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Abstract: Thermal characterization of lithium-ion batteries is essential to improve an efficient thermal
management system for lithium-ion batteries. Besides, it is needed for safe and optimum application.
The investigated lithium-ion battery in the present research is a commercially available lithium
titanate oxide-based lithium-ion battery, which can be used in different applications. Different
experimental facilities were used to measure lithium-ion battery heat generation at different operating
conditions and charge and discharge rates in this investigation. Isothermal battery calorimeter is the
exclusive calorimeter globally, suitable for lithium-ion batteries” accurate thermal measurements.
Pulse charge and discharge in different increments of state of charge were applied to the lithium
titanate oxide-based lithium-ion battery to designate the heat generation of the lithium-ion battery
cell. Three different cases were studied. The precise effects of different state-of-charge levels and
current-rates on lithium-ion battery total generated heat was investigated. The maximum heat
generation during 13 A, 40 A, 50 A, 60 A and 100 A pulse discharges were 0.231 Wh, 0.77 Wh,
0.507 Wh, 0.590 Wh and 1.13 Wh correspondingly. It could be inferred that in the case of periodic
charge and discharge pulses applied to the lithium titanate oxide-based lithium-ion battery, important
parameters including state of charge, current rates, initial cycling, and temperature have a significant
influence on total generated heat.

Keywords: lithium titanate oxide-based lithium-ion battery; thermal characterizations

1. Introduction

With quickly developing energy requirements, there is a significant growth in the
need for further renewable and efficient energy resources. Many applications depend on
fossil fuels for the furthermost of their energy requirements [1,2]. The combustion of fossil
fuels causes the release of greenhouse gases in the direction of the atmosphere. Renewable
supplies such as wind energy and solar energy are green supplies of energy. Nevertheless,
these are periodic sources. Especially for a continuing application, the storage of energy
is essential [3,4]. Lithium-ion batteries are a considerably essential element of electric
vehicles. Their application has enhanced noticeably in the last few years [5]. Lithium-ion
batteries are the most attractive energy storage technology for different utilizations. The
aforementioned is attributable to their rapid discharge and charge capability, big scalability
and efficiency, great energy and power density [6,7].

Lithium-ion battery discharging and charging characteristics are intensely dependent
on its working temperature. The lithium-ion battery’s performance is influenced by the
lithium-ion battery’s charge transfer resistance [8]. It was demonstrated that lithium-ion
batteries’ electrical performance depends significantly on the working temperature, with
a decline of almost ninety-five percent in energy density for the lithium-ion batteries at
—40 °C while in comparison with the identical discharge rate at 20 °C [9]. A significant
dependence of solid electrolyte interface resistance and electrolyte resistance on lithium-ion
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battery temperature was showed. Both of which influence ion diffusion resistance and
charge transfer [10]. An immense correspondence between lithium-ion battery performance
and the temperature was found. A growth in lithium-ion battery performance attributable
to more immense raised ionic conductivity and salts’ diffusion rate at more significant
lithium-ion battery temperatures was found [11].

The cycling and thermal behaviors of a lithium titanate-based lithium-ion pouch
cell were investigated. The titanate-based lithium-ion cell demonstrated a considerably
temperature-dependent capacity. The cell showed excellent capacity retention and excellent
internal resistance stability, indicating exceptional lithium titanate’s stability as anode
material [12]. Essential heat transfer and finite element investigation tools were used to
forecast the temperature distributions in cells and modules. Liquid crystal thermography
and infrared photography were used to acquire thermal pictures of the lithium-ion battery
modules’ surface [13].

The thermal characterization and cooling of lithium-ion batteries were accomplished.
Recognition of the thermal field was done through thermographic experiments throughout
electric discharging and charging. The goal was to assess the cooling requirement through-
out the conventional working of an electric vehicle [14]. A finite element investigation
approach was used to assess the packs’ thermal behavior and modules regarding their
geometry. Dissimilar thermal modeling procedures were used to determine thermal per-
formance and the influence of temperature on vehicle performance. The thermal model
simulation was done in the ADVISOR tool. The battery thermal model was combined with
its battery performance models. The model could forecast the temperature alterations in a
vehicle’s battery corresponding to the drive cycle [15].

