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Abstract: Beyond portable mobile devices, lithium-ion batteries play a crucial role in electric vehicle
operations and stationary grid power generation. However, the aging of lithium-ion batteries, often
accelerated by extreme temperatures and load current influences, requires thorough examination
and solution. The high load current, cycling, temperature differential, and operational conditions are
factors contributing to the reduction in capacity and shortened lifespan of lithium-ion batteries. In this
study, a lithium-ion (LiNixMnyCo,O,) battery was modeled by using the MATLAB/Simulink model
technique. In order to investigate the effect of resistance build-up in the batteries, the capacity of the
batteries (old and new batteries) was analyzed over different usage periods: 360 cycles, 1000 cycles,
and 2000 cycles. A cooling system was introduced to explicitly carry out an inductive analysis of the
effect of temperature on the performances of the batteries. The effect of load current on the capacity
of the battery was examined between 30 A and 100 A. The results showed that the available capacity
of a battery is proportional to its usage rate. Generally, when the load current on the batteries (old
and new batteries) was 30 A, the battery was ideally in good health even after 1000 cycles for a 2 h
discharge time. In addition, the old battery, however, showed a capacity decrease to about 74.15%
and 74.94% for scenarios 1 and 2 after 1000 cycles for a 2 h discharge time when the batteries were
subjected to a 100 A discharge current. Amongst other factors, scenarios 1 and 2 can be differentiated
by whether the battery pack discharges uniformly or non-uniformly, whether the individual cells
operate under the same or different discharge cycles, and whether the batteries are with cooling or
without a cooling system. The voltage and temperature differences between the old and new batteries,
after 2000 cycles for the 100 A load current, are 4.0 V and 5.3 °C (scenario 2), respectively. Moreover,
after 360 cycles at a 100 A discharge current, the temperature difference between the old and new
batteries was 4.5 °C in scenario 1 and 2.3 °C in scenario 2. Based on the results obtained in this study,
useful equations for proper calibration, voltage, and cooling switching time characteristics were
proposed. Additionally, the study results indicated that at higher load currents, battery degradation
became less affected by temperature differentials. The results of this study will aid in the adequate
load optimization and thermal management of lithium-ion batteries for electric vehicle applications.
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1. Introduction

The adoption of electric vehicles offers numerous advantages, including reduced
environmental pollution, economic growth, and simplified transportation. These benefits
are significant, and they correlate with the growing global market for electric vehicles [1].
Therefore, the increase in production, adoption, and utilization of electric vehicles can
significantly enhance the mitigation of the greenhouse gas threat [2]. However, to make
electric vehicles viable alternatives to internal combustion vehicles, advancements in
efficient battery development and proper battery thermal management are essential [3]. An
electric vehicle’s efficient operation is a function of the source of storage energy, the power
needed, and the braking need. The absorber of the electromechanical energy losses in
electric vehicles is the energy source (i.e., the battery and supercapacitor). The losses from
the various components of electric vehicles, such as variable- and constant-speed drives,
gears, and power converters, contribute to the rapid aging of electric vehicle batteries [4].

The lithium-ion battery pack is the most prominent component of modern electric
vehicles. In fact, lithium-ion batteries have no memory effect; they are lightweight, and
they possess high energy density [5,6]. Nevertheless, lithium-ion battery performance
is still faced with several challenges, such as capacity fade, poor power density, cycling,
and electrode cracking [7]. Lithium-ion batteries’ cycling and cracking problems can be
attributed to the temperature differential in the battery cells [8]. Therefore, the sensitivity
of the battery to temperature changes must be thoroughly examined and addressed. This
will enable the proper battery thermal management and usage within a desirable thermal
change window.

Chen et al. [9] reported that the cooling of lithium-ion batteries for electric vehicles is
crucial to keep the battery temperature within a 15 °C and 35 °C thermal change. The battery
safety, end of life, and cost are expected to improve at optimized operating temperatures.
For all kinds of driving conditions, especially in aggressive driving situations, the cells of
lithium-ion batteries must be maintained within a specific operating temperature range
and uniformity [10].

The study of lithium-ion battery performance in relation to temperature impact,
charge/discharge rates, and aging cannot be overstudied. This factor requires a thor-
ough examination to ensure sustainable and efficient electric vehicle utilization. From the
study conducted by Moayedi [11] on the performance improvement and thermal man-
agement of a lithium-ion battery, through tab locations and cell aspect ratio optimization,
Moayedi concluded that the tab location and aspect ratio of lithium-ion battery cells have
a significant influence on the temperature distribution within the battery. A maximum
reduction in the build-up temperature within a lithium-ion battery can be achieved through
an optimized aspect ratio, as well as the use of counter and L-shape tabs of the battery
cells. Battery charge and discharge performance is generally affected by temperature,
whether in cold or hot climates. Hence, the battery must be optimally operated at the
designed temperature range, regardless of the internally generated heat and the ambient
temperature. At very low temperatures, lithium-ion battery capacity tends to degrade due
to the low lithium-ion diffusion rate. Another effect that often results from a low working
temperature of lithium-ion batteries is the lithium plating on the electrode surface. The very
low operating temperatures will result in low charge-transfer velocity and will invariably
decrease the ionic conductivity of the battery electrolytes and the battery capacity due to
the low lithium-ion diffusivity tendency [12].

