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This paper documents the experimental characterization of a Li-ion battery cell during charging/discharging
cyclic operations. The study of the battery cell is conducted in the absence of cooling aid system, and provides
thermal and electrical insights. After describing the experimental set-up, the changes in temperature are pre-
sented and highlight the nonuniform distribution of the temperature on the battery cell surface. The findings
indicate that the maximum temperature difference on the investigated battery cell surface may reach up to 11 C

at 3C and 17 °C at 5C, at the end of the discharge in the natural convection case. These changes in space come
with temporal variations that are also documented. Voltage curves are provided during charging and discharging
operations. The impact of the discharge rate, ambient temperature are then investigated together with the ca-
pacity fade after 500 cycles, and results showed that ventilation and low ambient temperatures allow to alleviate

the battery capacity fade by 3%.

1. Introduction

Electric and hybrid vehicle technologies contribute to reducing car-
bon emissions and are perceived as an eco-friendly solution for trans-
portation [1]. They do not come without some challenges though:
ensuring fast charging, heat generation-based safety risks, and milage
range issues are the most crucial ones. The batteries used in electric
vehicles (EV) are rechargeable power sources in which stored chemical
energy is converted into electricity. Today, Li-ion based batteries are
considered to be the most advanced technology by the EV companies
[2,3]. Li-ion batteries consist of positive-negative electrodes, electrolyte
layer, porous separator, positive—negative collectors, and tab sections.
The electrochemical reaction speed, the layer purity, the internal resis-
tance, the aspect ratio of the layers structure, the tab location, and the
operating temperature are the most influential factors on the Li-ion
battery performance and operating stability [4-6]. Because the time
for charging the battery is key, the C-rate is another important param-
eter. The C-rate represents measurement of the charge and discharge
current with respect to its nominal capacity; the higher the C-rate, the
faster the time for charge/discharge. Nevertheless, high C-rates lead to
increased heat generation within the Li-ion battery cell.

Heat generation within a battery cell may cause solid-electrolyte
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interface degradation and even thermal runaway [7-9]. The latter can
be considered as a chain electrochemical reaction in which a tempera-
ture increment triggers the reaction speed, and vice versa. Even in the
absence of thermal runaway, the heat generation during the charge and
discharge also accelerates the battery capacity losses [10,11]. Capacity
fade mainly effects the battery performance and impacts the EV milage
range. The capacity fade within the EV battery pack depends on the
operating temperature, the total number of charge/discharge cycles, and
the C-rate [11-14]. Hunt et al. [15] experimentally investigated the
capacity fade of 5 Ah pouch type Li-ion battery cells under various
thermal management techniques of Peltier element, forced air, and tab
cooling. The cells were tested up to 1000 cycles with 2C fast charging.
The discharge rate was varied between C/20, 1C, and 6C. The results
indicated that increasing the discharge rate accelerates the capacity
fade, as expected. Wang et al. [16] documented the capacity fade of 1.5
Ah cylindrical Li-ion battery cells discharged between 0.5C and 6.5C,
and they proposed correlations in the capacity fade based on the number
of cycles.

on the capacity fade based on time and number of cycles. The tem-
perature range varied from 10 °C to 46 °C to observe the effects of the
operating temperature on the capacity fade. The proposed correlations
were used by Gennaro et al. [17] for the Nickel-Cobalt-Manganese oxide
(NCM) battery cells, and they also reviewed all the other capacity fade
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Nomenclature

C C-rate

h convective heat transfer coefficient [Wm ™2 K]
Nu Nusselt number

Pr Prandtl number

Q capacity [Ah]

Ra Rayleigh number

Re Reynolds number

R? goodness of fit [dimensionless]

t time [s]

T temperature [K]

T average temperature [K]
Subscripts

amb ambient

cycle based on charge/discharge cycle
final value at the end of operation

H value based on height

loss capacity fade
throughput total amount of ampere-hours exchanged by the battery
cell during the cycles

1 first thermocouple region

2 second thermocouple region
3 third thermocouple region
Abbreviations

CC-CV  constant current-constant voltage
DoD depth of discharge

EC ethylene carbonate

EMC ethyl methyl carbonate

EV electric vehicle

FC forced convection

Li lithium

LiPFg lithium hexafluorophosphate
NC natural convection

NCM nickel-cobalt-manganese
SoC state of charge

correlations in the literature for the various cell chemistries. Note that
strict thermal control minimizes the operational capacity losses of the
EV battery packs. At this point, literature has comprehensive research
papers related to the investigation of battery thermal-electrical charac-
teristics and thermal management solutions [18-20].