A novel transient approach for quantifying the thermal parameters of a lithium-ion
battery was developed. Optimization and finite element modeling were used. The lithium-
ion battery’s heat generation rate was determined under various states of charge and
temperature [16]. For the automotive implementations, lithium-ion batteries are restricted
by gravimetric and volumetric energy density, accompanied by cycle life. With superior
construction of the electrode magnitude, mechanical, and shape properties, there are many
advancement opportunities. It is usually appropriately comprehended that enhancing the
working temperature of a lithium-ion battery tends to raise the degradation rate [17-21].

The lithium-ion battery’s spatial temperature difference could reason the state of
charge drift and differences in current densities attributable to the temperature depen-
dency of both the open circuit potential and proportion of discharge to charge pulse
impedance [22]. Different investigations have been accomplished to determine the charge
and discharge capabilities of different lithium-ion battery chemistries to enhance precision
in the state of charge approximation and characterize lithium-ion battery performance
at different temperatures [23,24]. Different methods, including calorimetry, were used
for thermal analysis of small lithium-ion batteries [25-29]. Throughout the working of
the lithium-ion batteries, heat is generated within the lithium-ion batteries. Therefore,
comprehension of heat generation is essential in diminishing the significant temperature
effects in lithium-ion batteries.

The irreversible part of heat generation is a sophisticated parameter to be calculated
and is characterized in various procedures in dissimilar heat analyzing models and was
employed for lithium-ion battery heat generation modeling. Dissimilar procedures were
used for the determination of entropic. In [30], a specific load profile and thermal cycles
were applied to the lithium-ion battery cell, and potentiometry was employed to approxi-
mate this heat coefficient. In [31], the effect of discharge current-rates and state-of-charge
on the heat loss and efficiency of a lithium-ion battery was studied. The discharge current
pulse step period was set to a ten percent state of charge. The incorporation of the heat flux
throughout the stepped procedure gives in to the lithium-ion battery heat generation.

In [32], reversible heat and irreversible heat sources were considered two principal
sources of lithium-ion battery heat generation. The entropic heat coefficient was determined
to estimate the heat generation within the lithium-ion battery. The reversible part of the
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heat generation rate was calculated from the entropy difference. The irreversible part of
heat generation was calculated by use of current rate and internal resistance. In [33,34], a
lithium titanate oxide-based lithium-ion battery’s thermal behavior and thermal behavior
were studied under fast discharging and charging conditions by using an isothermal
battery calorimeter. The previous investigations focused on understanding the lithium-ion
battery’s heat generation behavior during full charge and discharge cycles.

Several researchers analyzed the thermal behavior and heat generation of lithium-ion
batteries. A comprehensive list of all these attempts is available in Table 1. As demonstrated
in the literature review, the prior studies on the heat generation measurement of lithium-ion
batteries demonstrate extensive outcomes. Nevertheless, not many research papers have
studied the heat generation rates of lithium-ion batteries suitable for different applications.
In addition, less attention was paid to thermal characterizations of lithium titanate oxide-
based lithium-ion batteries.

Table 1. Literature overview on heat generation measurements of lithium-ion batteries.

.. Heat Generation . Highest Heat
Ref. Investigation Measurement Method Battery Type Discharge Rate Generation
1.17W (1 Q)
[35] Electro-thermal model Adiabatic calorimeter LFP/graphite 1C,3C,5C 719W (3C)
1795W (5C)
. . 3.1W(1C)
[36] Thermal moﬁehng of big Adiabatic calorimeter LCO/graphite 1C,3C,5C 14W@C)
celis 28 W (5C)
Potentiometric and I riboli 0.332kJ (0.5C)
[37] calorimetric measurement of Saolpfimot f NMC/carbon 05C,1C,15C 0.798 k] (1 C)
entropy changes calorimete 1.485k] (1.5C)
Heat generation in high . . . . 11W(@AC)
[38] power battery Adiabatic calorimeter NMC/graphite 1C,2C BW(2C)
15W (4.10)
. . 22W (5C)
[39] "I:rllea(ire’?calf ;nj texp;:rgrlienrtlal Isothermal calorimeter LMO/carbon 41 5’35(:(; %7 < 30W (5.7C)
ysis of heat generations 3C, 35W (6.3 C)
40W (7 Q)
. 0.82 W/L (0.1 C-0.2C)
[40] Thermal characteristics an derTsﬂfr?;I:r;e}?es;;zink ngl\/i?lzeloz; 0.1 C’CO? g’ 0.33 0.97 W/L (0.2 C-0.5C)
P ’ 321 W/L (0.5 C-1C)
Characterization using ..
[41] electrochemical—calorimetric Acceler.ated rate L1—10.n 0.1¢C,033C 026 W/L
calorimeter batteries
measurements
[42] Electrochemical-calorimetric Accelerated rate cylindrical 033C,05C,1C 163 W/L

