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Abstract: The prediction of thermal behavior is essential for an efficient initial design of thermal
management systems which equip energy sources based on electrochemical cells. In this study, the
surface temperature of various cylindrical types of Li-ion batteries is monitored at multiple points
during discharge. Three different battery chemistries and two sizes (18650 and 21700) are considered
in this study, allowing the comparison of the influence these parameters have on the temperature rise
considering different discharge rates (1C, 2C and 3C). Based on repeated experimental measurements,
a simple equation that describes the thermal behavior of batteries is proposed and further used to
create 3D thermal maps for each analyzed battery (generally error is below 1 ◦C but never exceeds
3 ◦C). The practical utility of such an equation is that it can drastically reduce the time spent with
experimental measurements required to characterize the thermal behavior of cylindrical Li-ion
batteries, necessary for the initial design process of energy sources’ thermal management system.
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1. Introduction

In recent years, the need to reduce environmental pollution has been increasingly
acknowledged, offering a wider market share to electric vehicles year by year [1]. Lithium-
ion (Li-ion) batteries are the preferred energy source for electric vehicles, due to their
proven supremacy compared to other chemistries in terms of power and energy density,
self-discharge rate and cycle life [2]. However, these properties are strongly affected by
temperature [3]. During charging and discharging operations the ongoing electrochemical
processes generate a considerable quantity of heat, resulting in the rise of the battery
temperature [4]. The heat generation of Li-ion batteries generally varies in time and
influenced by the working conditions, such as state of charge, discharge rate and ambient
temperature [4,5].

Studies show that operating Li-ion batteries at high temperatures can quicken chemical
changes, such as the growth of solid electrolyte interphase in cells, loss of active material
or electrolytic corrosion [6–9]. This leads to the reduction in the electrodes’ available
surface area for electrochemical reactions. Therefore, it is crucial to be able to predict heat
generation characteristics and temperature rise for the right battery thermal management
system design, for maintaining the performance and safety of the battery cells.

The different processes that take place inside the batteries are strongly connected one
to another. The reactions generate heat which affects temperature uniformity inside the
cell [10,11]. The temperature gradient consecutively dictates the electrochemical reaction
kinetics, the transfer of ionic charge and the crystalline phase equilibria of the electrodes.
The dynamics of these phenomena are heavily connected [12]. The interactions between
thermal, electrical, and electrochemical phenomena are illustrated in Figure 1. The processes
include species diffusion, charge transport, chemical kinetics and thermal transport and
are directed by physical laws including several transport properties, such as thermal
conductivity, mass diffusivity or reaction rates [12].
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Figure 1. Schematic illustrating processes inside Li-ion batteries. 

The elementary components of Li-ion batteries are the two electrodes, anode and 
cathode, and the electrolyte which allows the transfer of lithium ions between the elec-
trodes. The negative electrode (anode) is usually made from carbon (graphite) or lithium 
titanate (Li4Ti5O12), while other materials such as Li metals or Li(Si) alloys are considered. 
The electrolyte is typically an organic liquid containing a variety of organic carbonates 
and a salt, such as lithium hexafluorophosphate (LiPF6) [13]. Within the family of Li-ion 
batteries, there are several positive electrode (cathode) materials, which define the battery 
chemistry, for example: LiCoO2 (LCO), LiFePO4 (LFP), Li(Ni1-x-yMnxCoy)O2 (NMC), Li(Ni1-

x-yCoxAly)O2 (NCA) and LiMn2O4 (LMO) [14]. LCO batteries have high energy density but 
are very reactive and therefore have weak thermal stability. LFP batteries have high power 
density and thermal stability and are inexpensive. NMC batteries have high specific en-
ergy and exceptional thermal properties, obtained by the right proportions of nickel and 
manganese to enhance each other’s strengths. Therefore, they are in high demand for their 
use in electric vehicle batteries. NCA batteries also offer high specific power and specific 
energy and a long lifespan, but are not as safe as the other chemistries and are more ex-
pensive. 