While the literature offers many experimental results on the battery
cells capacity fade or, to a lesser extent, on cooling solutions, there is a
lack of measurements of the temperature distribution in time and space
on battery cells during charging and discharging coupled with electrical
measurements, in the absence of any cooling aid. After a first publication
coupling experimental and numerical work [21], this paper documents
the experimental characterization of a pouch type Li-ion battery cell
during charging/discharging cyclic operations. After describing the
experimental set-up, the changes in temperature and voltage are given
in charging and discharging conditions. The impact of the discharge
rate, ambient temperature are then investigated together with the ca-
pacity fade.

2. Experiments

We tested a Kokam SLPB75106100 Li-ion battery. Its main charac-
teristics are summarized in Table 1.

The experimental conditions consisted in placing the battery cell in a
chamber at controlled constant temperature, T,,;. Two cases were
considered: Tymp= 25 °C, and Ty, = 40 °C. The latter corresponds to the
maximum temperature that the battery can undergo before degradation
[22,23]. A ventilation system in the chamber allowed to generate an
airflow around the cell. We termed this configuration as Forced Con-
vection (FC). We were able to determine the corresponding convection
heat transfer coefficient by measuring the air velocity with a digital
anemometer located just above the battery cell. The air velocity was
time-averaged over a 1-minute period to prevent instant measurement
errors. During other tests, the ventilation system was turned off, the air
flow was due only to buoyancy in the vicinity of the battery cell which
was generating heat during the different phases of charge and discharge.

Table 1
Main properties of the pouch cell.
Dimensions Electrode Electrolyte Nominal Capacity
(mm) materials mixture voltage (V) (Ah)
107 x 102 x NCM- EC/EMC/ 3.7 7.5
7.2 graphite LiPFq

Such case is named the Natural Convection (NC) case. Two identical
battery cells were charged at a 2C rate and discharged at a 3C rate and
5C rate respectively.

The two experimental set-ups are shown in Fig. 1a (set-up A) and 1b
(set-up B). Set-up A mainly contains a programmable DC power supply
for charging (Chroma 62024P model, 2400 W/100 V/50A), two
different electronic loads for discharging (Prodigit 3332F model, 120
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Fig. 1. Li-ion battery cell test configurations, (a) set-up A and (b) set-up B.
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W/80 V/24A and BK Instruments Precision model, 1500 kW/120 V/
240A), a data-logger for collecting the voltage data (IMC Cs-7008 model,
8-channels), a thermal imager (Testo 885-2 model, temperature sensi-
tivity < 0.03 °C with an IR resolution of 240 x 320 pixels) for capturing
the Li-ion cell surface temperature map, and a digital multimeter (Lab-
Volt 6394A model) to double-check the voltage and current values.

The set-up B is identical to the set-up A, and includes also a Li-ion
battery cycler (Neware BTS4000 high power series, 50 V/100A) for
the capacity fade experiment. We used set-up A when discharging the
battery cell at 3C and 5C rates under natural convection conditions at
the ambient temperature of 25 °C. The temperature maps during the
discharge process were captured every 0.3 s with a Testo 885-2 thermal
imager. Note that the battery cells were coated with matte black paint to
increase the emissivity of the surface and to disable reflection of the
thermal radiation. The voltage data were collected via a multichannel
data-logger (Fig. 1a) with a precision of 1 s. The limits for the cut-off
(2.8 V) and maximum (4.2 V) voltage were determined in accordance
with the Kokam battery cell user manual [24].

3. Verification

To control the results, we also placed three thermocouples towards
the positive tab location (Thermocouple 1), in the middle of the cell
surface (Thermocouple 2), and connected to the positive and negative
tabs (Thermocouple 3). The thermocouples 1 and 2 provided the tem-
perature changes during the charging and discharging process, while the
third thermocouple collected the voltage changes (Fig. 2). A thermally
insulated tape was used to maintain the thermocouples.

We present in Fig. 3 the temperature changes during the discharge at
the level of the positive tab (Fig. 3a) and in the middle of the surface
(Fig. 3b) for 3C and 5C rates when the ambient temperature is 25 °C in
natural convection. The curves in red correspond to the results provided
by the thermocouples while the blue ones give the temperature values
from the thermal camera. In the latter, we allocated a square region of 1
cm? centered on the thermocouple, and considered the average tem-
perature. The results for the voltage change are shown in Fig. 4. Note
that the temperature and voltage curves obtained with the thermocou-
ples are very similar to the ones with the thermal camera and voltmeter.

Thermal
insulation tape
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Fig. 3. Thermal camera and thermocouple measurements for 3C and 5C
discharge rates (a) in the tab section and (b) in the middle of the battery
cell.Tgmp = 25 °C, NC configuration.