studies

calorimeter

Li-ion battery

2. Experimental

An isothermal battery calorimeter measures heat energy, which is removed under
isothermal conditions. The generated heat during the reaction is measured and transferred
with the intention of keeping the temperature of the sample constant. Nevertheless, some
error could be produced from the system’s elevated capacity attributable to the surrounding
lithium-ion battery chamber. Maccor automated test system was used as the lithium-ion
battery cycler. Calibration of the isothermal battery calorimeter comprises several electrical
currents to an accurate resistance, which should be positioned inside the isothermal battery
calorimeter. The investigated lithium-ion battery cell capacity is 13 Ah and possesses
a lithium titanate oxide-based anode from altairnano. A specific fixture was designed
for the lithium-ion battery, which refrains from expansion in the lithium-ion battery cell
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volume caused by working with significant current rates and significant temperatures.
Experimental facilities which were used in this investigation are illustrated in Figure 1.

Extension wires

USB cable

Data acquisition

] - 'I' Isothermal

battery
Programmable temperature controller calorimeter

i

L ® /
Isothermal battery
calorimeter

'l =

Maccor system

Figure 1. Experimental facilities.

3. Result

The heat produced within a lithium-ion battery arisen from an amalgamation of the
reversible and irreversible heat fluxes. These are owing to entropy change and ohmic
losses correspondingly. The origin of lithium-ion batteries heat generation and solution
approach for heat transfer of lithium-ion batteries is described in Figure 2. In the lithium
titanate oxide-based lithium-ion cell surface, thermal energy is dissipated from the lithium-
ion battery to the surroundings by natural convection and radiation attributable to the
temperature variation between the environment and lithium-ion battery surface. Three
different cases were considered for thermal analysis of the lithium titanate oxide-based
lithium-ion battery. Different tests were exerted on a 13 Ah lithium titanate oxide battery
cell using an isothermal battery calorimeter and Maccor system to comprehend lithium-ion
batteries’ thermal behavior subject to dissimilar functioning conditions. Besides, extensive
characterization tests were done for a comprehensive scope of operational situations. To
understand the thermal behavior and analysis the performance and the reliance of the
impacting parameters, including state of charge and current rates on the heat loss and total
generated heat of the lithium-ion battery cell undergoing dissimilar functioning conditions,
several discharges and charge current pulses with dissimilar current rates at different
state of charge levels, which varies from 0% to 100% state of charge, were exerted to the
lithium-ion battery cell by employing Maccor automated test system.
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Figure 2. Origin and solution of heat production of lithium-ion batteries [40].

Table 2 demonstrates a complete description of the test matrix for Case A. Thermal
characterizations of the lithium titanate oxide-based lithium-ion battery for case A are
shown in Figure 3. In the case of A, two different current profiles were applied to the
lithium titanate oxide-based lithium-ion battery. Eighteen different step time duration
was considered for the state of charge. At 20 °C, charging from 29.3% to 33.1% state of
charge, the heat generation was 0.604 Wh, 0.774 Wh, for 40 A, 50 A step charge rates. In
the state of charge range of 29.3% to 69.6%, the average heat generation rate quantified for
the lithium titanate oxide-based lithium-ion battery cell during 40 A and 50 A step charge
cycles were 0.59 Wh and 0.74 Wh. Throughout the 50 A step discharge, the heat generation
was higher than that of the 40 A step charge cycle throughout all the discharge processes.
The maximum heat generation for 40 A and 50 A step charge cycles was from 0% state of
charge to 29.3% state of charge. The minimum heat generation for 40 A step charge cycles
was from 33.1% to 34.7% state of charge, while for 50 A, it was from 38.3% to 39.5% state
of charge. The total generated heat variations displayed approximately a general rising
pattern towards a significant state of charge for three dissimilar cases. For step 40 A charge,
an increase of state of charge from 65 to 69.6 the transferred heat is 0.59 Wh while for step
50 A, this amount is 0.8 Wh.