The heat generation and temperature rise of Li-ion batteries have been investigated 
by a large number of papers [4,5,10,15–19]. Generally, there are two main causes attributed 
to battery heat generation, namely the over-potential and the entropic heat flow [20,21]. 
The former is due to ohmic losses, charge transfer at the interfaces and mass transfer con-
straints, as well as the current flowing from one electrode to the other, originating in an 
irreversible heat flow. Meanwhile, the latter is due to the reactions at the anode and cath-
ode, respectively, during charge and discharge [17]. Experimental measurements and 
mathematical models have shown that the thermal influence of the two electrodes can be 
different, with a more concentrated heat generation at the positive terminal [22,23]. Dif-
ferent values at the two terminals also exist for parameters such as lithium diffusion coef-
ficient, reaction rate and entropy change, influencing the characterization of thermal be-
havior at the electrodes [24]. 

The prediction of Li-ion batteries’ thermal behavior can be conducted in several 
ways. Equivalent circuit models are used due to their simplicity and suitable performance, 
describing the state of charge, current and heat generation [25]. Multiphysics modeling 
can be used to analyze the influence of the battery’s active components on the contribution 
of reversible and irreversible heat generation [13]. Another numerical prediction method 
of the battery core temperature is the use of coupled linear differential equations, based 
on measured ambient and battery surface temperatures [26]. Drake et al. [5] monitored 
the variation of internal and external temperatures of cylindrical Li-ion batteries, as well 
as the heat flux on their outer surface, to determine the heat generation rate. Well-estab-
lished experimental methods are the accelerating rate calorimetry (ARC) and isothermal 
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The elementary components of Li-ion batteries are the two electrodes, anode and
cathode, and the electrolyte which allows the transfer of lithium ions between the electrodes.
The negative electrode (anode) is usually made from carbon (graphite) or lithium titanate
(Li4Ti5O12), while other materials such as Li metals or Li(Si) alloys are considered. The
electrolyte is typically an organic liquid containing a variety of organic carbonates and
a salt, such as lithium hexafluorophosphate (LiPF6) [13]. Within the family of Li-ion
batteries, there are several positive electrode (cathode) materials, which define the battery
chemistry, for example: LiCoO2 (LCO), LiFePO4 (LFP), Li(Ni1−x−yMnxCoy)O2 (NMC),
Li(Ni1−x−yCoxAly)O2 (NCA) and LiMn2O4 (LMO) [14]. LCO batteries have high energy
density but are very reactive and therefore have weak thermal stability. LFP batteries
have high power density and thermal stability and are inexpensive. NMC batteries have
high specific energy and exceptional thermal properties, obtained by the right proportions
of nickel and manganese to enhance each other’s strengths. Therefore, they are in high
demand for their use in electric vehicle batteries. NCA batteries also offer high specific
power and specific energy and a long lifespan, but are not as safe as the other chemistries
and are more expensive.

The heat generation and temperature rise of Li-ion batteries have been investigated by
a large number of papers [4,5,10,15–19]. Generally, there are two main causes attributed
to battery heat generation, namely the over-potential and the entropic heat flow [20,21].
The former is due to ohmic losses, charge transfer at the interfaces and mass transfer
constraints, as well as the current flowing from one electrode to the other, originating in
an irreversible heat flow. Meanwhile, the latter is due to the reactions at the anode and
cathode, respectively, during charge and discharge [17]. Experimental measurements and
mathematical models have shown that the thermal influence of the two electrodes can
be different, with a more concentrated heat generation at the positive terminal [22,23].
Different values at the two terminals also exist for parameters such as lithium diffusion
coefficient, reaction rate and entropy change, influencing the characterization of thermal
behavior at the electrodes [24].