Jiang et al. [13] experimentally and theoretically investigated the desirable preheating
method of lithium-ion batteries in cold climates. In the study, the effect of preheating of
lithium-ion batteries was investigated with respect to the metal resistance film and the
inductive heating methods. Owing to the uniform temperature distribution and the high
efficiency of the battery, Jiang et al. reported that inductive heating is a better preheating
method in cold climates. The factors on which the inductive heating method relies include
the battery thickness and the current frequency. The environmental temperature effects,
in addition to the usage condition of the lithium-ion batteries, determine the effective
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temperature of the battery cells. Therefore, the battery temperature is the total internal
temperature of the cells, which may depend on several factors, such as the charge and
discharge current rate and external temperature [14]. In addition, the battery’s internal
resistance will increase at low working temperatures, leading to increased power loss [15].

High charge and discharge current rates, deep discharge states, and high or low
operating temperatures of lithium-ion batteries are detrimental to the cycle life, capacity,
and efficiency of lithium-ion batteries. The relationship between the battery current and
temperature can be described as shown in Equation (1) [16].

1
Tpa = exp( (Tbatt>> 1)

where I, and Ty, are the battery current and temperature. A lithium-ion battery can
age quickly when it is continuously subjected to temperatures that are above its optimal
temperature limit. High operating temperature is associated with changes in the electrode
binders and the solid electrolyte interface. These changes have effects on the battery’s
impedance [12]. For instance, the freezing of the battery causes a high power loss, while
overheating of the battery causes a reduction in the life cycle and capacity of the batteries.
Hence, the importance of battery thermal management, in this case, the activation of heaters
and coolers when necessary, is significant for ensuring reliability, safety, cost-efficiency, and
a long lifespan for electric vehicle batteries [14]. Table 1 provides the primary causes of
battery capacity /power fades and their formation mechanisms.

Table 1. Causes of battery aging and their formation mechanisms [17,18].

Causes Cycling High temperature =~ High cell voltage  Load current Mechanical Low Low cell
stress temperature  voltage
Solid electrolyte Solid electrolyte . s
interface, cathode interface, isriléffaeizctrolyte Solid L11;l't111:m
electrolyte decomposition of - electrolyte platng,
Solid interface electrolyte, binder decomposition of interface transition
. L e electrolyte, graphite ¢ Lithium metal
Mechanisms electrolyte ~ decomposition of decomposition, o o structural : . .
. X . exfoliation, lithium . K plating dissolution,
interface electrolyte, binder graphite . disordering,
decomposition, exfoliation plating, structural electrode and current
transition meta’l corrosion (;f disordering, crackin, collector
dissolution current collector cracking of electrode & corrosion
Elzf_:,irjsdatlon Loss of lithium inventory Loss of active materials Conductivity loss
Solid electrolyte interface, cathode Solid electrf)lyte interface, c.athode' . . e . -
. electrolyte interface, graphite exfoliation, =~ Binder decomposition, graphite exfoliation,
electrolyte interface, o R . X . K X
L. lithium plating, structural disordering, structural disordering, electrode cracking,
decomposition of electrolyte, : rs .
lithium plating electrode cracking, transition metal current collector corrosion
dissolution
Effects Capacity fade Capacity fades, and power fade Power fade

As observed in Table 1, load current causes solid electrolyte interface formation,
electrolyte decomposition, graphite exfoliation, lithium plating, structural disordering,
and cracking and fracturing of the lithium-ion battery electrodes. That is, the load current
is another critical aging factor in lithium-ion batteries. A solid electrolyte interface is a
passivating layer on the anode of a lithium-ion battery, formed as a result of the electrolyte
decomposition at the surface of the battery anode electrode [19]. Solid electrolyte interface
affects the performance, capacity, and battery safety [20]. Besides the low-temperature
effect, lithium plating (metallic lithium, formed on the anode of a lithium-ion battery),
occurs due to the high discharging and charging current, a high state of charging, and
capacity imbalance [21].
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Moreover, when the load current increases, the battery’s operating temperature tends
to rise, giving rise to the electrode material volume change. The resulting thermal stress,
due to the electrode material volume change, can lead to the cracking and fracturing of
the electrodes. The cracking and fracturing of electrode materials has a major effect on the
electrical and ionic conductivities of the battery, due to the disruption of electrical contact
between the current collector, and the conductive additives/active particles [22].

The electric vehicle sensitivity to battery performance requires an accurate analysis of
the battery aging. Therefore, modeling battery characteristics is essential for their optimal
usage. In the literature, physicochemical and artificial neural network models have been
proposed to characterize the aging behaviors of batteries [23,24]. Li et al. [25] combined
the electrothermal model with an artificial neural network to analyze the efficiency of a
cooling system on battery aging. Li et al. concluded that the coupled model is an efficient
optimization tool for investigating the cooling effects on battery performance. However,
the coupled model is short of many parameters, such as the number of cells, electrode
materials, and many other factors. Hahn et al. [26] reported that although the various
existing theoretical models are optimistic modeling approaches, they lack parameters that
can describe the aging of batteries.

Extensive research has been conducted on the thermal management of batteries.
Nevertheless, the consequential effects of load current on the degradation of lithium-ion
batteries have not been fully explored. Therefore, considering the impacts of load current
on the lifespan of batteries for electric vehicles, this study focuses on modeling the effects
of load current on lithium-ion battery aging using MATLAB/Simulink (9.14.0.2286388
(R2023a) Update 3). This study compares the performances of old and new batteries, taking
into consideration the cooling effect. MATLAB/Simulink software [27] is versatile, simple
to use, and efficient in designing battery packs and characterizing batteries for real-life
scenarios. Table 2 presents the concept of this study.

Table 2. Study concept.