Table 3 demonstrates a complete description of the test matrix for Case B. Thermal
characterizations of a lithium titanate oxide-based lithium-ion battery for case B is demon-
strated in Figure 4. In the case of B, three different current profiles were applied to the
lithium titanate oxide-based lithium-ion battery. Seventeen different step time duration
was considered for the state of charge. At 20 °C, discharging from 90.5% to 88.64% state of
charge, the heat generation was 0.194 Wh, 0.676 Wh, and 1.038 Wh for 13 A, 40 A, and 100 A
step discharge rates, respectively. In the state of charge range of 90.5% to 75.75%, the aver-
age heat generation rate quantified for the lithium titanate oxide-based lithium-ion battery
cell during 100 A step discharge cycles was more significant by 0.33 Wh and 0.82 Wh than
that observed for the 40 A and 13 A step discharge proportionately. Throughout the 100 A
step discharge, the heat generation was remarkably higher than that of the 40 A and 13 A
step discharge throughout the discharge process. The maximum heat generation for 13 A
step discharge cycles was from 88.64% state of charge to 87% state of charge, and for 40 A
and 100 A step discharge cycles were from 76.36% state of charge to 75.75% state of charge
and 77.29% to 76.82% state of charge correspondingly. The minimum heat generation for
13 A step discharge cycles was from 78.5% to 78.07% state of charge while for 40 A, it was
from 80.07% to 79.46% state of charge and for 100 A step discharge cycles were from 76.36%
state of charge to 75.75% state of charge. This dissimilarity might correspond to phase
alterations, charge transfer overpotentials, alterations in the system’s heat capacity, and
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other parameters. a decrease of SOC from 76.36 to 75.75 the transferred heat is 0.132 Wh,
0.77 Wh, and 0.62 Wh for 13 A, 40 A and 100 A step discharge accordingly.

Table 2. Test matrix for Case A.

Current Cut-Off State of Heat Current Cut-Off State of Heat
Voltage Charge Generation Voltage Charge Generation

3.25 A-CCC 1.500 0 3.25 A-CCD 2.543 90.820

3.25 A-CCD 2.800 100 2.368 3.25 A-CCC 1.500 0 3.791

3.25 A-CCC 1.500 0 3.25 A-CCD 2.800 100
40 A-PC 2.093 29.300 0.790 3.25 A-CCC 1.500 0
40 A-PC 2.131 33.100 0.604 50 A-PC 2.093 29.300 1.109
40 A-PC 2.147 34.700 0.533 50 A-PC 2.131 33.100 0.774
40 A-PC 2.160 36 0.563 50 A-PC 2.147 34.700 0.695
40 A-PC 2172 37.200 0.571 50 A-PC 2.160 36 0.698
40 A-PC 2.183 38.300 0.545 50 A-PC 2172 37.200 0.693
40 A-PC 2.195 39.500 0.556 50 A-PC 2.183 38.300 0.684
40 A-PC 2.206 40.600 0.580 50 A-PC 2.195 39.500 0.678
40 A-PC 2.219 41.900 0.606 50 A-PC 2.206 40.600 0.698
40 A-PC 2.234 43.400 0.577 50 A-PC 2.219 41.900 0.714
40 A-PC 2.252 45.200 0.582 50 A-PC 2.234 43.400 0.720
40 A-PC 2.274 47.400 0.583 50 A-PC 2.252 45.200 0.720
40 A-PC 2.301 50.100 0.642 50 A-PC 2274 47.400 0.730
40 A-PC 2.332 53.200 0.570 50 A-PC 2.301 50.100 0.750
40 A-PC 2.368 56.800 0.610 50 A-PC 2.332 53.200 0.710
40 A-PC 2.407 60.700 0.610 50 A-PC 2.368 56.800 0.730
40 A-PC 2.450 65 0.640 50 A-PC 2.407 60.700 0.760
40 A-PC 2.496 69.600 0.590 50 A-PC 2.450 65 0.760
40 A-PC 2.543 74.300 - 50 A-PC 2.496 69.600 0.800