The prediction of Li-ion batteries’ thermal behavior can be conducted in several ways.
Equivalent circuit models are used due to their simplicity and suitable performance, de-
scribing the state of charge, current and heat generation [25]. Multiphysics modeling can
be used to analyze the influence of the battery’s active components on the contribution of
reversible and irreversible heat generation [13]. Another numerical prediction method of
the battery core temperature is the use of coupled linear differential equations, based on
measured ambient and battery surface temperatures [26]. Drake et al. [5] monitored the
variation of internal and external temperatures of cylindrical Li-ion batteries, as well as
the heat flux on their outer surface, to determine the heat generation rate. Well-established
experimental methods are the accelerating rate calorimetry (ARC) and isothermal heat con-
duction calorimetry (IHC) [27]. Under adiabatic conditions (ARC method), heat generation
can be calculated based on the specific heat capacity and temperature rise of the battery [28].
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To minimize heat exchange with the surroundings, Arora et al. [18] placed pouch battery
cells in slots inside HDPE slabs. A novel isothermal calorimetric method is proposed
by Hu et al. [29], which allows the simultaneous measurement of internal resistance and
entropy coefficient by applying a sinusoidal current and analyzing the heat generation
responses in the frequency domain. An additional IHC calorimeter was designed by
Yin et al. [30] with highly dynamic properties, obtained from the use of thermoelectric
devices. The proposed calorimeter allows the monitoring of variations in heat generation
rate during dynamic charge/discharge processes, due to the reduced thermal inertia. A
similar concept was proposed by Diaz et al. [31], where the entire experimental apparatus,
placed in an environmental chamber, was set to be maintained at constant temperature
by the means of thermoelectric elements. The rate of heat extraction must be equal to the
rate of heat generation, resulting in 4D maps of heat generation, as a function of frequency,
current, state of charge and temperature.

Most of the studies limit temperature and heat flux measurement to the exterior sur-
face of the batteries, although temperature distribution inside the cell can be experimentally
investigated using micro thermocouples [11]. Such measurements show that due to the
poor radial thermal conductivity of the cylindrical batteries, significant temperature gra-
dients can form within the cells, especially at high discharge rates. This non-uniform
temperature distribution amplifies the non-uniform distribution of current density, caused
by the dependencies between the state of charge (SoC), current and temperature, which in
extreme conditions can cause a short circuit or overcharge [32,33]. Therefore, measuring
the internal temperature provides more information about the state of health of the battery,
while external measurements can significantly underestimate the maximum temperature.

Consequently, the prediction of battery heat generation and temperature rise for a
given battery shape, capacity and chemistry must be addressed before designing the battery
pack and its thermal management system [34]. Regarding temperature indication meth-
ods, key characteristics are accuracy, resolution, and measurement range. Thermistors are
solid semiconductor devices, which show a rapid change in their electrical resistance with
temperature [35]. Resistance Temperature Detectors are equipment consisting of metallic
conductors and presenting an increase in electrical resistance with temperature [36]. Ther-
mocouples are devices functioning on the principle of the Seebeck effect, which consists of
the formation of an electromotive force by exposing two distinct conductors to a tempera-
ture difference [37]. They are a preferred solution due to their low cost, robustness, size and
temperature range [38]. Even though a higher accuracy can be obtained, it normally lies
within 1 or 2 ◦C and is thus ordinary. Amid the numerous accessible scientific papers that
conduct experimental measurements regarding battery temperature, commercial thermo-
couples are regularly adopted. A justification might be that devices are generally equipped
with thermocouple input channels. The greater part of investigations uses the common
K-type or T-type thermocouples to measure the battery temperature [39–48].