Concepts

Questions

Load current

How do different load currents affect the capacities of old and new batteries?

Temperature

Can temperature be the predominant factor negatively influencing battery
life cycles?

Cycle life

How does cycle life impact battery performance?

Module and assembly discharge cycles

Does imbalance discharge across cells affect the overall performance and
reliability of battery packs?

Module and assembly thermal resistance

Can the effect of non-uniform thermal resistance within battery packs impact
battery life cycles?

Furthermore, this study aims to further explore the battery thermal management
scheme from the perspective of load current and cooling performances of lithium-ion
batteries. The choice of MATLAB for this investigation is due to its flexibility, ease of use,
availability of specialized toolboxes, and built-in functions for battery thermal management
analysis and the robustness of the Simulink/SIMSCAPE package. Section 2 of this study
succinctly provides this study’s methodology. Two different batteries were modeled,
namely the old and new batteries. In addition to these two groups of batteries, two scenarios
were assumed. In scenario 1, the batteries were studied with and without the influence
of coolant, and the cells were subjected to non-uniform discharge. In scenario 2, the
batteries were studied by considering the influence of coolant and the possibility of uniform
discharge. An important observation from the simulation results is that, at very high load
currents, the degradation of the battery is less influenced by the associated thermal changes.
While thermal management is crucial for maintaining battery performance and longevity,
the contribution of extremely high current demands to the temperature differential must
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also be a priority concern. In other words, under normal and moderate load conditions,
battery thermal management helps prevent overheating and ensures efficient operation.
However, the main causes of battery degradation shift when the battery is subjected to
extremely high current demands. This insight highlights the need to consider a range of
operational scenarios when designing battery management systems, and it underscores the
importance of addressing other forms of stress that batteries encounter under high-load
currents in order to ensure their durability and efficiency. The results and discussion are
presented in Section 4. Further discussion and validation of the results are provided in
Section 4.3, while Section 5 gives the conclusion of this study.

2. The Modeling Methodology

Battery degradation can be noticed from the energy capacity loss and the decrease
in the power output of the cells [28]. Various causes of battery degradation, such as
electrolyte decomposition, surface area, and porosity decrease; electrode volume change;
binder rupture; lithium plating; and corrosion can be modeled by using electrochemical,
electrical equivalent circuit, statistical, performance, and analytical modeling methods [29].
The modeling method adopted in this study is an investigative model. It requires no
rigorous mathematical equation because it is software-based. Hence, this section details
the modeling of the lithium-ion battery packs and their cooling circuits.

2.1. Modeling the Battery Pack

The modeling of a lithium-ion battery (LiNixMnyCo,O,) consisting of twenty-four
(24) modules was performed in the MATLAB m-file environment and the battery builder in
SIMSCAPE. The lithium-ion battery is a Nissan Leaf, 2017 model, for electric vehicles [30].
The cell input parameters of the battery are presented in Table 3. The computational
processes engaged in this study are presented in Figure 1.

Build the Battery
Structure (SIMSCAPE)

Appropriate? No

Yes
Automatically generate

the dynamic model

Develop the m-file interface
code and simulate

; ; Yes
False simulation?

No

Compute and analyze load
current and temperature effects

Figure 1. The computational flow chart.
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Table 3. Lithium-ion cell design parameters.

Parameters Values Units
Height 0.216 M
Length 0.261 m

Thickness 0.007 m
Cell energy capacity 206.2 Wh
Cell mass 0.914 Kg

Cell current capacity 56.5 Ah
Cell voltage 3.65 \%

Figure 2a shows the pouch geometrical structure of the cell. The battery pack modeled
has a total of 192 cells, equally divided into a series connection of 96 cells. As shown in
Figure 2b, the battery module assembly contains a module of 8 cells, connected in series
and arranged in four (4) levels of the modules for a total assembly of twelve (12) modules.
The battery pack contains two module assemblies, connected in parallel (Figure 3). Table 4
presents the specific parameters of the battery pack. All other parameters engaged in the
modeling and simulation of the battery are default values from the software. Figure 4

presents the battery pack connection circuit.

(a) (b)
025
09
08
02 .
0.7
"%015 § 06
2 B
5 £ 05
8 01l 4 0
@ @
> > 03
N N
0.05 023
0.15 01
0 Forward direct e
- - X Forwart irection
0 o3 -0%s

x: Forward direction

Figure 2. Design view of the lithium-ion (a) cell and (b) module assembly.

0.8

z: Vertical direction

0 x: Forward direction

Figure 3. The lithium-ion battery in a single pack (24 modules, 175.49 kg cumulative mass, 0.1131 m?

packing volume, and 40 kWh energy capacity).
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Table 4. Battery-pack-specific parameters.

Parameters Values Units
Current capacity 113 Ah
Voltage 350 \%
Energy capacity 40 kWh
Module 8 Cells
Module assembly 12 Modules
Battery pack 2 Module assembly
% ! =
iCe [iceit] iCe [ceiz]

- QocParalielAssambly

qumCyclesCealll qumCyclesCeall2

]

- QocParalielAssambly

temperature Cal temperature Cal
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I ModuleAssambly 1

—{ CntH

vPA (vParallelssembly) | ModuleAssemblyz

dT(t)
Cdt

‘
— GnH

=

cintH_1

~

cintH_2
Figure 4. The battery pack circuit connection.