Table 4 demonstrates a complete description of the test matrix for Case C. Thermal
characterizations of a lithium titanate oxide-based lithium-ion battery for case C are il-
lustrated in Figure 5. In the case of C, three different current profiles were applied to the
lithium titanate oxide-based lithium-ion battery. Nineteen different step time duration
was considered for the state of charge. The collected energy in the lithium-ion battery
cells increased while it was greater charged or discharged. The aforementioned causes
the heat flux curves to begin to swerve from each other, and the deviation raises at the
end of the charge and discharges experiments. At 30 °C, discharging from 100% to 90.43%
state of charge, the heat generation was 0.396 Wh, 0.437 Wh, and 0.498 Wh for 40 A, 50 A,
and 60 A step discharge rates, respectively. It can be observed from Figure 5 that until
the state of charge of 90.43%, heat generation rate curves for the 40 A, 50 A, and 60 A
approximately overlap each other. As the energy collected in these cells is more discharged,
the three curves commence deviating apart. By raising the lithium titanate oxide-based
lithium-ion battery discharging and charging current rates, the electrochemical reaction
velocity increases, causing more significant heat exchange and molecular interaction. In
the state of charge range of 90.43% to 78.68%, the average heat generation rate quantified
for the lithium titanate oxide-based lithium-ion battery cell during 60 A step discharge
cycles was more significant by 0.068 Wh and 0.136 Wh than that observed for the 50 A and
40 A step discharge proportionately. A decrease of state of charge from 76.29 to 75.68 the
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transferred heat is 0.416 Wh, 0.507 Wh, and 0.59 Wh for 40 A, 50 A, and 60 A step discharge
accordingly.
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Figure 3. Thermal characterizations of a lithium titanate oxide-based lithium-ion battery, (a) heat
generation evolution for case A, (b) Total generated heat for case A.

The maximum heat generation for 40 A, 50 A, and 60 A step discharge cycles was
76.29% state of charge to 75.68% state of charge. The minimum heat generation for 40 A step
discharge cycles was from 86.93% to 85.43% state of charge, while for 50 A, it was from 84%
to 82.79% state of charge and for 60 A step discharge cycles were from 100% state of charge
to 90.43% state of charge. The heat generation during 20 °C was more significant than 30 °C.
This could express the lithium titanate oxide-based lithium-ion battery cell’s lesser internal
resistance at a more significant temperature. Nevertheless, there was some exception for
operational temperature 50 °C at individual current rates. The temperature gradient rises
with current and declines with environment temperature. At lower working conditions,
lesser heat is transferred in colder regions of the lithium titanate oxide-based battery cell
than in hotter regions. At smaller temperatures, the exterior heat removal becomes greater
attributable to the temperature variation between ambient and cell temperature. These
alterations might be concerned with irreversible and reversible heat sources of the lithium
titanate oxide-based lithium-ion battery cell with a dissimilar contribution.
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Table 3. Test matrix for Case B.
Current Cut-Off State of Heat Current Heat Current Heat
Voltage Charge Generation Generation Generation
3.25 A-CCC 2.264 80.86 3.25 A-CCD 3.25 A-CCD
3.25 A-CCD 2.800 100 2.524 3.25 A-CCD 3.044 3.25 A-CCD 2.459
3.25 A-CCC 1.500 0 3.25 A-CCC 3.25 A-CCC
3.25 A-CCD 2.534 90.50 3.25 A-CCD 3.25 A-CCD
13 A-PD 2482 88.64 0.194 40 A-PD 0.676 100 A-PD 1.038
13 A-PD 2.436 87.00 0.231 40 A-PD 0.654 100 A-PD 1.071
13 A-PD 2.394 85.50 0.206 40 A-PD 0.645 100 A-PD 1.071
13 A-PD 2.355 84.11 0.166 40 A-PD 0.632 100 A-PD 1.020
13 A-PD 2.320 82.86 0.179 40 A-PD 0.633 100 A-PD 1.009
13 A-PD 2.290 81.79 0.194 40 A-PD 0.608 100 A-PD 1.003
13 A-PD 2.263 80.82 0.194 40 A-PD 0.618 100 A-PD 0.987
13 A-PD 2242 80.07 0.141 40 A-PD 0.613 100 A-PD 0.982
13 A-PD 2.225 79.46 0.103 40 A-PD 0.587 100 A-PD 0.960
13 A-PD 2.210 78.93 0.152 40 A-PD 0.653 100 A-PD 1
13 A-PD 2.198 78.50 0.172 40 A-PD 0.697 100 A-PD 1.030
13 A-PD 2.186 78.07 0.098 40 A-PD 0.670 100 A-PD 0.990
13 A-PD 2.175 77.68 0.113 40 A-PD 0.660 100 A-PD 1
13 A-PD 2.164 77.29 0.201 40 A-PD 0.720 100 A-PD 1.120
13 A-PD 2.151 76.82 0.205 40 A-PD 0.720 100 A-PD 1.130
13 A-PD 2.138 76.36 0.181 40 A-PD 0.710 100 A-PD 0.850
13 A-PD 2121 75.75 0.132 40 A-PD 0.770 100 A-PD 0.620
2.5 —Step 13 A discharge, T=20 °C
Step 40 A discharge, T=20 °C
g 2l Step 100 A discharg]e,T:ZO €
=
2 15¢ 1
g
2
S 1 | 1
g HRRRRRRRRRNRRREEE
Lo.51 \ }\ }\ || EEEEEEEREE | }\ ]
A\ \ LAY S S | S | SO O S S i\
o S AN AU
0 20 4 60 80 100 120
Time (h)
(a)