The authors analyzed bibliographic sources related to this subject and failed to identify
a mathematical relationship of the thermal behavior that considers the chemical particu-
larities of cylindrical Li-ion batteries. For this purpose, in this paper, cylindrical Li-ion
batteries of different sizes and chemistries are discharged at several rates while measuring
the surface temperature in three points using K-type thermocouples. The objective is to cre-
ate a 3D thermal map for each of the tested batteries, in which temperature rise is described
as a function of the state of charge and discharge rate and finally a mathematical equation
is proposed that characterizes the thermal behavior of the batteries. Fitting equations
describing temperature rise or heat generation appear in numerous papers, usually in the
form of simple polynomial equations of the second or third degree. Although these have
excellent accuracy, their implementation requires the definition of all the individual un-
known parameters present in polynomial equations (up to nine in the case of a third-degree
two-variable polynomial equation), which is a time-consuming process. The novelty of this
research lies in the general character of the proposed fitting equation, which includes some
of the main parameters of Li-ion batteries, such as nominal voltage and capacity, reducing
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the number of unknown parameters to just one. The function of the battery’s chemistry, this
parameter can be quickly determined even by a single measurement, reducing considerably
the time necessary for creating the sought thermal maps.

2. Materials and Methods

Three types of cylindrical Li-ion batteries from different manufacturers were used
during the measurements, their parameters are listed in Table 1. Cylindrical Li-ion cells
have a significantly higher energy density than prismatic or pouch cells [49]. Even though
they cannot be packed as optimally as the other two cell shapes, cylindrical cells maintain a
slight advantage even at a system (battery pack) level. Temperature measurements were
made using K-type thermocouples with PTFE insulation and 0.2 mm twisted pair conductor
fixed to the battery surface using thermal insulation tape. To capture possible differences in
heat generation and therefore temperature at the battery terminals, three thermocouples
were used for the tests, in the proximity of the cathode, in the proximity of the anode and
at the middle of the battery, as shown in Figure 2. Nickel sheets were welded to the cell
terminals using spot welding.

Table 1. Battery cell parameters.

Parameters KeepPower Panasonic Samsung

Chemistry LCO NCA NMC
Size 18650 18650 21700

Anode active material Graphite Graphite Graphite
Cathode active material LiMn2O4 LiNi0.8Co0.15Al0.05O2 Li(NiMnCo)O2

Anode electrode thickness 126 µm 126 µm 126 µm
Cathode electrode thickness 125 µm 125 µm 125 µm

Anode current collector
foil thicknesses (copper) 10 µm 10 µm 10 µm

Cathode current collector
foil thicknesses (aluminum) 20 µm 20 µm 20 µm

Electrolyte Lithium Hexafluorophosphate (LiPF6)
Separator (polypropylene (PP)) 20 µm 20 µm 22 µm

Nominal voltage [V] 3.7 3.6 3.6
Nominal capacity [Ah] 2.6 3.1 4

Maximum discharge current [A] 15 10 45
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the equations’ coefficients are represented in Table 2. 
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∆𝑇 = 𝑎 ∙ 𝑡ଷ + 𝑏 ∙ 𝑡ଶ + 𝑐 ∙ 𝑡 (1)

Figure 2. Positioning of thermocouples on the battery surface: (a) LCO; (b) NCA; (c) NMC.

The thermocouples were connected to a Pico TC-08 data logger, for which the temper-
ature accuracy is the sum of ±0.2% of reading and ±0.5 ◦C. Temperatures were recorded
from the date logger at an interval of one second on the personal computer. The constant cur-
rent discharge of the batteries was conducted using an East Tester ETS5410 programmable
electronic load, with a current accuracy of ±(0.05% + 0.05% FS). Additionally, a thermal
camera with a sensor resolution of 76,800 pixels and a thermal sensitivity of 70 mK was
used as a second temperature monitoring tool for validation. The whole experimental
setup is shown in Figure 3.



Batteries 2022, 8, 291 5 of 16

Batteries 2022, 8, 291 5 of 17 
 

   
(a) (b) (c) 

Figure 2. Positioning of thermocouples on the battery surface: (a) LCO; (b) NCA; (c) NMC. 

