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ARTICLE INFO ABSTRACT

Handling Editor: Dr Y Su Battery electric vehicles (BEVs) are being considered as a replacement technology for diesel vehi-
cles in underground mining of mineral resources. However, many issues related to BEVs in indus-
trial applications still require more detailed research. One significant topic is the heat
load—BEVs' heat emission into the working environment during regular operation. This paper
provides an overview of the thermal behavior of NMC and LFP Li-ion cells tested under various

Keywords:

Battery electric vehicles
Heat load
Li-ion cells

NMC conditions, which is an important step in determining the overall heat load of BEVs. The surface
LFP temperature of three NMC and one LFP 18650 Li-ion cells was monitored during charging and
Cell's surface temperature discharging at four different rates, at constant ambient temperatures of 30 "C and 40 °C. The

main results pertain to the cell's thermal behavior during charging and discharging, highlighting
the distinctive temperature profiles of NMC and LFP cells.

1. Introduction

Battery electric vehicles (BEVs) with lithium-ion batteries are becoming common technology in the underground mining of min-
eral deposits. While the current number of these machines is not high, it is expected that they will become an alternative and more rel-
evant choice compared to diesel machines.

As stated in professional literature [1], there are currently 157 electric loaders and 45 electric trucks operating in underground
mines worldwide. Original equipment manufacturers refer to such information on their own portals, projects, and publications [2-4].

The application of BEVs in underground mines has a less harmful impact on the working environment because they do not con-
sume oxygen and do not emit exhaust gases [5]. Electric motors emit less noise, and their efficiency is over 90 %, resulting in minimal
heat emission [6]. Additionally, electric powertrains and transmissions are less complicated, making their usage and maintenance
simpler. These attributes highlight the advantages of BEVs, which contribute to their increasing prevalence.

The application of these machines is justified by their reduction of exhaust gases, decreased heat load, and overall contribution to
the mitigation of greenhouse gas (GHG) emissions. However, a notable disadvantage of these vehicles is their limited operational time
per battery charge. Consequently, batteries must be recharged or replaced frequently, depending on their type and capacity. Nonethe-
less, substantial research is being conducted in this area, leading to significant advancements. As a result, it is anticipated that the
characteristics of batteries, such as vehicle range and battery capacity, will continue to improve[7,8].
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With the increasing depth of underground mines and higher production rates, greater demands are placed on vehicle routes for
main haulage. Consequently, higher mine production leads to increased air pollution [9]. Additionally, as depth increases, the tem-
perature of the working environment also rises [10]. For example, in the world's deepest mine in South Africa, temperatures can reach
a5 G LLLL

Li-ion batteries (LIBs) have had a significant impact on the development of electric vehicles [12], including industrial vehicles
used in mining mobile mechanization. The primary technological concerns regarding this technology involve the safe use of lithium-
ion batteries, their thermal stability, fast charging, and performance improvement at low and high temperatures. Research on the
thermal performance of lithium-ion batteries [13-16] indicates the necessity of optimizing their thermal performance and thermal
management systems in accordance with energy density and charge rate. However, LIBs generate a considerable amount of heat dur-
ing the charging and discharging process, and if heat dissipation is insufficient, it can lead to an increase in cell pack temperature,
causing capacity decay and performance degradation [17].

Additionally, it is important to maintain effective monitoring and management of the battery state [18], including the regenera-
tive braking function [19]. Economic factors are also significant, such as the capital expenses for acquiring such equipment with bat-
teries, as well as operational expenses [20,21].

Another important issue is understanding the heat generation and heat transfer processes. Recent research is focused on the be-
havior of systems for thermal management of batteries [22], the regulation of thermal phenomena within the battery itself [23,24],
and developing methodologies for assessing the temperatures within the battery during charging and discharging [25].

However, the specifics of underground mining necessitate a comprehensive understanding of heat emission into the working envi-
ronment during regular operation—known as heat load. This topic is elaborated in detail by M. J. McPhearson [26], but BEVs with Li-
ion cells are a recent technology in this context.

Given the importance of heat transfer analysis in underground mining, experimental research on this subject has commenced at
the University of Belgrade, Faculty of Mining and Geology. The main goal of the research is to determine the amount of energy emit-
ted from BEVs into the working environment of underground mines in the form of heat.