2.2. Modeling the Battery with Thermal Control

The change in the condition of battery temperature may be attributed to the resistive or
Joule heating, phase changes, mixing effects, electrochemical reactions, and environmental
conditions [31]. Therefore, the development of cooling control systems for battery packs
is essential to ensure the production of safe, efficient, and long-service-life batteries [9].
Bernardi et al. [32] developed a general balance equation for predicting or estimating
battery temperature characteristics. The modification of the general balance equation by
Gao et al. [33] is presented in Equation (2).

= Iy (t) Ry + Ri(v(t) — E(Ipass (), Tare (1), £) = Ipase (£)-Rp)> — he A(Tpare(t) — Ta) (2)

2

where m, c¢;, Ry, Ry, E, and I, are the mass of the battery, the specific heat of the battery,
resistances, battery equilibrium voltage, and battery current, respectively. Equation (2)
considers the Joule heating and the heat exchange between the battery, and the environ-
ment [33]. The third and second terms of Equation (2) represent the heat exchange between
the battery and the environment, while the first term is the power loss due to the resistive
heating of the battery. The influence of temperature on the capacity and lifespan of the
battery is a phenomenon that is central to the performance evaluation and the quantification
of electric vehicles’ reliability. The passivation of lithium-ion batteries, which occurs during
the solid electrolyte interface formation, creates a resistance to the free diffusion of ions
between the electrolyte and the electrode [34]. Of course, the increase in this resistance
will lead to a decrease in the battery capacity. The continuous monitoring of the battery,
in order to actively regulate its temperature to the desired range, is also important for the
maintenance of the battery’s capacity and lifespan [35]. This will reduce the power loss,
which occurs due to the Joule heating and environmental effects.
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The battery coolant control algorithm employed in this study is shown in Figure 5. The
coolant system, which can be set to ON/OFF mode, operates by using the mathematical
equations described in Equation (3).

1/ ,Bhot Z ‘Bon
x=< 0, Brot < Bosf ®)
Xotdr Poff < Brot < Pon

where &, &o14, Brot, Bon, and Byss are the rate of flow temperature (this temperature is
typically the difference between the ambient and coolant temperature), the previous rate
of flow temperature, the temperature of the hottest cell, the switch on temperature, and
switch off temperature. The rate of flow temperature equals one (1) when the coolant
switch is ON to allow the passage of coolant into the battery cells, while is zero (0) when
the coolant switch is OFF and there is no flow of coolant in the battery [36]. The coolant
system controls the coolant flow rate. The complete battery system with the thermal control
system is shown in Figure 6.

i

ControlStrategy |—»

max

CallTemparatura o %_“

min

FlowRateCommand

FlowRateStep

"D

FlowTemperature

CoolantTemperature

Figure 5. Battery coolant control algorithm [36].

Ea—r—cel

ches_cel
E‘W numCyclesCell
Es—ei socCell

Soc_par i
Ee —socParallelAsse

Temperature _ ==}

temperaturgCell

Coolant Control System Vost

vCell

Volt_par

vPA

anH

Coolant flow system{——

Pack

+ -

Load

Figure 6. The lithium-ion battery, designed with a coolant control system.
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3. Analytical Model

In the general Arrhenius equation, the temperature and the rate of chemical reaction
have been related to describe the diffusion of chemical substances. The Arrhenius equation,
shown in Equation (4), demonstrates the diffusion of ions between battery electrolytes and
their electrodes. .

Cy = Ke™(xt) ()

As presented in Equation (5), Wang et al. [37] modified Equation (4) by multiplying it
by the current capacity of the batteries in order to estimate the battery capacity losses.

Eg
Cy(%) = Ke Pt EZ 5)

where Cy, E;, R, and Ty, are the battery capacity aging, activation energy, gas constant,
and temperature; E. and K are the current capacity of the battery and the pre-exponential
factor, and z is the control exponent. The battery capacity loss can be formulated by relating
any of the following parameters:

Temperature and time;

C-rate, current capacity, and temperature;
Temperature, rate of reaction, and current capacity;
Voltage, temperature, time, and current capacity.

In the modeling of the capacity loss of lithium-ion batteries, in terms of time, tem-
perature, and current capacity, the expression presented in Equation (6) is as reported by
Hahn et al. [26] and Ploehn et al. [38].

Cr(%) o/ Ke (&) x t o« Ke™(2#0)\/f T/ (6)

y is a constant, which can be assumed; ¢ is time in seconds.

Referring to Equation (1), the current flow in a battery is an exponential function of the
temperature. Therefore, the Arrhenius equation (Equation (4)) may be more appropriate
for analyzing the temperature and load current effects on battery aging. By rearranging
Equation (4), Equation (7) is presented as follows:

E
Ea 3

Cs = Ke (&) = K(e’(%)) ®_ ki =crb @)

In other words, current, I, is e (1), By relating the terms in Equation (7) with the
Peukert equation [39], I is the discharge current, and b is the battery constant parameter.
The values of gas constant and activation energy used in this study are 31.5 k] /mol and
8.314 ]/ (mol-K). The temperature ranged between 25 °C and 125 °C, and 0.5 was chosen as
the battery constant parameter [37].

