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Lithium-ion batteries are currently the most widely technology used for electric mobility. During their

service life, batteries can be subjected to high discharge currents, which increase the temperature
of the cells. Therefore, it is essential to properly design the battery thermal management system
to keep the batteries in the optimal temperature range and to avoid inefficiencies, reduction of life
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cycles and thermal runaway. These systems require the knowledge of the battery heat generation as
accurate as possible. The purpose of this work is to suggest a methodology to evaluate the heat
generation of batteries during discharge and to compare the thermal behavior of three commercial
batteries usually adopted in electric vehicles. In particular, LFP, NCA, and NMC batteries were
experimentally tested at ambient temperature and under different operating currents, measuring cell
voltage and surface temperature. The heat generation was evaluated using a simplified equation and
the results were deeply analyzed and discussed. The results show that the NCA cell has the highest
heat generation and surface temperature. Also the ratio between the heat generated and the electric
energy supplied is higher for NCA, while the NMC cell exhibits the lowest value. The NMC shows
the highest energy efficiency among the batteries under investigation. The mean efficiency obtained
was 0.8, 0.76, and 0.82, respectively for LFP, NCA, and NMC cell.

Oirr Irreversible thermal power [W]
Nomenclature

Orev Reversible thermal power [W]

Acronyms
AAD% Average Absolute Difference percent € Emissivity
BTMS Battery Thermal Management System n Cell energy efficiency
CCCV  Constant Current Constant Voltage c Stefan-Boltzmann constant [5.67- 108 W /m?K*]
2
EHC  Entropic Heat Coefficient A Area of battery surface [m"]
IR Infrared thermography ¢ Nominal capacity [Ak]
LFP  Lithium Iron Phosphate Cp Mean heat capacity at constant pressure [J/kgK]
NCA  Lithium Nickel Cobalt Aluminum Oxide D Cell diameter [mm]
NMC  Lithium Nickel Cobalt Manganese Oxide Eeja  1deal electric energy [J]
SOC  State of Charge E. 00 Total electric energy [J/]
Symbols Ei1or  Total heat generated [J]
0, Thermal power [W] H Cell height [mm]
h Convection heat transfer coefficient [W /m2K 1
* Corresponding author. E-mail: 1.giammichele@staff.univpm.it 1 Operating current [A]
@ Dipartimento di Ingegneria Industriale e Scienze Matematiche, Universita Politecnica
delle Marche, Via Brecce Bianche 12, 60131 Ancona, Italy. m Cell mass [kg]
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T Temperature [K]

t Time [s]

Tomb Ambient temperature [K]
Uoc Open circuit voltage [V]
Vv Cell voltage [V]

Vinax Maximum cell voltage [V]
Viom Nominal cell voltage [V]

Vol Volume of the battery [m?]

1 Introduction

Nowadays energy storage plays an even more important role for
the integration of renewable energy sources in our society, as they
are called to smooth the peaks of energy demand and to provide
for the fluctuations of energy production from renewable sources.
Among the available technologies, lithium—ion (Li-ion) batteries
are one of the most promising as power storage and supply given
their characteristics, namely the high energy density and specific
power, light weight, low self-discharge rates, high recyclability,
and long cycle life, compared to other rechargeable batteries’",
Over the years, different internal chemists have been developed,
each of which with different characteristics. Lithium Iron Phos-
phate (LiFePO, or LFP) batteries are known for their high thermal
stability and long cycle life. They are often used in applications
where safety is a primary concern, such as electric vehicles and
energy storage systems. Lithium Manganese Oxide (LiMn,0, or
LiMnO,) batteries provide good power output and thermal sta-
bility. They are commonly found in power tools and medical de-
vices. Lithium Nickel Cobalt Manganese Oxide (LiNi,Co,Mn,0O,
or NMC) batteries offer a balance between energy density, power
output, and cycle life. They are used in a wide range of appli-
cations, including electric vehicles and portable electronics®,
Lithium Nickel Cobalt Aluminum Oxide (LiNiXCoyAIZO2 or NCA)
batteries are similar to NMC batteries but with the addition of alu-
minum, which further improves energy density. They are often
used in electric vehicles and some high-performance consumer
electronics. Lithium Titanate (LiyTi;O;, or LTO) batteries are
known for their extremely long cycle life, fast charge and dis-
charge capabilities, and high thermal stability. They are com-
monly used in applications where rapid charging and high-power
performances are essential, such as buses, forklifts, and some en-
ergy storage systems.