Figure 4. Cont.
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Figure 4. Thermal characterizations of a lithium titanate oxide-based lithium-ion battery, (a) heat

generation evolution for case A, (b) total generated heat for case A.

Table 4. Test matrix for Case C.

Current Cut-Off State of Heat Current Heat Current Heat.
Voltage Charge Generation Generation Generation

3.25 A-CCC 2.077 74.18 3.25 A-CCC 3.25 A-CCC

3.25 A-CCD 2.800 100 2131 3.25 A-CCD 2.026 3.25 A-CCD 2.037

3.25 A-CCC 1.500 0 3.25 A-CCC 3.25 A-CCC

3.25 A-CCD 2.800 100 3.25 A-CCD 3.25 A-CCD
40 A-PD 2.532 90.43 0.396 50 A-PD 0.437 60 A-PD 0.498
40 A-PD 2.480 88.57 0.375 50 A-PD 0.431 60 A-PD 0.499
40 A-PD 2.434 86.93 0.393 50 A-PD 0.428 60 A-PD 0.500
40 A-PD 2.392 85.43 0.360 50 A-PD 0.428 60 A-PD 0.507
40 A-PD 2.352 84.00 0.379 50 A-PD 0.457 60 A-PD 0.502
40 A-PD 2.318 82.79 0.377 50 A-PD 0.422 60 A-PD 0.506
40 A-PD 2.287 81.68 0.381 50 A-PD 0.441 60 A-PD 0.509
40 A-PD 2.262 80.79 0.376 50 A-PD 0.442 60 A-PD 0.518
40 A-PD 2.241 80.04 0.381 50 A-PD 0.452 60 A-PD 0.514
40 A-PD 2.223 79.39 0.379 50 A-PD 0.452 60 A-PD 0.509
40 A-PD 2.209 78.89 0.384 50 A-PD 0.445 60 A-PD 0.521
40 A-PD 2.196 78.43 0.383 50 A-PD 0.457 60 A-PD 0.527
40 A-PD 2.185 78.04 0.391 50 A-PD 0.462 60 A-PD 0.538
40 A-PD 2.174 77.64 0.387 50 A-PD 0.469 60 A-PD 0.512
40 A-PD 2.162 77.21 0.387 50 A-PD 0.460 60 A-PD 0.536
40 A-PD 2.150 76.79 0.394 50 A-PD 0.482 60 A-PD 0.557
40 A-PD 2.136 76.29 0.412 50 A-PD 0.492 60 A-PD 0.560
40 A-PD 2.119 75.68 0.416 50 A-PD 0.507 60 A-PD 0.590
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Figure 5. Thermal characterizations of a lithium titanate oxide-based lithium-ion battery, (a) heat

o
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generation evolution for case A, (b) total generated heat for case A.