 
Figure 3. Experimental setup. 

Experimental Procedure 
In this experimental study, for each battery type, three individual cells from the same 

batch were selected. The nine selected cells were numbered as follows: #1, 4, 7–NCA 
(Panasonic, Beijing, China); #2, 5, 8–NMC (Samsung); #3, 6, 9–LCO (KeepPower). Every 
cell was successively discharged three times at discharge rates of 1C, 2C and 3C. For each 
discharge process, the average temperature rise for all three thermocouples was deter-
mined. In the case where at a single thermocouple a difference larger than 5% of the aver-
age temperature rise between measurements was detected, a fourth measurement was 
conducted at the respective discharge rate. The four measurements were compared and 
only the three with the smallest added differences were considered in the following. Com-
pleting the above-mentioned experimental procedure required a total of approximately 
60 h of experimental measurements. 

The hereby selected experimental data collections were then plotted on a single dia-
gram for each battery type, resulting in a total of nine diagrams (3 battery types × 3 dis-
charge rates). Each diagram illustrates a total of 27 curves, representing the measured 
temperature rise on all three locations on the battery surface. For every location, a 3rd-
order polynomial equation was generated to describe the thermal behavior at the positive 
and negative terminal and in the middle of the cell, respectively. Additionally, another 
equation was generated to describe the trendline of all measured data. 

The nine diagrams with their respective equations are illustrated in Figure 4, while 
the equations’ coefficients are represented in Table 2. 

The given coefficients are from a general 3rd-order polynomial equation of the fol-
lowing form: 

∆𝑇 = 𝑎 ∙ 𝑡ଷ + 𝑏 ∙ 𝑡ଶ + 𝑐 ∙ 𝑡 (1)

Figure 3. Experimental setup.

Experimental Procedure

In this experimental study, for each battery type, three individual cells from the same
batch were selected. The nine selected cells were numbered as follows: #1, 4, 7–NCA
(Panasonic, Beijing, China); #2, 5, 8–NMC (Samsung); #3, 6, 9–LCO (KeepPower). Every
cell was successively discharged three times at discharge rates of 1C, 2C and 3C. For
each discharge process, the average temperature rise for all three thermocouples was
determined. In the case where at a single thermocouple a difference larger than 5% of
the average temperature rise between measurements was detected, a fourth measurement
was conducted at the respective discharge rate. The four measurements were compared
and only the three with the smallest added differences were considered in the following.
Completing the above-mentioned experimental procedure required a total of approximately
60 h of experimental measurements.

The hereby selected experimental data collections were then plotted on a single diagram
for each battery type, resulting in a total of nine diagrams (3 battery types × 3 discharge rates).
Each diagram illustrates a total of 27 curves, representing the measured temperature rise
on all three locations on the battery surface. For every location, a 3rd-order polynomial
equation was generated to describe the thermal behavior at the positive and negative
terminal and in the middle of the cell, respectively. Additionally, another equation was
generated to describe the trendline of all measured data.

The nine diagrams with their respective equations are illustrated in Figure 4, while
the equations’ coefficients are represented in Table 2.
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Table 2. Third-order polynomial equations’ coefficients.

Discharge
Rate

Battery’s
Chemistry

Location of
Measurement

Polynomial Equations’ Coefficients
R-Square

a b c

1C

NCA

Positive
terminal 1.14 × 10−9 5.95 × 10−6 1.13 × 10−2 0.9714

Middle 1.25 × 10−9 6.46 × 10−6 1.20 × 10−2 0.9828
Negative
terminal 1.23 × 10−9 6.37 × 10−6 1.18 × 10−2 0.9854

All data 1.21 × 10−9 6.26 × 10−6 1.17 × 10−2 0.9774

NMC

Positive
terminal 4.60 × 10−10 2.10 × 10−6 4.73 × 10−3 0.9626

Middle 4.68 × 10−10 2.11 × 10−6 4.84 × 10−3 0.9686
Negative
terminal 4.62 × 10−10 2.11 × 10−6 4.88 × 10−3 0.97