Despite the great improvements during the years, regarding the
electrochemical behavior, the thermal management of Li—ion bat-
teries is still subject of studies. The focus is on the ageing both
over time and also due to operating conditions, such as the state
of charge (SOC), delivered/received current, and operation un-
der extreme temperatures. The latter influence the performance,
degradation and lifetime of batteries especially out of their opti-
mal temperature range (20 °C — 40 °C)Z8, Accordingly, battery
thermal management systems (BTMS) are fundamental to opti-
mize the performances of such batteries.
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In addition, it is worth mentioning that batteries, during the daily
working, are characterized by a heat generation. An appropriate
evaluation of single—cell heat generation improves the BTMS de-
sign method. The phenomenon of the heat generation is related
to different mechanisms such as ohmic Joule heating due to the
transport of charged particles, the start of interfacial processes,
and the movement of concentration species?. In open literature,
two main terms characterize the battery heat generation: irre-
versible and reversible heat generation. The irreversible term is
related to the joule effect due to the battery internal resistance
and to the overpotentials at the interface. The reversible heat
depends on the entropic heat coefficient (EHC). This parameter
is representative of the chemical reaction inside the battery and
the electrodes composition. The reversible heat was often ne-
glected 19" or considered constant with the SOC2"1%, However,
some studies show how this term can assume the same magnitude
of irreversible heat>"17, Therefore, it can significantly affect the
total heat generation and the cell surface temperaturel®,

In literature, different studies deal with the phenomenon numeri-
cally!?. More in detail, some numerical models allow to simulate
the heat generation, discretizing the cell in different regions and
investigating which are most subject to the phenomenon. For in-
stance, a three-region 19" and seven-region20 discretization have
been proposed. Experimentally the discretization is more com-
plex, and accordingly studies focus on the evaluation of the heat
generated by the entire battery. This is crucial as design param-
eter for the cooling strategy adopted as BTMS. The most com-
mon ones are air cooling systems>22] both in natural and forced
convection, liquid cooling strategies, usually more effective for
their high thermal capacities, which exploit a single-phase or
two—phase refrigerant?3"22| immersion liquid cooling2®7, phase
change materials?8"3%, and heat pipe or pulsating heat pipe31-33
This paper intends to provide an extended experimental study of
the heat generation of three commercial battery usually adopted
in electric vehicles with different chemists, considering the over-
all thermal behavior of these cells. In fact, the already present
studies operate under different test conditions and a comparison
can be difficult. For this reason, the aims of the proposed work
are:

* to propose a standard methodology for the thermal charac-
terization of cells.

* to provide a comparison of the different chemists in order
to create a database. This can be used to select the best
chemists and to optimize the BTMS for the specific applica-
tion.

* the use of the experimental results as validation for the nu-
merical models proposed in literature.

The remainder of this paper is organized as follows. Section
describes the heat generation model adopted. The experimental
setup is explained in Section |3} Section 4] shows the results of
experimental tests. Finally, section [5]is devoted to the evaluation
of the cell heat generation. Section|[6]contains the conclusions.



2 Battery heat generation model

The overall energy balance can be expressed using Eq. (I), where
the thermal energy stored within the cell is equal to the heat gen-
erated minus the heat loss by convection and radiation.

aT .
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amb
A simplified equation (Eq. of the heat generation model
proposed by Bernardi et al.®# was adopted to evaluate the
heat generation of the cells under investigation. This equa-
tion is extensively used to calculate Li—ion batteries heat genera-
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where I is the discharge current, V is the cell voltage, T is the bat-
tery temperature, Ugc is the open circuit voltage, and dUgpc/dT
is the EHC.

The irreversible term depends on the cell overpotential, equal to
the difference between V and Uy, and the operating current.
The contribution of this term to the total amount of heat gener-
ated is always positive because the cell voltage is lower than the
Uoc during discharge and the current was considered negative in
the discharge phase. This term is related to irreversible processes
such as Joule heating within the battery, and proportionally de-
pends on the internal resistance of cells.