4. Battery voltage and temperature
4.1. Charging and discharging
The two identical Li-ion battery cells were exposed to the same fast

charging rate (2C) and a discharging rate of 3C for one cell and 5C for
the other one at T, = 25 °C, in the natural convection configuration.

K-type
thermocouples

Fig. 2. Thermocouple locations on the Li-ion battery cell.
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Fig. 4. Voltage curves under 3C and 5C discharge rates.T,,, = 25 °C, NC

configuration.

The charge and discharge rates were determined according to the limits
recommended by the manufacturer [24] for safe and continuous oper-
ations. Fig. 5 provides the voltage curves of the battery cell during the
charging and discharging processes. The discharging rate is 3C in Fig. 5a
and 5C in Fig. 5b. We added to the graph the temperature maps captured
at the end of the charge and discharge operations for the sake of
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illustration.

The fast-charging operation took about 45 min with a constant
current-constant voltage (CC- CV) protocol, while the 3C and 5C
discharge processes lasted about 20 min and 12 min, respectively.
Regardless the time for discharge, the shape of the discharge curves is
similar. Yet, the temperature levels are quite different, as detailed in the
next sections of the paper.

4.2. History of the temperature changes

We captured thermal videos to determine the temperature variations
from t = 0 to t = tf,q when the two identical cells were discharged at 3C
and 5C rates, in the natural convection configuration atTg,,;, = 25 °C. The
thermal camera allows to record images approximately every 0.15 s. For
more insights, the thermal movie of the 3C discharge process is attached
as the supplementary material (appendix A).

Fig. 6 presents a sample of the temperature distributions on the
battery cell surface with respect to the depth of discharge (DoD) levels
for the 3C discharge process (left-hand side) and for the 5C case (right-
hand side). The images correspond to the measurements at 25%, 50%,
75% and 100% of DoD. We chose to use a common set of colors for the
temperature range to illustrate the effect of the discharge rate on the
temperature distribution. In both cases, the battery cell starts heating
immediately as soon as the discharge starts, especially towards the
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Fig. 5. Voltage curves of 2C rate in fast charging mode, and (a) 3C, (b) 5C rates discharging modes, Tgmp= 25 °C, NC configuration.
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Fig. 6. Temperature maps of (a) 3C and (b) 5C discharge operations at 25%, 50%, 75%, and 100% depth of discharge (DoD), NC configuration, Tgm= 25 °C.

positive tab. The thermal wave propagates from the tabs to the entire
cell surface in a similar fashion, regardless the discharge value. The heat
diffusion is overall radial. The temperature maps in Fig. 6 highlight that
the difference between the two discharge cases lies in the amplitude of
the temperature change, not in the way heat propagates.

4.3. Impact of the rate of discharge

Detecting changes in the cell temperature levels at various discharge

rates is crucial to design effective battery thermal control systems, and
contributes to the lifetime, performance, and co-aging of the electric
vehicle batteries. The current is the dominant factor affecting the ther-
mal and electrical behavior of the Li-ion cells. Higher charge and
discharge rates correspond to higher current densities, and this triggers
the electrochemical reaction kinetics and the heat generation within the
cell.

As shown in Fig. 6, the temperature in the vicinity of the battery tabs
increases of about 7.6 °C (3C discharge) and 11 °C (5C discharge) at 25%
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DoD. The maximum temperature was obtained at the end of the
discharge operation (100% DoD). It was located around the positive tab
and measured at 50.9 °C (3C discharge) and 66.1 °C (5C discharge). The
temperature difference between the top and bottom of the battery cell
also increased with respect to the DoD level. The maximum temperature
difference was about 11 °C (3C discharge) and 17 °C (5C discharge)
when the battery cell was fully discharged. This latter value is far
beyond the admissible temperature difference of 5 °C [25].

4.4. Impact of the ambient temperature

One battery cell was tested in set-up B with the ambient temperature
maintained at 40 + 1 °C, and without any cooling aid. This natural
convection case was compared to the results obtained with an ambient
temperature at 25 °C. Fig. 7 presents the temperature distribution at the
surface of the battery cell when the thermostatic chamber temperature is
kept at 25 °C (Fig. 7a) and 40 °C (Fig. 7b). The thermal maps correspond
to the end of the discharge at a 5C rate. As shown in the figure, the
temperature distribution is non-uniform with a hot spot located in the
vicinity of the tabs in both cases. When the battery cell is placed in a
warmer environment, its maximum surface temperature is increased of
3.4 °C compared to the case with an ambient temperature at 25 °C, going
from 66.1 °C to 69.5 °C. The temperature increase was higher in the
middle and in the lower part of the cell. This increase is 7.4 °C and 6.6 °C
respectively, going from an ambient temperature of 25 °C to 40 °C.