The focus of this paper is on the results of Li-ion cell surface temperature measurements under various charging and discharging
rates at different temperatures. These results will be used in subsequent steps to establish the heat load.

2. Testing method and setup

Four Li-ion cells were tested in total, of which three are NMC (nickel-manganese-cobalt) and one is LFP (lithium ferro-phosphate).
Currently, NMC cells have a larger energy density, while LFP cells are considered to be more stable. The research presented in this pa-
per was conducted on 18650 cells. These cells are cylindrical in shape, with a length of 65.2 mm and a diameter of 18.6 mm, enclosed
in a plastic-covered steel casing. The specifications of the cells used in the tests, according to the manufacturers, are provided in Table
%

All tests were performed in a thermal chamber (Colo DRYSC 136, forced air convection oven), with preheating of the cells until
they stabilized at the ambient temperature, generally taking 90-120 min. The cell surface temperature was also monitored during the
preheating stage to ensure that any temperature variation in the cell was caused by reactions within the cell and not by differences in
ambient temperature.

During the tests, the temperature on the surface of the cell was measured using a type J (Fe) thermocouple, while the ambient tem-
perature was measured using a type K (Ni-Cr) thermocouple. The thermocouples were connected to and recorded by a Testo 175T3
temperature data logger, with accuracy of £0.5 °C * 1 digit. Additionally, the voltage of the cells was measured directly at the ter-
minals using a Fluke V3001FC voltmeter, with accuracy of +0.09 % + 3 digits. The charger used was a Siglent SPD 3303C, and the
load was a Siglent 1000X. Accuracy of Siglent instruments is 0.5 % + 1 digit, both for voltage and current. Temperature measure-
ments were taken at 10-s intervals, while voltage measurements were taken at 1-s intervals. The complete setup is shown in Fig. 1,
and the scheme is shown in Fig. 2.

All cells were charged with their nominal charge voltage (4.2 V for NMC cells and 3.65 V for LFP cells), and then discharged to a
voltage of 2.7 V. It is important to note that the charger and the load have the capability to record voltage during these processes.
However, the measurement results presented are from a Fluke voltmeter, which is connected directly to the cell terminals, thereby
avoiding voltage drops in the setup wiring.

The tests were done systematically, with constant current. The cells were charged and discharged at rates of 1C, 0.75C, 0.5C and
0.33C' at ambient temperatures 30 °C and 40 °C. In total, 64 tests were performed.

3. Results and analysis

The graphs in this chapter are showing the changes in the voltage and the surface temperature of cells during charging and dis-
charging processes, at constant environment temperature.

I Symbol "C" stands for C rate, value used for expressing the speed of cell charging or discharging. The unit of the C rate is Ampere-Hour (Ah). The value of 1C means
that the cell or a battery is charged/discharged in 1 h. Consequently, 0.5C and 0.33C rates are standing for currents used for charging/discharging the cell in 2 and 3 h re-
spectively. The C rate is used for testing cells of different capacities during charging and discharging in same time interval. Consider the fully charged cell with capacity of
2500 mAh (2.5 Ah). To achieve discharge rate of 1C, the load current should be 2500 mA and resulting in fully discharged cell in 1 h. For discharge rates 0.5C and 0.33C the
load currents should be 1250 mA and 833 mA, resulting in fully discharged cell in 2 and 3 h respectively.
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Table 1

Specification of tested cells.
Characteristic/cell P26A VTC5A 25R Heter
Type NMC NMC NMC LFP
Capacity (mAh) 2600 2500 2500 1400
Nominal voltage (V) 3.6 3.6 3.6 3.2
Charge voltage (V) 4.2 4.2 4.2 3.65
Discharge voltage (V) 25 2.5 2.5 2.5
Charge current (A), max 6 6 6 4.2
Discharge current (A), max 35 35 a5 4.2

Fig. 1. Experiment setup (thermal chamber, electric load, power supply and voltmeter).
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Fig. 2. Technical scheme of mentioned equipment.
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Voltages and surface temperatures variation during charging of all cells with 0.33C, 0.5C, 0.75C and 1C rates at 30 °C ambient
temperature is shown on Fig. 3.