The reversible term is related to the entropy change in the elec-
trochemical reaction and it is strongly influenced by the EHC. The
EHC can be positive or negative and depends on the SOC and
chemistry composition. If the EHC is negative, the reversible heat
is positive and the process is exothermic; otherwise if the EHC
is positive the reversible heat is negative and the process is en-
dothermic.

Eq. represents the total amount of electric energy produced
during discharge, where 7 is the time required to fully discharge
the battery at the operating current, V is the cell voltage, and I
is the operating current. Similarly, a total heat generated by the
battery can be also defined in Eq. (4).

T
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The cell energy efficiency can be defined in Eq. as the ratio be-

tween total electric energy actually produced and the maximum

electric energy that the battery can supply without any losses.
n= iel,mt (5)

elid

The ideal electric energy, E,;;s, was calculated as reported in

Eq. @, where V,,.x is the cell voltage at full charge condition,

and C is the nominal capacity of the cell.

Eeria = Vimax - C (6)

Table 1 Cell characteristics

Cell D[mm] H[mm] mlg]l View [V] Vi [VI  CI[Ah]
LFP 26 65 76 3.3 3.6 2.5
NMC 21 70 70 3.6 4.2 45
NCA 20 70 63 3.6 4.2 4.25

3  Experimental apparatus

Three commercial cylindrical cells commonly adopted in elec-
tric vehicles and with different chemical composition were
tested:  Lithium Iron Phosphate LiFePO, (LFP), Lithium
Nickel Manganese Cobalt Oxide 811 LiNiygMn,;Cog;0,
(NMC), and Ni rich Lithium Nickel Cobalt Aluminum Oxide
LiNij gCoy 15Alg 950, (NCA). The LFP cell was a A123 26650 (se-
ries name ANR26650M1-B), the NMC was a Molicel 21700 (se-
ries name INR-21700-P42B), and the NCA was a Sanyo 20700
(series name NCR20700B). The main characteristics of the cells,
as reported in the technical specifications, are summarized in Ta-
ble where D, H, m, V,om, Viuax, and C are the diameter, height,
weight, nominal voltage, maximum voltage (fully charged), and
the capacity of the cells, respectively.

A programmable power supply (RMX-4125) and DC electronic
load (RMX-4005) were used to manage the charging and dis-
charging phase. The current setting accuracy of the electronic
load is +0.1% F.S. ranging from O to 70 A and a resolution of
2 mA. The voltage of the cells was measured by NI 6289 data ac-
quisition device, which has 0.076 mV of resolution ranging from
0 to 10 V and an uncertainty of +0.25 mV. The operating cur-
rent was measured by a current transducer with an uncertainty
of £0.02 A in the range +85 A. Ambient temperature and rela-
tive humidity were measured with an uncertainty of +0.6 °C and
+2.5%, respectively. Then, the signals of current and ambient
parameters were acquired using the NI 6289 data acquisition de-
vice.

The temperature of the battery surface was measured by thermo-
couples. One T-type thermocouple was placed in center of the
battery height using a high—conductivity adhesive. The thermo-
couples were attached to an ice point reference before being ac-
quired by the data logger. A high—precision calibration bath was
used to calibrate the thermocouples, allowing to obtain an uncer-
tainty of +0.06 °C. Infrared thermography was used to evaluate
the temperature distribution on cell surface. The infrared cam-
era used is the FLIR A655sc, equipped with a 640x480 micro—
bolometric sensor array and a 25° lens with a 25° x 19° field of
view. The camera uncertainty is +2% of the measured value,
while the thermal sensitivity is 30 mK at 30 °C. A high emissivity
(0.94) black matte paint was applied on battery surface. Figure[l]
shows the measurement setup described above.

During the tests, the following parameters were acquired at
25 Hz: cell voltage, operating current, battery temperature (us-
ing thermocouples), ambient temperature and relative humidity.
Then, the data were post—processed and averaged at 1 Hz. Mean-
while, IR images were also acquired once per second. The ther-
mal camera was placed at a distance of 0.3 m from the battery,
resulting in a spatial resolution of 0.2 mm per pixel. Each image
obtained during discharge was then subtracted from the reference
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Fig. 1 Experimental setup.

thermal image related to the initial condition. All the tests were
performed at ambient temperature (ranging between 26 °C and
28 °C). Thermocouple measurements are referred to their initial
value to avoid the influence of environmental temperature varia-
tion. The ambient temperature and relative humidity were used
in the thermographic image acquisition software as input param-
eters to perform temperature measurements.