Note that the ambient temperature impacts the kinetics of the elec-
trochemical reaction, and therefore the change in temperature level at
the surface of the battery cell can not be predicted directly from the
change in ambient temperature. Here, the maximum temperature dif-
ference at the cell surface (between top and bottom) decreases when the

Voltage (V)
woow W
8] BN [o)}

w

2.8
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surrounding ambient temperature changes from 25 °C to 40 °C, indi-
cating a more homogenous temperature distribution on the cell surface
when Ty, = 40 °C. This phenomenon results from the lower but more
uniform heat generation during the discharging operation in the 40 °C
case relative to the 25 °C [26,27].

Fig. 7 also presents the voltage measurements during the discharge
process for the two ambient temperatures. The voltage curve obtained
with Ty, = 40 °C is always located above the one corresponding to the
25 °C ambient temperature conditions. This is particularly true at the
beginning of the discharging process. The difference between the two
curves tends to decrease when the DoD reaches 40%. Note that the
battery cell capacity was measured at 7.29 Ah when T, = 25 °C, and
7.47 Ah when T, = 40 °C at the beginning of the discharging opera-
tions (0% DoD).

4.5. Impact of the environmental conditions

Until this point, we have presented the experimental results under
natural convection conditions. The natural convection heat transfer
coefficients for the ambient temperature of 25 °C can be estimated at
12.8 W/m?K from Nu = 0.59Ra11{/ 4 when the Rayleigh number based on
the wall height remains below 10° [28,29]. We also investigated the
thermal and electrical behaviors of an identical Li-ion cell when the
battery surfaces are exposed to forced convection under a discharge rate
of 5C. The battery surface was swept by air blown by a fan at 25 °C. The
time-averaged air velocity was measured as 2.1 m/s. The measurements
were performed with a digital anemometer probe (hotwire) located just
above the battery cell. The convective heat transfer coefficient was

calculated from Nu = 0.664Re;,/ 2prl/2, a correlation in forced convec-
tion with Rey = 1.3 x 10*[28,29] leading to a value of 35.6 W/m?K.

-

6
Time (min)

Fig. 7. Temperature distribution on the battery surface at ambient temperatures of (a) 25 °C and (b) 40 °C, (c) voltage curves in a 5C discharge case, NC

configuration.
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Fig. 8. FC results, (a) temperature map and (b) voltage curves, 5C discharge, Togmp = 25 °C.

Fig. 8 shows the temperature map and voltage curve of the investigated
battery cell under the forced convection condition.

The thermal map was measured at the end of the discharge process.
The trends in the temperature distribution given in Fig. 8a is very similar
to the natural convection results (Fig. 7a). Yet, the temperature levels
decreased of about 11.8 °C thanks to the air mixing by forced convection
which leads to a heat transfer coefficient three times higher than in
natural convection. Hotspot regions were observed in the vicinity of the
battery tabs, while the temperature dropped towards the bottom section
of the cell. The voltage curves corresponding to the natural and forced
convection conditions are presented in Fig. 8b. The two behaviors are
almost identical.

5. Capacity fade

The capacity fade of the two identical Li-ion battery cells was
investigated for 500 cycles. The tests were conducted via the experi-
mental set-up B (Fig. 1) which includes a battery cycler. Each cycle
consisted in charging at 2C and discharging at 5C. We chose to consider
the case of T, = 25 °C in forced convection and T,,;, = 40 °C in natural
convection, considering that this would lead to the most extreme results
in the range of temperature chosen.

The initial capacities of the cells, which were never used previously,
were noted at the beginning of the experiment. They were measured at
7.28 Ah (cell at Ty = 25 °C) and 7.47 Ah (cell at Ty, = 40 °C). A
higher nominal capacity was observed in the 40 °C scenario since the Li-
ion battery capacity is a function of the battery cell temperature. Then,
we measured and logged the remained capacity of the cells after each
cycle. Table 2 presents the capacity fade results of each investigated
condition. The initial capacity of the battery cells at 25 °C and 40 °C
decreased of about 8.5% and 11.8% at the end of 500 cycles, respec-
tively. The results indicate that the total capacity fade after 500 cycles
can be reduced by 3.3% with lower operating temperature. Wang et al.
[16] investigated Li-ion cells with a chemistry (NCM, nickel-cobalt-
manganese) similar to our batteries and measured the capacity fade
under various C-rates and ambient temperatures. The results were

Table 2
Capacity fade results.

