of current switching frequency
in the optimization of multistage constant current charging
protocol and facilitates the fast charging of lithium-ion
batteries.
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