Uncertainty analysis was performed considering both the instru-
ment uncertainty and type random measurement uncertainty.
The combined uncertainties were evaluated for correlated quan-
tities (i.e. thermal power generated, total electric energy, and
battery efficiency). A coverage factor equal to 2 was considered
in the calculation of the expanded uncertainties. The obtained
uncertainties are +£0.3 mV for Uyc measurements and maximum
0.3% for the SOC calculation. This last value is due to the setting
current accuracy of the electronic load and the measurement un-
certainty of the current sensor. In the evaluation of the EHC, we
obtained a maximum value of uncertainty equal to +0.016 mV/K.
The measurement uncertainty of the correlated quantities is sum-
marized in Table [2] where the largest percentage uncertainty for
each C-rate is reported. The C-rate is the rate at which a battery
is charged or discharged. It is defined as the ratio between the
discharge current applied and the discharge current under which
the battery delivers its nominal capacity per hour.

Table 2 Measurement uncertainty

C-rate 1 2 3 4 5

0% +5.18 +2.15 +0.63 +0.72 +0.6
Ee10/% +5.2 + 2.68 +0.68 +0.62 + 0.58
n% + 1.64 + 0.85 +0.22 +0.19 +0.18

4 Experimental results

Three kinds of experimental tests were performed in order to cal-
culate the thermal power generated using Eq. (2). First of all, it
was necessary to measure the Upc and the EHC coefficient for the
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Current
sensor

Ice point

chemistry under investigation. Then, constant current discharge
tests were performed to obtain the cell voltage and the battery
surface temperature under different operating currents.

4.1 Open circuit voltage

The test consists in a low current discharge (1C) of 10% of SOC
followed by one hour of relaxation. This cycle was repeated each
10% of SOC until the battery was completely discharged. Mean-
while, the cell voltage was acquired at 10 Hz and the mean value
of the last 10 minutes of each relaxation time was considered a
stable value of Upc. The Ugc test was repeated three times for
each chemistry. The following figure refers to the mean value
of the three tests and the average absolute difference percent,
AAD%, was used to quantify the measurement repeatability. This
parameter is defined by the following equation:

100 Nexp Xi(ex[’) _Xi(”um)

AAD% = 7

X (num)

i

exp =]

where N, is the number of experimental data and X is a generic
parameter. The AAD% was equal to 0.18, 0.24, and 0.72, re-
spectively for the LFP, NCA, and NMC batteries. The results are
showed in Figure [2}

NMC and NCA cells exhibit an higher value of Uy for all the
SOC. LFP cell has a plateux between 90% and 10%. Then there
is a rapid fall to the minimum voltage. On the contrary, NMC
and NCA cells have a gradual decrease of Uy without a range of
constant values. Furthermore, the decrease is more rapid for the
NMC.

4.2 Entropic Heat Coefficient

The EHC was measured through potentiometric methods, which
are extensively applied in literature 151163536138 The cells were
placed in a high precision thermostatic bath after discharged to a
specific SOC. After a period of relaxation of three hours, the bat-
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Fig. 2 Open circuit voltage as a function of SOC.

tery was subjected to a thermal cycle consisting in five temper-
ature steps spaced out by three hours of relaxation at the corre-
sponding temperature. The temperature steps used in this study
were 25 °C, 10 °C, 35 °C, 45 °C, and 25 °C. Meanwhile, the cell
voltage and surface temperature were acquired at 10 Hz. The
mean value of the last 10 minutes of each relaxation time was
considered stable Upc at the corresponding bath temperature.
These values were plotted against the temperature and a linear
interpolation was applied. The slope of the curve represents the
EHC. This procedure was repeated every 10% of SOC until the
cell was completely discharged. The results are showed in Figure
B