As can be seen, there are 4 data sets of voltage and 4 data sets of temperature, one for each cell. The left vertical axis indicates the
voltage, shown in the upper part of the graph. The right vertical axis indicates the temperature, and the horizontal axis represents
time, in seconds. Bottom legend provides color code of voltage (U) and temperature (t) for different cells.

The tests show that charging time is closer to the theoretical one while charging with lower current. At 0.33C charging rate (Fig.
3a) three NMC cells have almost identical charging time, while the LFP cell has slightly shorter charging time. The actual charging
time for NMC cells is about 10000 s, or 2 h and 46 min. With 0.5C charging rate (Fig. 3b) all the tests of NMC cells lasted for about
7000 s, while this time for LFP cell was around 6000 s. Fig. 3¢ (charging rate 0.75C) shows charging times of about 4100-4200 s for
LFP and NMC P26A cells and over 5000 s for other two NMC cells. As shown on Fig. 3d the charging periods are shorter than expected
(60 min), by 7-15 min at 1C rate.

Voltage trends of the NMC cells are almost linear, excluding the beginning and the end of the tests, while the LFP cell showed
smaller change during the test, again, excluding the beginning and the end. Voltage graphs are similar in all tests, but slight distinc-
tions occur for NMC cells during charging at 1C rate (Fig. 3d). The starting voltages of NMC cells are somewhat different, due to dif-
ferent storage periods and consequent self-discharge, but within several minutes this effect is neutralized. Recharging of the cells
prior to the test was avoided to exclude any remaining heat from the charging process.

Cells surface temperature change during charging at 0.33C rate is minor. As it can be seen on Fig. 3a, the temperature reaches its
maximum at the very end of the test, but the trend is not linear and does not rise throughout the test. It reaches local maximum during
the first third to half of test, then it drops, followed by the second maximum toward the end of the test.

Similar behavior was observed during charging with 0.5C rate (Fig. 3b), with somewhat sharper changes. In this case, all NMC
cells are demonstrating two local maximums, as well as temperature rise toward the end of the test. In this case, the temperature peak
is on the second maximum, not at the end as in the previous case. LFP cell had only one surface temperature maximum and the peak
temperature at the end, as in previous case.

Surface temperatures graphs for NMC cells, at charging rate of 0.75C (Fig. 3c¢), indicate just one local maximum during the second
part of the test interval, with the period of somewhat constant temperature (plateau) in the first part. Temperature profile of the LFP
cell is similar to the previous tests.

Surface temperatures variations are the most rapid for NMC cells at charging rate 1C, as shown on Fig. 3d. Also, in this case LFP
cell is not heating up as much as the NMC cells. This test clearly shows that the temperature maximum for NMC cells is reached before
the end of the charging process, while the maximum temperature of LFP cell is achieved at the end of test. It should be noted that all
charging graphs show a slight drop of LFP surface temperature at the beginning of tests, but it quickly recovers and starts rising. Pro-
files of surface temperature graphs for NMC cells are also following previously mentioned pattern, initial rapid increase followed by
the plateau and toward the end of the test, slight temperature increase with the maximum and at the end very low drop of tempera-

Fig. 3. Voltage and surface temperature of cells during charging at 30 "C ambient temperature a) 0.33C, b) 0.5C, ¢) 0.75C, d) 1C.
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ture. With the higher current, the NMC cells graphs of surface temperature variations are more dispersed — achieving different tem-
peratures, depending on the cell model (comparing 0.33C graph with 1C graph).

Voltages and surface temperatures variations during discharging of all cells with 0.33C, 0.5C, 0.75C and 1C rates at 30 "C environ-
ment temperature is shown on Fig. 4.

Discharging tests periods at all rates (Fig. 4) are very similar to the charging periods.

As seen on Fig. 4 the NMC cells have linear voltage drop throughout the test with more rapid drop at the end with more dispersed
voltage variations. The LFP cell has the pattern opposite to the charging process, with slight voltage drops at the beginning and more
significant at the end of the test. This behavior corresponds to the specifications and properties for this type of Li-ion cells.