4. Results and Discussion

Research findings indicate that the capacity and lifespan of batteries are influenced
by their operating temperature, discharge current, electrode—electrolyte interactions, and
the material composition of the cathode electrode [40]. Therefore, the life of a battery is a
function of its usage, its working/operating environmental condition, and the electrode
materials [15,41]. Hence, the deviation in the output performances of the old battery,
consisting of a thermal control system, compared to a new battery, is succinctly analyzed
in this section. To simulate the temperature and voltage differences between the new and
the old batteries, the battery circuits were subjected to a constant discharge time for the
constant discharge currents, ranging between 30 A and 100 A, for 2 h. In addition, the
end of life of the modeled batteries after 360 cycles, 1000 cycles, and 2000 cycles, as well
as the performances of the modeled old battery, was compared to that of a new battery
(the new and old batteries were modeled by changing their thermal resistances). The aging
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of batteries generally increases as a result of the constituent resistances built up in the
battery over time and repeated cycling [42]. When the transport of heat within a battery is
restricted due to high thermal resistance, it can cause localized heating. This build-up of
heat can lead to violent chemical reactions, such as the decomposition of the electrolyte
or electrodes, which pose safety risks like thermal runaway. These reactions also degrade
the battery, leading to capacity loss and accelerated aging, reducing its performance and
lifespan [43].

In addition, the choice of cycles is based on the fact that lithium-ion batteries can
successfully withstand discharge cycles ranging from 500 cycles to 3000 cycles if the battery
is protected with a thermal management system [44—46].

4.1. Scenario 1

Generally, the differential thermal gradients in battery cells are potential threats to
the safe use, cycle life, and performance of batteries. Amongst other factors, such as
manufacturing errors and load imbalances, the temperature effects in battery cells operating
at different cycles can lead to uneven aging of the battery cells. This effect may be a result
of the non-uniform load currents, which cause the heating of the cells, and a consequential
increase in power loss [47]. In addition, when battery cell temperature is non-uniformly
distributed, the temperature imbalance within the battery pack can accelerate the sporadic
aging of the battery [48]. In scenario 1, with all other factors set as constants, the following
simulation parameters for the old battery were assumed:

The module discharge cycle was set at 192;
The parallel assembly discharge cycle was set at 92;
The module thermal resistance decreased by 5% (i.e., for every 192 cycles, the thermal
resistance of the module is decreased by 5%);

e  The parallel assembly thermal resistance decreased by 10% (i.e., for every 92 cycles,
the thermal resistance of the parallel assembly is decreased by 10%).

Shown in Figure 7 are the performance characteristics of the battery when the
cooling system was disconnected from the battery and the simulation was performed for
1000 cycles. For a 30 A load current, the battery maintained a high capacity and voltage
integrity, until about 1 h discharge time. Nevertheless, as the discharge time increased,
the battery capacity decreased by 17%. The 40 A load current caused a capacity decrease
of about 18%, while the 50 A and 100 A load currents resulted in losses of about 19%
and 25%, respectively. From these results, it can be seen that the available capacity of a
battery is proportional to its usage rate [49]. A battery capacity fading is generally caused
by the charging and discharging cycles, loading conditions, and temperature imbalance.
An increase in the discharging and charging cycles and operating temperature of the
battery will result in a significant decrease in the capacity of the battery. Of course,
this effect will discourage the use of electric vehicles and reduce their efficiency. It
is, therefore, impractical to manufacture batteries for electric vehicles without proper
thermal management control. Excessive temperature rise as a result of abnormal load can
be stemmed by an appropriate thermal management system. From the report presented
by Carnovale and Li [50], an electric vehicle battery’s useful lifetime ends at ~75% of the
battery’s nominal capacity.

4.1.1. Load Current Analysis on LiNixMnyCo,O, Battery Aging for 1000-Cycle Life

The battery coolant flow system is connected and responsible for the cooling of the
old battery pack. As shown in Figure 8, when the load current on the batteries is 30 A, the
voltage difference between the old and new batteries is almost negligible (i.e., 0.5%). The
temperature difference is 0 °C. In addition, the coolant switching control system switches
ON the coolant for the old battery at 529.5 s and at 619.5 s for the new battery. From these
results, it can be inferred that the battery thermal control system can prolong the end of life
of the battery. Hence, a cooling system is a significant system for the efficient utilization
and operation of electric vehicle batteries [51]. The temperature, the cycling period, and
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the cycling rate are phenomenon occurrences in batteries, and if not well managed, they
can lead to safety problems and low performance of lithium-ion batteries. In most cases,
an uncontrolled thermal effect in batteries may lead to thermal runaway. This scenario is
hazardous to the users and the constituent environment. Therefore, a battery designed
with a cooling control system can prevent a battery from thermal runaway [52].
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Figure 7. The effects of load currents on the battery performances without cooling.

Even though the battery modeled in this study is presumed to be thermally safe due to
the incorporation of a coolant control mechanism and ideally in good health for a constant
2 h discharge time of a 30 A discharge current after 1000 cycles, as shown in Figures 8 and 9,
the battery’s capacity decreases as the load capacity increases. This can be explained by the
fact that the energy capacity (in kWh) of the battery, with respect to its nominal voltage (V),
is determined by the discharge current (A). The old lithium-ion battery shows a capacity
decrease to about 74.15% after 1000 cycles when subjected to a 100 A load current fora2 h
discharge time. An important observation from the simulation results is that, at a very high
load current, the degradation of the battery is less influenced by the environmental thermal
change. This result agrees with the literature [53,54]. Therefore, the proper optimization
of load current and thermal system response to the battery temperature differential can
enhance the useful life of batteries for electric vehicles. Table 5 summarizes the voltage and
coolant switching time differences between the old and new batteries.