The trend is quite similar for the three cells: the maximum posi-
tive value is between 60% and 50% of SOC and the EHC assumes
positive values until the 40%, is nearly zeros at 30%, and becomes
negative for the rest of the SOC. The reversible heat is negative
when the EHC is positive. In this case the chemical reactions in-
side the battery are endothermic and the total heat generated is
decreased by the reversible part. Otherwise, a negative value of
EHC leads to a positive reversible heat. In this case the total heat
generated is increased by this term. However, there are same sig-
nificant differences at high and low SOCs. Between 100% and
70% the NMC and NCA cells exhibit a decreasing trend, while the
EHC increases for the LFP. Furthermore, at low SOCs the EHC de-
creases for all the chemists but more for the LFP and NCA than for
the NMC. Consequently, also the heat generation at these SOCs
will be higher due to the higher contribution of positive reversible
heat.

4.3 Constant current discharges

Constant current discharge tests were performed to measure the
last parameters necessary to evaluate the heat generation (i.e.
cell voltage, surface temperature, and actual current applied).
The tests were performed at different operating currents, as re-
ported in Table |3] For the NCA cell was not possible to test also
the 5C case because the datasheet recommends to not exceed a
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Fig. 3 EHC as a function of SOC.
constant current discharge equal to 4C.
Table 3 Constant current discharge tests performed
C-rate 1 2 3 4 5
Current LFP [A] 2.5 5 7.5 10 12.5
Current NCA [A] 4.25 8.5 12.75 17 -
Current NMC [A] 4.5 9 13.5 18 22.5
Time [s] 3600 1800 1200 900 720

The cells were completely discharged until reaching their mini-
mum voltage, equal to 2 V and 2.5 V, respectively for LFP and
NMC/NCA cells. For the NCA test at 4C, the discharge was
ended before reaching the minimum voltage level because the
cell surface temperature was approaching 100 °C and the test
was stopped for safety reasons. After the complete discharge, the
cells were charged applying a standard CCCV charge (Constant
Current Constant Voltage). During the test, cell voltage, surface
temperature, current supplied, ambient temperature and ambient
relative humidity were measured. The results are showed in the
following figures (Figures [4][6).

Figure [4] shows both the cell voltage during discharge and Ugp¢
against the SOC for the three batteries under investigation. As
already discussed for the Uy¢, the cell voltage of LFP exhibits a
plateau between 90% and 10% of SOC, while the other two cells
have a gradual decrease of voltage. However, the LFP shows a
rapid decrease of voltage in the last 20% of SOC. It is worth not-
ing that the almost flat operating voltage between 90% and 10%
of SOC (as well as the Up¢ trend of figure [2) is a typical behav-
ior of this kind of chemist. From the figure, the decrease of cell
voltage due to the current supplied by the battery is immediately
evident: the cell voltage during discharge is lower than the Upc
for all the SOC and the difference increases with the discharge
current. This difference is due to the internal resistance of the
cell and it is directly involved in the irreversible heat generation
term of Eq. (2): a higher value of this difference corresponds to
a higher irreversible heat generation (at the same discharge cur-
rent) and a greater increase of the surface temperature. Figure
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also highlights that the NCA cell has the highest cell voltage
decrease with respect to the Ugc, while the NMC has the lowest
one. Furthermore, the decrease of the voltage within the dis-
charge current is also more marked. Consequently, the tempera-
ture increases and the heat generation will be higher for this cell
at the same discharge current.

Figure [5| shows the difference between the cell surface temper-
ature during the discharge phase and its initial value. During
the discharge phase the temperature increases due to the heat
generation and the increase is more evident for higher operat-
ing currents. According to the behavior shown in Figure [4] the
NCA cell reaches the highest temperature at the end of discharge.
The LFP has the lowest temperature rise between the cells that
could seems discorded with what explained before. However,
the increase of temperature during the discharge is related to the
cell overpotential and the operating current, considering the ir-
reversible term of Eq. (2). This cell has a lower capacity than
the other two and the operating current is lower for the same
C-rate. In this case, the higher cell overpotential (with regards
to the NMC) is balanced by the lower operating current and the
temperature rise is lower. Otherwise, the effect of the higher cell
overpotential is clearly visible comparing the NMC and NCA tem-
perature plot. Indeed, at almost equal discharge current, the NCA
exhibits a higher temperature increase due to the higher cell over-
potential.