The temperature variations while discharging at 0.33C rate, shown on Fig. 4a, are small with an increasing trend at the end of tests
and this corresponds to the rapid decrease of voltage. The 0.5C charging rate curves (Fig. 4b) are similar to previous one, but it clearly
indicates that temperature of LFP cell does not increase as rapidly as the surface temperatures of NMC cells at the end of tests. Also, it
is evident that there is a temperature local maximum during the first half of tests followed by slight drop, just to rise again and reach
its maximum at the end. At 0.75C charging rate the temperature curves (Fig. 4¢) are more distinctive and the first local maximum is
more evident. It is also visible that some cells have periods with somewhat constant surface temperature during the middle of the test
before it rapidly increases and reaches maximum at the very end. During charging with 1C rate the temperature curves, shown on Fig.
4d, are almost completely distinctive for each cell and it is obvious that temperature of LFP is not increasing as much as the NMC cells.
The surface temperature of the LFP cell remained almost constant at the beginning of the test before it started incremental rise — this
behavior is typical for this type of Li-ion cells.

Voltage and surface temperatures variations during charging of all cells with 0.33C, 0.5C, 0.75C and 1C rates at 40 °C environ-
ment temperature is shown on Fig. 5.

This test is performed in the same conditions as the previous one, shown in Fig. 3, except for ambient temperature which was
40 °C. The charging time at 0.33C and 0.5C rates are similar when compared to the charging at 30 °C ambient temperature at same
rates. However, charging at 0.75C and 1C was performed in shorter period.

The trends of the voltage curves are identical to the same tests performed at lower temperature, meaning that ambient tempera-
tures within these limits are having no impact on cell's voltage.

It can also be seen that charging at 0.33C rate have surface temperature variations (Fig. 5a) remarkably similar as in test on 30 °C,
with slightly more distinction between the NMC cells.

At 0.5C charging rate (Fig. 5b), NMC cells again are having visible local maximums of surface temperature, first at the beginning
of the test and the second in the latter half of the test. The first temperature maximum of the NMC cells comes after sharper tempera-
ture increase in brief time, and it is at lower value than the second maximum which appears after more gradual temperature increase
during longer period.

Profile of temperature curves of NMC cells, during charging at 0.75C and 1C (Fig. 5c and d) are similar and comparable to those
obtained at 30 °C ambient temperature. However, the first maximum is less pronounced i.e., "flattened”, meaning that surface tem-
perature of the NMC cells is constant or stagnating after initial period of temperature rise. This period is followed by the second tem-

c) d)

Fig. 4. Voltage and surface temperature of cells during discharging at 30 °C ambient temperature a) 0.33C, b) 0.5C, ¢) 0.75C, d) 1C.
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Fig. 5. Voltage and surface temperature of cells during charging at 40 "C ambient temperature a) 0.33C, b) 0.5C, ¢) 0.75C, d) 1C.

perature rise and maximum in the second half of the test. Again, surface temperature of the NMC cells is higher in comparison to the
LFP cell. The LFP cell also reaches the maximum temperature during the second half of the test, followed by negligible drop toward
the end.

Similar observations made for the charging test performed at 30 °C ambient temperature is applicable for this test.

Voltages and surfaces temperatures variations during discharging of all cells with 0.33C, 0.5C, 0.75C and 1C rates at 40 °C envi-
ronment temperature are shown on Fig. 6.

a4 0y
=
- -
[
40
a R [
B
4 1800
A4LE)
A% X1
1.LE)
] o
. W]
= 1161
—]
i
!
41
1 00

RE. T L 1 11 11 .7 ||
1000 SO0 P00 4000 SO0 B0
I |:-\.|
] PIRA =L VICHA =0 25N ) LFP =] FI5A = VI[5A == 4 == LI [T T il Eananl P PPk PR T Y — e, S— ]

Fig. 6. Voltage and surface temperature of cells during discharging at 40 °C ambient temperature a) 0.33C, b) 0.5C, ¢) 0.75C, d) 1C.
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Similar graphs patterns of this test were observed in comparison to the test performed at 30 "C, regarding discharging time and
voltage drop. However, the discharging period of NMC cells was longer at higher rates (0.75C and 1C - Fig. 5¢c and d) by 10-15 %,
when compared to same tests at 30 "C (Fig. 4c and d).

Surface temperature of all cells at lower discharging rates (Fig. 6a and b) are following the same trend as in previous test, but with
more distinctive periods of heating and cooling for NMC cells. Again, surface temperature of all cells shows rapid increase at the end
of tests and the start of this corresponds to the rapid decrease of voltage.