All data 4.63 × 10−10 2.11 × 10−6 4.82 × 10−3 0.9644

LCO

Positive
terminal 4.90 × 10−10 2.54 × 10−6 5.24 × 10−3 0.9763

Middle 5.37 × 10−10 2.75 × 10−6 5.61 × 10−3 0.9625
Negative
terminal 5.50 × 10−10 2.86 × 10−6 5.80 × 10−3 0.959

All data 5.26 × 10−10 2.72 × 10−6 5.55 × 10−3 0.9581

2C

NCA

Positive
terminal 9.86 × 10−9 3.19 × 10−5 4.26 × 10−2 0.9786

Middle 1.10 × 10−8 3.42 × 10−5 4.42 × 10−2 0.9915
Negative
terminal 1.15 × 10−8 3.60 × 10−5 4.58 × 10−2 0.996

All data 1.08 × 10−8 3.40 × 10−5 4.42 × 10−2 0.9863

NMC

Positive
terminal 3.17 × 10−9 9.68 × 10−6 1.80 × 10−2 0.9901

Middle 2.68 × 10−9 8.44 × 10−6 1.79 × 10−2 0.9864
Negative
terminal 3.23 × 10−9 9.90 × 10−6 1.90 × 10−2 0.9926

All data 3.02 × 10−9 9.33 × 10−6 1.83 × 10−2 0.9841

LCO

Positive
terminal 3.68 × 10−9 1.23 × 10−5 2.02 × 10−2 0.934

Middle 4.08 × 10−9 1.35 × 10−5 2.22 × 10−2 0.98
Negative
terminal 4.73 × 10−9 1.55 × 10−5 2.36 × 10−2 0.9638

All data 3.91 × 10−9 1.31 × 10−5 2.15 × 10−2 0.9481

3C

NCA

Positive
terminal 3.43 × 10−8 8.40 × 10−5 9.11 × 10−2 0.9838

Middle 3.80 × 10−8 9.14 × 10−5 9.71 × 10−2 0.9977
Negative
terminal 4.27 × 10−8 9.91 × 10−5 0.1 0.9971

All data 3.83 × 10−8 9.15 × 10−5 9.61 × 10−2 0.9887

NMC

Positive
terminal 6.03 × 10−9 2.17 × 10−5 4.02 × 10−2 0.9885

Middle 3.68 × 10−9 1.66 × 10−5 3.98 × 10−2 0.9938
Negative
terminal 8.40 × 10−9 2.39 × 10−5 4.26 × 10−2 0.9948

All data 6.04 × 10−9 2.07 × 10−5 4.08 × 10−2 0.9858

LCO

Positive
terminal 9.28 × 10−9 2.80 × 10−5 4.51 × 10−2 0.9959

Middle 9.47 × 10−9 2.86 × 10−5 4.63 × 10−2 0.9953
Negative
terminal 1.46 × 10−8 3.91 × ·10−5 5.20 × 10−2 0.9924

All data 1.11 × 10−8 3.19 × 10−5 4.78 × 10−2 0.9911

The given coefficients are from a general 3rd-order polynomial equation of the follow-
ing form:

∆T = a·t3 + b·t2 + c·t (1)

where ∆T is the temperature rise in ◦C and t is the discharge time in seconds.
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3. Results and Discussions

It can be observed that especially at the lowest discharge rate of 1C, near the start
and end of the discharge process, a steeper temperature rise appears. When applying the
discharge current, a sudden drop in battery voltage occurs, increasing the irreversible part
of the generated heat. Similarly, near the end of discharge, the battery voltage drops at a
faster rate, increasing again the irreversible component. The initial stage of discharge is
also the moment that presents the highest differences in local current density inside the cell,
while near the terminal stage of the process the gradient of electrolyte Li+ concentration is
at its highest [50].