Another interesting aspect to analyze is the behavior of the 1C
discharge. The temperature has a first rise when the discharge
starts. Then, at about 60% of SOC there is a change of curva-
ture, more evident in the LFP than the NCA, while also for the
NMC there is a temperature decrease. Finally, at the end of the
discharge the temperature rises with a higher slope. This trend is
gradually less visible with the increase of the C-rate. The expla-
nation of these results is in the relation between the irreversible
and reversible terms of Eq. (2). At low operating currents, it was
found that the reversible heat absolute value is comparable with
the irreversible term; while at higher C-rates the irreversible term
is strongly higher than the reversible one. Furthermore, until the
30% of SOC the reversible heat is of the opposite sign of the ir-
reversible heat. In this area the reversible heat is subtracted to
the irreversible one and the temperature increase is lower. At
higher C-rates the reversible term has the same behavior, but the
irreversible term has a higher impact on the total heat generated.
After the 30% of SOC the reversible heat becomes positive and it
is added to the irreversible one. Consequently the temperature
increases with higher intensity.

Finally, Figure[f]shows the termographic images of the three cells.
For compactness, only the 4C discharge was considered, which
correspond to the maximum discharge current for the NCA cell.
The images were taken every 25% of SOC with the exception of
the last SOC value which is equal to 5.5%. This last value corre-
sponds to the end of discharge for the NCA cell that was stopped
in advance for safety reasons. The color map refers to the tem-
perature difference between the cell surface temperature and its
minimum value. For the NMC cell there is an unevenness on the
right edge of the battery due to the precence of the thermocouple
and the adhesive adopted for the bonding. The figure highlights
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Fig. 4 Cell voltage at various discharge currents.

the temperature distribution over cell surface. For all the cells the
higher temperature is located in the top zone and the temperature
decreases proceeding towards the bottom part. This distribution
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Fig. 5 Surface temperature at various discharge currents.

can be attributed to natural convection on the battery surface. On
the bottom side, there is a higher heat transfer due to cold air near
the battery surface. Proceeding upwards, the surrounding air is

influenced by the surface temperature and increases its temper-
ature. Consequently the heat transfer decreases proceeding up-
wards. Furthermore, this behavior is influenced by the different
tab and current collector materials of the positive and negative
poles of the cell. It is also very clear that the NCA cell exhibits a
higher temperature difference on cell surface, while the NMC has
the greatest temperature uniformity.

SOC 75%

SOC 50% SOC 25%

SOC5,5%

AT [°C1
8

LFP
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NMC

L

A= =
e | -

Fig. 6 IR images of the three cells during 4C constant current discharge.

5  Evaluation of heat generated

The experimental results showed in section [4| were used to eval-
uate the thermal power generated by the batteries using Eq. (2).
The thermal power calculated was then divided by the cell vol-
ume in order to avoid the influence of different battery size on
the results.

Figure [7| shows the volumetric thermal power generated for the
three cells calculated every 10% of SOC (in the points where the
Uoc and EHC were measured) until complete discharge. The last
point calculated for the NCA cell was at 10% of SOC for the 4C
discharge current, because the test was ended a few seconds after
this point for safety reasons.

The volumetric thermal power for all the three cells increases with
the discharge current. Until the 20% of SOC the thermal power
values fluctuate around a mean value. Differently, the thermal
power increases very rapidly in the last 20% of SOC. This behav-
ior is due to the effect of the reversible term of Eq. (2), which
becomes positive after the 30% of SOC and is added to the irre-
versible term. Furthermore, all the cells have the minimum ther-
mal power generated between 60% and 50% of SOC. At these
values, it was found that the EHC has its maximum positive value
and the reversible heat assumes its maximum negative value (Fig-
ure[3).