At 0.75C charging rate the temperature curves of each cell are more distinctive, as shown on Fig. 6¢c. NMC cell P26A was dis-
charged faster due to voltage drop during the storage period. Even larger distinction of surface temperature curves is evident during
charging at 1C rate, shown on Fig. 6d.

LFP cell did not demonstrate any distinction between the tests performed at 30 °C and 40 °C ambient temperature.

Other observations made for the rest of cells tested at 30 "C are valid for this test.

4. Discussion and conclusions

The purpose of the tests described above is to determine the behavior of Li-ion cells during discharge and charging under various
conditions, with a focus on surface temperature.

Table 2 provides the relative maximum values of temperature rise (AT), which is the increase from the initial to the maximum
temperature for each tested cell.

It is evident that the measured temperature variations are higher during cell discharging process for NMC cells, while surface tem-
perature of LFP cell are more consistent. Also, NMC cells are having higher temperature peaks, when compared to the LFP cell. This
corresponds to description of LFP cells as more stable cells. It can also be seen that the peaks are higher with higher rates of charging
and discharging.

As it can be seen, there is no significant distinction between results obtained at 30 “C and 40 "C ambient temperatures for P26A
and 25R NMC cells. The VTC5 showed higher surface temperatures at 40 °C ambient temperature during charging at 0.5C, 0.75C and
1C. LFP cell, Heter, also had higher surface temperatures at 40 °C ambient temperature, except for the highest charging rate. How-
ever, this needs to be confirmed by further research.

It is known that there are two heat sources in a cell: Joule's or Ohmic heating and entropy change due to electrochemical reactions.
Joule's or Ohmic heating is defined by:

Q:I(E—-V{,)-—![T(%)] (1)

Where.

Q - Heat generation rate (Ws);
I — Current (A);

E — Open circuit voltage (V);
V., — Cell voltage (V);

T — Temperature (C);

é‘% — Temperature coetticient (V/C).

The first term is known as Joule's heating and the I+[T«(dE/dT)] is reversible heat from open circuit voltage changes due to tem-
perature at electrodes. Usually, the second term is small compared to the first term and can be neglected, for current rates of BEVs
[27,28]. The first term can be considered as a constant, meaning that all the variations of the surface temperature are caused by the
electrochemical reactions inside the cell.

Table 2
Temperature differences (AT) for tested cells.
Current rate 30 °C 40 °C
0.33C 0.50C 0.75C 1C 0.33C 0.50C 0.75C & &
Cell P26A
Discharging 1.9 2.8 Sl 4.2 1.9 2.7 3.3 4.3
Charging 0.6 1.1 2 2.2 0.9 1.4 1.9 1.8
Cell VTCSA
Discharging 1.5 2.2 2.3 3.4 1.4 2.5 3.3 4.9
Charging 0.8 1.4 2 2.9 0.7 1.3 1.9 2.4
Cell 29R
Discharging 1.4 2.3 2.9 4.4 1.6 1.9 3.1 3.7
Charging 0.8 1.4 2.3 2.6 0.9 1.1 2 2.5
Cell Heter
Discharging 0.1 0.7 0.6 2 0.6 12 1.3 45
Charging (.2 0.4 1 1 0.4 1 0.6 1.1
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These electrochemical reactions occur in intervals shorter than the charging and discharging cycles of the cells and can be exother-
mic or endothermic, directly depending on the compounds used to create the anode, cathode, and electrolyte. Therefore, these reac-

tions contribute to variations in the surface temperature of the cell.

Additionally, it is evident that these reactions cause differences between NMC and LFP cells, as well as varying profiles among the
NMC cells. LFP cells exhibit a consistent temperature rise throughout the entire test. In contrast, NMC cells experience periods of de-
creasing surface temperature, occurring at different times for different cells. It is evident that a higher surface temperature of the cell
results in greater heat generation.

Presented results are important for future research related to the heat load of battery electric vehicles in underground mines. Next
step comprises of further testing of Li-ion cells related to heat generation parameters and modelling of heat emissions, i.e., heat load
of the BEV's to the underground mining working environment. This is to be achieved by correlating the measured surface tempera-
tures with the heat generation rate, as described in Equation (1).
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