The curves of the voltage with respect to time is an exponential two-order equa-
tion. Therefore, Equation (8) is formulated to trace the voltage profile of the battery at a
given time.

v = 1€ 4 cpel? (8)

where v and x are the voltage and time; ¢ and b are constants. From the regression plot of
the old battery output after 1000 cycles, Equation (9) is as presented. This equation is for a
load current of 100 A.

v = 72¢70%% 42260~ 008 ©)
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Figure 8. The aging analyses of lithium-ion batteries for load currents between 30 A and 60 A for the

old and new batteries (scenario 1).

Table 5. Voltage and temperature differences between the old and new battery for 1000 cycles.

Load Current (A) Voltage (V) Temperature (°C)

30 2.0 0

40 25 1.2
50 3.1 1.9
60 37 27
70 441 3.7
80 4.98 48
90 5.58 6.1
100 6.21 7.5
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Figure 9. (a) The aging analyses of lithium-ion batteries for 70 A and 100 A load currents for old and
new batteries and (b) the coolant switching hierarchy for both the old and new batteries at different
load currents (scenario 1).

Figure 10 shows the power curves of the coolant switching sequence for the old and
new batteries. The figure shows that the coolant switching system switches ON to cool the
old battery at a faster rate than the new battery. This action is to ensure that the undesirable
effect of high internal and external temperatures of the battery packs is minimized in order
to improve the service life of the battery and the safety of users [55]. The heat generated by
the old battery during the cycling is higher than that produced by the new battery. Hence,
the importance of a battery cooling system cannot be overstated. Furthermore, in order
to properly calibrate the cooling control system of the battery for an optimum/ efficient
operation, a simple power equation, shown in Equation (10), is proposed. This equation
can be used to intelligently control and predict the switching time of the coolant system for
each load.

y1 = Ax? (10)
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where 17 and x are the discharge load current and time; A and 6 are the dependent parameter
and power exponent, respectively. From the results of the regression plot of the load current
and time curve of the old battery, Equation (11) is as presented. Obviously, the load current
of the battery is inversely proportional to the square root of the discharge time. This
observation agrees with the literature [56].

y1 = 650x %3 (11)
110
—m— Old Battery
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Figure 10. Coolant switching time for old and new batteries (1000-cycle life).

4.1.2. Load Current Effects on Battery Aging for 360-Cycle Life

The depth of discharge of a battery is proportional to its cycle period. In addition
to the impact of the rate of discharge on the battery’s capacity, a lithium-ion battery’s
excessive charging current will cause extra ions to deposit on the electrode’s surface to
form a lithium-metal layer, a phenomenon often called, lithium plating [57]. Hence, the
factors contributing to the aging of batteries are numerous. As shown in Figure 11, the
lithium-ion battery is less degraded after 360 cycles, in comparison to 1000 discharge cycles.
At 30 A discharge current, the battery showed a deviation of about 0.97 V between 1000 and
360 cycles. Moreover, the battery’s capacity kept decreasing as the load current increased.
For the load currents of 40 A, 50 A, 60 A, 70 A, 80 A, 90 A, and 100 A, the voltage deviations
after the batteries operated for 360 cycles and 1000 cycles are as follows: 1V,1.2V,1.81YV,
1.98V,2.22V, and 2.49 V. Table 6 shows that after 360 cycles, for the 100 A discharge current,
the old battery is 4.5 °C thermally deviated from the new battery. However, the thermal
deviation of the battery for the same condition after 1000 cycles was 7.5 °C. Furthermore,
the coolant control system was less stressful in its switching sequences when the battery
was subjected to 360 cycles (Figure 12). The formulated model presented in Equation (5)
can be used to predict the switching time of the battery at any cycle.
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Figure 11. Performance comparison of the battery at 1000 cycles and 360 cycles (scenario 1).

Table 6. Voltage and temperature differences between the old and new batteries for 360 cycles

(scenario 1).

Load Current (A) Voltage (V) Temperature (°C)
30 1.03 0
40 15 0.7
50 1.9 1.1
60 22 1.6
70 2.6 22
80 3 29
90 3.36 3.6
100 3.72 45
110
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Figure 12. Coolant switching time for old and new batteries (360-cycle life).
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4.2. Scenario 2

A battery pack is a multicell battery that consists of modules and modules assemblies,
connected either in series or parallel. To avoid high power loss in batteries, it is essential to
ensure that the discharge cycles on the modules and parallel-assembling cells are uniform
and consistent. When cells are uniformly discharged, the efficiency, durability, and thermal
management of the batteries can be enhanced. Therefore, in scenario 2, the following
simulation parameters for the old battery were assumed:

The module discharge cycle was set at 120;
The parallel assembly discharge cycle was set at 120;
The module thermal resistance decreased by 4% (i.e., for every 120 cycles, the thermal
resistance of the module is decreased by 4%);

e  The parallel assembly thermal resistance decreased by 4% (i.e., for every 120 cycles,
the thermal resistance of the parallel assembly is decreased by 4%);

e  The coolant system is connected. The purpose of the coolant system is to enhance the
thermal resistance of the old battery.

Tables 7-9 provide the voltage and temperature differences between the old and the
new batteries. The old and new batteries experienced capacity losses as the load current
increased for all the cycles (360, 1000, and 2000). The new battery showed 88%, 78.9%,
and 75.8% degradation levels when subjected to 30 A, 70 A, and 100 A load currents,
respectively, for all the cycles. Moreover, the results showed less significant differences
between the old and new battery capacities. This is an obvious indication that proper
thermal management and uniform cell discharge cycles are appropriate measures needed
to ensure sustainable usage of lithium-ion batteries in electric vehicles. The old battery
showed 87.70%, 78.09%, and 74.61% degradation levels for 30 A, 70 A, and 100 A load
currents, respectively, after 2000 cycles. In addition, the old battery was degraded to 87.80%,
78.38%, and 74.94% after 1000 cycles for 30 A, 70 A, and 100 A load currents. The lowest
degradation, which was 75.30% for the 100 A load current, was recorded after 360 cycles.
These results further confirm the fact that the accumulation of discharge cycles in batteries
is a significant factor that contributes to the rapid end of life of batteries [58].