In Figure 5, pictures taken with the thermal camera at the end of the 2C discharge
process are illustrated, which seem to be in agreement with the temperature rise values
presented in Figure 4. One can also notice the different color shades of the wires in the
presented three pictures, which can be due to the variable color scales present in the color
bars, but mostly to differences in current values corresponding to the discharge rate for
the presented battery capacities. The differences in wire temperature for the same C-rates
also influenced the results presented in Figure 4 and the comparative analysis between
battery chemistries.
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Contrarily to what was expected, the results from Figure 4 indicate that for every
case the lowest temperatures were recorded at the positive terminal. While the differences
between the negative terminal and the middle of the battery were negligible, those to the
positive terminal were up to even 3 ◦C at the highest analyzed discharge rate. This disparity
could be attributed to the limits of measuring temperature on the battery surface or the
moderate accuracy of the thermocouples and other equipment. However, given the high
number of tests completed and the repeatability of the performed experimental procedure,
the authors consider that this ever-present trend’s origins should be further investigated.

Regarding the comparison of the different battery chemistries and capacities, the
conducted experiments show that the temperature rise for the analyzed NCA battery
is far higher. Temperatures at the end of the discharge process were regularly 10 ◦C
above the ones measured at the other two chemistries, but in some cases exceeded even
20 ◦C. Based on the ambient conditions, one can see that the end surface temperature
for the analyzed NCA batteries can easily exceed 70 ◦C when discharged at 3C, a case in
which a thermal management system is necessary. This finding can be aligned with other
investigations where the thermal stability of different cathode chemistries was compared.
Barkholtz et al. [51] stated that NCA and LCO cathodes are metastable, with NCA batteries
showing the highest thermal runaway rates, while LFP cathodes are stable. Another
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study [52] also showed that from the thermal stability and reactivity point of view, when
comparing three cathode materials for Li-ion batteries, the electrochemically delithiated
NCA was found to be the least stable.

The magnitude of temperature rise was similar for the analyzed LCO and NMC
batteries, although the variation with increasing discharge rate was slightly different. If
at 1C the average temperature rise for the LCO battery was 3 ◦C lower than for the NMC,
at 2C the results became closely the same, and finally, at 3C it increased above the values
recorded for the NMC battery. Additionally, different studies [13,53] have already proved
that a higher nominal capacity results in an increase in the irreversible heat generation’s
contribution, due to the ohmic polarization in the cathode, separator and anode. This
information, in correlation with the obtained results, indicates the conclusion that of the
analyzed batteries, the NMC chemistry presents the best thermal behavior, and offers the
potential to be used in the future in lower-cost and higher-specific-energy batteries for
electric vehicles [54]. However, for a stronger validation of this statement, a similar test
procedure with a 18650-type NMC battery is suggested for further investigations.

It is observed that no relevant temperature gradient was detected at the various
thermocouple measuring locations on the batteries’ surface nor on the thermal camera
images. Given the prior observation as well as the large number of data and generated
coefficients, only the general trendline for all measured data will be considered in the
following, with the aim of simplifying the results’ interpretation process. Even though only
one dataset will be used in the following, indicating the global thermal behavior of batteries,
measurements in several locations on the battery surface gave a more accurate calculation
of the average temperature rise and offered the possibility to analyze thermal behavior also
on a local level. Furthermore, if more relevant temperature differences arose at the different
measuring locations, thermal maps and subsequently temperature predictions could be
generated for multiple locations on the batteries. The obtained equations (presented in
Table 2) were introduced in Matlab software and a thermal map was generated for each
considered battery, as shown in Figure 6.

Based on the presented thermal maps an equation is proposed, which can describe
relatively simply and with good accuracy the illustrated surfaces with as few coefficients as
possible. For this purpose, several battery parameters are integrated into the equation and
a single coefficient is left to be determined for every case based on the battery chemistry.