A model was derived for the total generated heat of lithium-ion batteries, which
comes from the isothermal battery calorimeter experiments. The thermal model equation
was determined by MATLAB curve fitting tool by using experimental data. The R-square
quantity for the total generated heat model is less than 0.9989. The total generated heat
model parameters for different cases are exhibited in Table 5. The thermal model equation
is presented in the following mathematical statement:

TGH(f) = A1 X Sil’l(B] Xt 4 Cl) + Ay X Sil’l(Bz Xt 4 Cz) + Az x Sil’l(B3 X t 4 C3)+
Ay x sin(By x t + C4) + As X sin(Bs x t + Cs) + Ag x sin(Bg x t + Cg)+ (1)
Ay x sin(By x t 4+ C7) + Ag x sin(Bg x t + Cg)

where TGH(t): Total generated heat (Wh) and ¢: time (h).

Figure 6 illustrates a comparison between different cases during random and periodic
charge-discharge pulses. In case A for step 40 A charge, an increase of state of charge from
33.1 to 34.7 the transferred heat is 0.604 Wh is while for step 50 A, this amount is 0.774 Wh.
In the case of B, a decrease of state of charge from 80.07 to 79.46 the transferred heat is
0.103 Wh, 0.587 Wh, and 0.96 Wh for 13 A, 40 A, and 100 A step discharge accordingly. In



Appl. Syst. Innov. 2021, 4, 24

11 of 15

case C, a decrease of state of charge from 79.39 to 78.89, the transferred heat is 0.384 Wh,
0.445 Wh, and 0.521 Wh for 40 A, 50 A, and 60 A step discharge accordingly.

Table 5. Parameters of the total generated heat model.

Step13 A Step 40 A Step 100 A Step 40 A Step 50 A Step 60 A

C:at:g})e4g OAO C C:::gpesg (;AO C Discharge, Discharge, Discharge, Discharge, Discharge, Discharge,
¢ ’ 20°C 20°C 20°C 30°C 30°C 30°C
Ay 5.33 x 107 6.20 x 107 235x 107 586 x 107 682 x 107  357x 107  3.89 x 107  4.23 x 107
By 1.02 x 1075 1.02x 1075 728x107% 6.09%x107® 618 x107% 6.09x107® 580 x107® 6.31 x 107°
G —0.4048 —0.4048 —0.4579 —0.5172 —0.3037 —0.5144 —0.4207 —0.5416
A, 1.90 x 107 1.90 x 107 922 x 106 227 x107 253x107 135x107 148 x 107  1.61 x 107
B, 2.00 x 107> 2.00 x 107> 145x107° 123x107° 119x107° 122x10° 114x107° 126x107°
C, 1.67 1.67 1.022 1.254 2.049 1.241 1.606 1.265
Aj 2.73 x10° 2.73 x 10° 1.64 x 106 3.75x 10  4.68 x 10° 220 x 106 256 x 10°  2.86 x 10°
Bs 3.93 x 107° 3.93 x 107° 293x107° 240 x107° 230x107> 244 %1075 220x107° 252x107°
C3 2.409 2.409 0.7139 1.528 3.368 1.325 2533 1.411
Ay 1.02 x 10° 1.02 x 10° 477 x10° 130 x 106  1.85x10°  6.86 x 10°  8.67 x 10°  1.04 x 10°
By 5.65 x 107> 5.65 x 10~° 432 x107° 364 x107° 341 x107° 3.66x107° 289 x10° 379 x10°°
Cy 3.22 3.22 0.5231 1.568 4.465 1.396 4.56 1.515
As 7.44 x 10° 7.44 x 10° 133 x 10°  4.84 x 10° 923 x 10° 246 x 10°  3.62 x 10° 472 x 10°
Bs 8.29 x 107° 829 x107°  760x107° 481 x107° 422x107° 488x107° 432x107° 505x107°
Cs 2418 2418 —1.847 1.748 6.012 1.605 4.945 1.651
Ag 6.54 x 10° 6.54 x 10° 121 x 10° 272 x10° 644 x10° 193 x10° 202 x 10°  3.04 x 10°
Bs 9.86 x 107> 9.86 x 107° 0.000289 0.0002867  0.0002903  0.0002926  0.0002842  0.0002902
Ce 3.264 3.264 0.6368 0.9783 0.6488 —2.78 —0.3131 ~1.972
Ay 5.34 x 10° 5.34 x 10° 1.37 x 10° 258 x 10° 537 x 10° 117 x 10°  2.04 x 10°  2.58 x 10°
By 0.0001255 0.0001255 6.10 x 107> 520 x 107> 578 x 107>  0.0002816 0.0002955  6.31 x 107
Cy 2.599 2.599 —0.4557 3.89 5.666 0.7229 2.741 1.824
Ag 3.39 x 10° 3.39 x 10° 869 x 104  1.82x10° 396x10° 117x10° 1.82x10° 1.86 x 10°
Bg 0.0001314 0.0001314 0.0001307  0.0002944  6.48 x 107> 610 x 107> 499 x 107> 7.57 x 1075
Cg 5.069 5.069 1.966 —1.009 7.232 1.969 6.338 1.992