Furthermore, Figures 13-15 show the benefits of coolant systems in maximizing the
useful lifetime of lithium-ion batteries. The old battery pack produced more heat than the
new battery. This is due to the heating of the cells at low heat dissipation. However, the
quick response of the coolant system to the rescue of the battery pack from overheating
reduces the energy loss in the battery. Therefore, the voltage difference between the old
and new battery packs is negligibly small. Nevertheless, the impact of load current on
the degradation of the batteries is significant. Properly designed batteries with thermal
management offer significant advantages in cost, safety, durability, and high-efficiency
advantages [59].

Table 7. Voltage and temperature differences between the old and new batteries after 360 cycles
(scenario 2).

Load Current (A) Voltage (V) Temperature (°C)

30 0.6 0

40 0.8 0.4
50 0.9 0.6
60 1.1 0.8
70 1.3 1.1
80 15 1.5
90 1.7 1.8

100 1.9 2.3
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Table 8. Voltage and temperature differences between the old and new batteries after 1000 cycles
(scenario 2).

Load Current (A) Voltage (V) Temperature (°C)

30 1.0 0

40 1.3 0.6
50 1.6 1.0
60 19 14
70 2.1 1.9
80 2.5 24
90 2.8 3.1
100 3.1 3.8

Table 9. Voltage and temperature differences between the old and new batteries after 2000 cycles
(scenario 2).

Load Current (A) Voltage (V) Temperature (°C)
30 14 0
40 1.8 0.8
50 2.2 1.3
60 2.6 1.9
70 3.1 2.6
80 3.6 3.4
90 4.0 4.3
100 4.0 5.3
N e O1d Battery 380 50 ALoad Current Old Battery
30 A load current N New Battery
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Figure 13. Cont.



Batteries 2024, 10, 417

18 of 25

380

N
370 '\

Voltage (V)

310

300

70 A Load Current

=====0Id battery
New Battery

0 1000

395

2000 3000

4000

Time (s)

5000 6000

7000

370

100 A Load Current

360

350

Voltage (V)

w
D]
S

300

----- Old Battery
New Battery

290

0 1000 2000 3000 4000

Time (s)

5000 6000

7000

Figure 13. Voltage evolution for 360 cycles and the aging analysis of lithium-ion batteries for the 30 A,
50 A, 70 A, and 100 A load currents for old and new batteries (scenario 2).
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Figure 15. Voltage evolution for 2000 cycles and the aging analysis of lithium-ion batteries for the
70 A,80 A, 90 A, and 100 A load currents for old and new batteries (scenario 2).

Lithium-ion battery temperatures must be maintained within the range of between
15 °C and 35 °C. As reported by Chavan et al. [60], a rise in the temperature of batteries by
5 °C can lead to a degradation of the battery capacities by ~2%. It is pertinent to optimize
the operating temperature of batteries through optimization of the load capacity for the
improvement of their performance and long lifespan. High operating temperature in-
creases the chance of imminent self-discharge due to the loss of active materials, electrolyte
contaminations, or, in general, the dissolution of the surface species of the electrolyte [61].

4.3. Recommended Cooling System

Air and liquid cooling methods have been proposed as suitable methods for lithium-
ion battery thermal management [62]. Carbon allotropes, such as multiwalled carbon
nanotubes, have been used to prepare nanofluid for the cooling of lithium-ion batter-
ies [63]. Conversely, Xu et al. [61] reported that the conventional air cooling method has
the disadvantage of poor thermal conductivity and that it cannot meet the requirements of
high-energy-density battery systems. Therefore, a liquid-cooling system is suggested for
battery thermal management, owing to its excellent efficiency and thermal conductivity [64].
Another cooling technique is the phase change process method [65]. This method has the
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advantages of low cost and facile control. However, phase change materials have poor
thermal conductivity [66]. Therefore, the liquid flow cooling system employed in this study
is appropriate, and it is recommended for the practical thermal management of lithium-ion
batteries. The study conducted by Sadeh et al. [67] showed that a flow cooling system
has the advantage of reducing the inhomogeneity of temperature distribution in battery
packs. In future, gel-cooling, e.g., polymer hydrogels with adequate conductivity, can also
be considered.

4.4. Further Discussion and Validation

As shown in Figure 16, the effect of temperature and current on the battery capacity is
demonstrated by the model presented in Equation (7). From the figure, it can be suggested
that the battery operating temperature should be kept as low as 25 °C. The tendency for
the solid electrolyte interface to increase abounds during battery cycling. The thickness of
the solid electrolyte interface has a direct incremental impact on heat generation. Therefore,
battery pack capacity can be easily degraded when operated at a high temperature, coupled
with large solid electrolyte interface thickness [68]. Battery capacity loss also increases due
to the structural deformation of the battery electrodes. The defect in the electrodes can
lead to the cracking and fracturing of the electrodes. In summary, the electrode volume
expansion, leading to cracks during cycling, the lithium loss as a result of solid electrolyte
interface thickness, and the reformation of solid electrolyte interface on the electrode crack
surface are agents of battery capacity loss [69]. These factors are usually influenced by the
cycle time, temperature, and current loadings.
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Figure 16. Temperature and load current effects on battery capacity.