The proposed equation is the following:

∆T = B
[
n·U

(
D + S2 − D·S2

)
− S3 − atan

(
eD
)]

− 1.5·Q·S (2)

where ∆T–temperature rise [◦C]; n–size coefficient: n = 1 for 18650-type cell; n = 2 for 21700-
type cell; U–battery nominal voltage [V]; D–discharge rate (C-rate) [-]; S – State of Charge
(SoC) [-]; Q–battery nominal capacity [Ah]; B–chemistry coefficient to be determined for
each battery.

From our study, a general indicative value for the B coefficient should be between 0
and 5. Together with the original polynomial equations from Figure 6, the surfaces obtained
from the proposed fitting equation are illustrated in Figure 7, while in Table 3 the values
for the B coefficient and main fitting parameters are indicated.

It can be seen that the proposed equation is in good agreement with the experimental
results (according to R-square values). The largest differences are at values of the battery
state of charge below 0.1 (SoC-10%), where the equation underestimates battery tempera-
tures by up to 3 ◦C. Other than that, the error generally is below 1 ◦C but never exceeds
2 ◦C. Naturally, the proposed fitting equation represents only an approximation of battery
temperature rise and cannot be yet applied for precise value estimation. Moreover, all
results are limited to cases with a constant discharge rate and therefore cannot be taken for
good in the case of dynamic discharge profiles. Additionally, more experiments with other
battery chemistries and sizes are needed to truly validate the equation and possibly refine
its current form. However, the utility of such an equation is that it can drastically reduce the
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time spent with experimental measurements required to characterize the thermal behavior
of Li-ion batteries. With the mean of only a few measurements, the equation can be used to
determine the B coefficient for any battery type and then apply it to other discharge rates,
eliminating the necessity of performing all the experimental and data processing work
presented in this study.
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4. Conclusions

The article presents a research topic in accordance with the need to introduce sustain-
able transport systems, which led to the research and analysis of efficient energy sources for
electric vehicles. In the presented study, the temperature rise was experimentally analyzed
during discharge mode at 1C, 2C and 3C for three electrochemistry types (NCA, NMC and
LCO) used in the construction of cylindrical batteries.

Based on the obtained results, it can be observed that the temperature rise for the
analyzed NCA battery was by far the highest, while the magnitude of temperature rises
for the analyzed LCO and NMC batteries were similar. Furthermore, through a more
accurate analysis of the results, it can be stated that the NMC chemistry presents the
best thermal behavior and offers the potential to be used in the future in lower-cost and
higher-specific-energy batteries for electric vehicles.

By analyzing the data related to the thermal variation of batteries with different
chemistries, it was possible to propose a parametric equation with good statistical correla-
tion (generally error is below 1 ◦C but never exceeds 3 ◦C, compared to the experimental
data), describing temperature rise as the main function of the state of charge and discharge
rate. The simple form of the equation offers the advantage of being easily used in the initial
design and construction processes of an energy source consisting of cylindrical batteries.

Future research directions can aim to investigate whether the proposed form of the
parametric equation offers a potential application for other chemistries, sizes of cylindrical
batteries or even constructive types of batteries (prismatic, pouch).

An important future research orientation is increasing the number of parameters that
are used in describing the prediction function. This desiderate can be achieved in several
ways. Co-simulations with finite element analysis can be conducted to simultaneously
evaluate the thermal, mechanical and chemical performances of the batteries. Such an
approach would allow us to monitor the aging mechanisms of the cells, the electrodes’
structural deterioration due to mechanical strains and the generation of reversible and
irreversible heat [55]. The second possibility is the implementation of machine learning
methods, given the large quantity of measured data. Such a future development would
enable a precise prediction of battery performance in various working conditions, with
the possibility of increasing the dataset’s complexity by measuring other input parameters,
such as state of health or internal resistance.
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