Cell capacity (Ah)

Cycles Tamp = 25 °C Tump = 40 °C
0 7.29 7.47
100 6.9 7.23
200 6.82 7.13
300 6.78 6.95
400 6.72 6.77
500 6.67 6.59

documented by Gennaro et al. [17].

The capacity fade data of the 5C discharge operation presented in
Ref. 16 are plotted in Fig. 9 for the operating temperatures of 10 °C, 34
°C, and 46 °C. We added our experimental values in the same figure. The
lower ambient temperatures are separated from the higher ones: Fig. 9a
shows the results when Ty, < 34 °C, while measurements for T,,,;, > 34
°C are reported in Fig. 9b. The results indicate that the capacity fade
curves follow the same trend as the literature results. After 500 cycles,
the cell loses more capacity when the environment temperature
increases.

We used the following correlation based on the number of cycles
[16,17]:

Qloss—cycle = (aTz +bT + C) elldT+e)Crar] ARroughput (@)

where Qyoss_cycie is the percentage of capacity loss, T is the tempera-
ture in Kelvin, ARgrougnpue is the total amount of ampere-hours exchanged
by the battery cell during the cycles. Note that the C-rate determines the
trend of this exponential relation.

Relying on the correlation presented in Eq. (1), we determined the
set of coefficients (a to e) via a code developed in Wolfram Mathematica.
The code was written for statistical evaluation and curve fitting of the
data set. Note that the proposed correlation is based on the experimental
capacity fade results (Table 2), the two ambient temperatures, the C-
rate, and the total Ahyougnpe during the cycles. In addition, we tested the
statistical success (R? and adjusted-R? > 0.99) and fitting stability of the
correlation by the aid of the developed code. The correlation coefficients
are documented in Table 3.

Identical batteries manufactured by the same company may have
dissimilar internal resistance and electrochemical reaction characteris-
tics as the batteries rely on multi-physics at macro, micro, and nanoscale
levels. Among battery cells of similar composition local capacity fade
differences can result from many factors such as the layer purity of the
electrodes and electrolyte, the battery cell nominal capacity, the tabs
material and their location, the local hotspots based on the electrical
connections etc. The capacity fade results obtained experimentally are in
good agreement with the literature correlation [16,17]. A slight change
in the coefficients ¢ and d in Eq. (1) allow to follow with a better ac-
curacy the experimental trends both at 25 °C and 40 °C.

6. Conclusion

The thermal and electrical characterization of the Li-ion battery cell,
under various boundary conditions (25 °C and 40 °C ambient tempera-
ture, natural and forced convection) allows to draw the following
concluding remarks:
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Fig. 9. Comparison of the experimental capacity fade results and literature data for environmental conditions of 25 °C in FC (left) and 40 °C in NC (right).

Table 3

Coefficients in Eq. (1).
Coefficients Unit Wang et al. [16] Present work
a ARK2 8.61x107°° 8.61x107°
b AR'K! —5.13x1072 —-5.13x1073
c AR! 7.63x1071 7.732x107!
d KlCl —-6.7x1073 —-2.973x1073
e Cake 2.35 2.35

1- The Li-ion battery cells have a nonhomogeneous temperature dis-
tribution caused by the nonuniform heat generation within the cells.
In this study, the maximum temperature difference on the battery
cell surface reached up to 11 °C at 3C and 17 °C at 5C, at the end of
the discharge in the natural convection case.
2- Hotspots were observed in the vicinity of the battery tabs due to the
higher current density. The evolution of the temperature maps at
different discharge rates was captured via thermal movies (appendix
A). Heat propagates from the tabs toward the opposite side of the
cell. The C-rate impacts the temperature level but not the heat
propagation pattern. When the ambient temperature moves from 25
°C to 40 °C, a significant effect on the battery cell surface temperature
is noticed. But it does not translate into effect on the voltage curve
during the discharge.
Adding ventilation around the cell allows to lower temperature at the
cell surface without significant impact on the voltage change in
discharge. Ventilation and low ambient temperatures allow to alle-
viate the battery capacity fade by 3% at the end of 500 cycles of
charge/discharge.

w
T

Declaration of Competing Interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:
Sahin Gungor reports financial support was provided by Scientific and
Technological Research Council of Turkey.

Acknowledgement

The authors would like to acknowledge the Scientific and Techno-
logical Research Council of Turkey (TUBITAK) support program with
the grant numbers of 218M498 and 1059B142000143.

Appendix A
Thermal movie of the 3C discharge operation.
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