Such behavior and corresponding explanations about lithium titanate oxide batteries
have not been reported in the literature. Only a few investigations reported the effect of
the state of charge on heat generation of lithium-ion batteries. In [41], it was demonstrated
that lithium-ion batteries” heat generation rate enhances discharging and charging rates.
Generally, lithium-ion batteries” ohmic heat generation increases at significant discharge
rates [42], notwithstanding reversible heat generation increases at a state of charge lower
than twenty percent [43]. The overpotential lithium-ion batteries rise with decreasing
state of charge by seventy-two percent at a discharge rate of 0.33C [44]. An experimental
study [45] of lithium-ion batteries demonstrated that the entropic coefficient changed non-
monotonically accompanied by a state of charge and raised considerably approaching the
end state of charge lower than twenty-five percent.
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Figure 6. Comparison between different cases during random and periodic charge-discharge pulses:
(a) case A, (b) case B, (c) case C.

4. Conclusions

The investigation, which was represented in this research, demonstrates a considerable
scientific advancement and improvement in the comprehension of lithium-ion battery cells’
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thermal behavior. The results can be used for different lithium-ion batteries” applications,
including optimizing the thermal management of lithium-ion cells. Total heat generated
exhibited a climbing pattern for all cases. Nevertheless, the rate of increase varied with state
of charge level. The maximum heat generation during 40 A and 50 A pulse charges were
0.79 Wh and 1.109 Wh. Summarizing the results, it could be inferred that the experimental
heat generations expressed nearly a climbing pattern towards a slight state of charge for
all current rates. For case B, the difference between the total generated heat of 40 A and
50 A is approximately the same as 50 A and 60 A. This investigation has comprehensibly
presented that the thermal energy, which was relocated during constant voltage and the
current process, differs considerably from the accumulated thermal energy, which was
transferred throughout stepped cycles. From the result of this study, it is feasible to infer
that the amount of heat loss is related to the current rate and would contribute to lithium
titanate oxide-based lithium-ion battery thermal modeling. It was demonstrated that even
a small amount of decrease or increase in lithium-ion battery state of charge produces a
considerable amount of heat. In case A for step 40 A charge an increase of state of charge
from 43.4 to 45.2 the transferred heat is 0.582 Wh while for step 50 A charge this amount is
0.72 Wh. In the case of B, a decrease of state of charge from 90.5 to 88.64 the transferred heat
is 0.194 Wh, 0.676 Wh, and 1.308 Wh for 13 A, 40 A, and 100 A step discharge accordingly.
In case C, a decrease of state of charge from 90.43 to 88.57, the transferred heat is 0.375 Wh,
0.431 Wh, and 0.499 Wh for 40 A, 50 A, and 60 A step discharge accordingly. The significant
impact of the initial and final state of charge, battery temperature, current rates, and state
of charge on the lithium titanate oxide-based lithium-ion battery total generated heat was
acknowledged using the experimental study. The influence of construction and chemistry
of lithium titanate oxide-based lithium-ion battery on the total generated heat can be
considered as future research. A comprehensive and detailed explanation of the proposed
research works’ simulation error, particularly the phenomena’ reproducibility, will be
accomplished in future investigations. This approach will make it simpler to advance the
thermal model and apply it in lithium-ion batteries” system design tools, considering there
is no necessity to integrate the electrochemical model with a thermal model to estimate
heat generation.
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