To evaluate the robustness of the investigative model engaged in this study, the results
of the model were compared with the available experimental data [70]. Specifically, as
previously discussed, it was observed from the experimental data that the battery exhibited
a reduced capacity and low-rate performance as the load current increased from 2 A to
5 A (Figure 17a,b). It is important to note that, while retaining the original information of
the experimental data, scaling was applied in order to obtain a balanced and correlated
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comparison between the experimental and model results. The simulated battery, after
360 discharge cycles, for 30 A and 50 A current load conditions, was compared with the
experimental data. As illustrated in Figure 17, the model produces results that closely agree
with experimental data, demonstrating a high level of accuracy. The model’s prediction
showed an average deviation of ~2.16% from the experimental data. This result indicates
robust performance in the simulation of the batteries under varying load conditions.
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Figure 17. Comparison of model results with experimental data for (a) 2 A and (b) 5 A load current
conditions. The experimental data were scaled to achieve a balanced comparison and correlation
between the experimental and model results [70].

Moreover, the results obtained in this study agree with the literature. For instance,
Ouyang et al. [71] observed that the load current on batteries has direct consequential effects
on the battery end of life. A high current rate causes a potential reduction in the capacity
of batteries and their performances due to the violent internal electrochemical reactions
within the battery. Therefore, the continuous operation of a battery at a high current
rate can lead to quick degradation of the battery. A finding from the report presented by
Zhang et al. [72] revealed that high load current increases the internal heat generated by
the batteries. The period the load current is sustained on the battery determines the rate at
which the battery degrades. Furthermore, the investigation conducted by Baek et al. [73] on
lithium-ion batteries, also corroborated the effect of discharge cycles on the battery capacity
reduction. As the discharge cycle increased, the capacity reduction of the lithium-ion
batteries increased. The comparison of the experimental and simulation study carried
out by Carnovale and Li [50] also displayed the capacity degradation of a battery as the
discharge cycles increased.

5. Conclusions

Herein, this study presents the effects of load current on the capacity performances
of lithium-ion batteries. The significance of a coolant system in lithium-ion batteries was
discussed by comparing two different batteries. The investigative model developed in this
study is efficient in evaluating thermal performances and the end of life of the batteries
studied for electric vehicles. It is apparent that the thickness of the solid electrolyte interface
and the cracking and fracturing of an electrode, which contribute to the battery aging and
capacity loss, result from thermal instability, cycling, and excessive loadings of the battery.
Hence, the incorporation of effective cooling systems in electric vehicle batteries and the
rigid optimization of their load current are an important approach to reducing the aging
and capacity loss of batteries. In this study, the lithium-ion battery was designed with a cell
current capacity of 56.5 Ah, a cell energy capacity of 206.2 Wh, and 192 total cells, which
were equally divided into a series connection of 96 cells. From the findings of this study, for
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scenario 1, when the battery was simulated without a cooling system and after 1000 cycles,
the following results were observed:

e  Fora30 Aload current, the battery maintained a high capacity and voltage integrity un-
til about 1 h. However, as the discharge time increased, the battery capacity decreased
by 17%.

e  The 40 A load current caused a capacity decrease of about 18%, while the 50 A and
100 A load currents resulted in losses of about 19% and 25%, respectively.

Furthermore, when the cooling system was incorporated into the battery, the thermal
deviation of the old battery from the new battery, cycled for 360 cycles and 1000 cycles at a
100 A load current, was 4.5 °C and 7.5 °C, respectively. The lithium-ion battery showed a
capacity decrease to about 74.15% after 1000 cycles for a load current of 100 A. In addition,
for scenario 2, the old battery showed 87.70%, 78.09%, and 74.61% degradation levels for
the 30 A, 70 A, and 100 A load currents after 2000 cycles. After 1000 cycles, the degradation
levels were 87.80%, 78.38%, and 74.94% for 30 A, 70 A, and 100 A load currents, while
the lowest degradation level, which was 75.30% for the 100 A load current, was recorded
after 360 cycles. Based on the results obtained in this study, equations were developed to
enhance calibration accuracy and to model essential characteristics of batteries, such as
voltage behavior and cooling switch time.

It can be concluded from the obtained results that the capacity loss in electric vehicle
batteries increased as the load current and temperature increased. However, the significance
of temperature was less pronounced when the battery was exposed to excessive load
current. This underscores the need for electric vehicle battery designers to focus not only
on thermal regulation, but also on mitigating the effects of high-load currents. Addressing
both aspects will help to maintain the battery’s longevity and performance across a wider
range of operating conditions. Therefore, lithium-ion batteries for electric vehicles must
be fabricated with appropriate cooling systems, low-energy-consuming electric motors,
and devices.
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Nomenclature

Tpast Battery current

Tpart Battery temperature

m Mass of the battery

cp Specific heat capacity of the battery
R Resistance

E Equilibrium voltage

v Battery voltage

T, Ambient temperature

A Surface area

he Heat transfer coefficient
o Rate of flow temperature

Xo1d Initial rate of flow temperature
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Brot Temperature of the hottest cell
Bon and By s s Switch on and switch off temperatures
Cr Battery capacity aging
E, Activation energy
R Gas constant
T Temperature
E. Current capacity of the battery
K Pre-exponential factor
z Control exponent
Yy, b c Constants
I Discharge current
t, x Time
Y1 Discharge load current
Aand b Dependent parameter and power exponent
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