NCA cell has the highest volumetric thermal power generated at
the same C-rate, followed by the NMC and the LFP. The results
are in agreement with the surface temperature measurements,
where it was found a higher temperature for the NCA cell (Fig-
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Fig. 7 Volumetric thermal power generated at various discharge currents.

ure[5). The higher thermal power generated is due to the higher
cell overpotential, clearly visible in Figure 4] From the figure, the
NMC overpotential is lower than the LFP battery, but the heat gen-
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erated and the surface temperature are higher than the LFP ones.
As explained before, this is due to the higher cell capacity and
supplied current at the same C-rate. To highlight this behavior,
the thermal power generated was divided by the operating cur-
rent and the results are shown in figure |8 This operation allows
a better comparison between the cells avoiding the influences of
the different capacity. The highest value is always relative to the
NCA cell; however, the NMC exhibits lower values then LFP due
to the lower overpotential. Looking at the last 20% of discharge,
the thermal power increase is higher for the LFP and NCA cells
with respect to the NMC, according to the EHC plot (Figure [3).
Indeed, the EHC was found to be lower for NMC cell at the end of
discharge. Furthermore, in this range the NMC cell has also the
lowest overpotential.

From the above analysis the NMC and NCA cells have a higher
volumetric thermal power generation. However, they also could
supply a higher electric energy due to the higher cell voltage dur-
ing discharge and nominal capacity. Considering the total electric
energy calculated using Eq. it was found that NMC and the
NCA cells supplied the 113% and 83% more than the LFP electric
energy, respectively.

Table [4] shows the percentage ratio between the total heat gen-
erated and the total electric energy calculated using Eq. and
Eq. (@). It is clear that the heat generated is only a limited part of
the electric energy for the NMC cell. Otherwise for the other two
chemists the heat generated has a higher impact. In particular,
the results point out that the NCA cell has the highest ratio and
the heat generated is very relevant with respect to the electric en-
ergy supplied, for all the C-rate tested.

Table 4 Percentage ratio between total heat generated and total electric
energy supplied

C-rate 1 2 3 4 5
LFP 9.74 11.96 13.65 14.88 16.11
NCA 11.06 15.99 19.35 20.94

NMC 2.19 3.77 6.07 7.63 9.85

It is worth noting that in this article the heat generated is cal-
culated for the cell as a whole, without going into detail of the
contributions due to the different components of the cells. Of
course the thermal power generation of a cell is closely related to
the chemical composition of the cathode, anode, and electrolyte,
but also to the size of the electrodes and the type and size of
the current collectors. Therefore, the different thermal behav-
iors previously discussed are not only attributable to the different
chemical composition of the cathode but can also be linked to the
differences in other components of the cells.

Finally, Figure [9] shows a comparison between the energy effi-
ciency of the three cells under different operating currents. The
efficiency, as defined in Eq. (5)), takes into account the inefficiency
due to (i) the decrease of Uyc with the SOC regards to the maxi-
mum voltage at full charge; (ii) the cell overpotential during dis-
charge and the heat generation. The NCA cell has always the
worst efficiency due to the very high heat generation. NMC has
a higher efficiency than LFP for all the C-rates, even if the values
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Fig. 8 Thermal power generated normalized on operating current at
various discharge currents.

are quite similar. For the LFP the highest contribution is the inef-
ficiency due to the cell overpotential, significantly higher than the

- H LFP
| H NCA
| H NMC

09|

sl Mé
= |

07k

06}

1C 2C 3C 4C 5C

Fig. 9 Comparison of battery energy efficiency at various C-rates.

NMC. However, the inefficiency due to the decrease of Upc com-
pared to the maximum voltage is higher for the NMC cell. The
relation between the two contributions for NMC and LFP cells can
be easily understand looking at Figure[10} The inefficiency due to
the cell overpotential and the Uyc decrease with SOC are repre-
sented by the orange and gray, respectively; while, the green area
is the electric energy actually supplied by the battery. The sum
of the three areas is the ideal electric energy. The figure imme-
diately points out the contribution of the two inefficiencies. The
orange area is greater for the LFP cell than the NMC one due to
the higher overpotential. Otherwise, the gray area is more ex-
tended for the NMC battery. For the LFP cell, the two inefficiency
contributions are similar, while in the NMC cell the Uyc decrease
is the main contribution. It is also clear that the supplied electric
energy (green area) of the NMC cell is significantly higher than
the LFP one due to the higher maximum cell voltage.

It is interesting to evaluate the specific electric energy available
for the batteries with respect to their weight and volume. The
gravimetric energy density and the volumetric energy density are
attractive data for electric vehicle battery packs. For example, for
drones or more in general for aviation applications the gravimet-
ric energy density has to be as high as possible; while for auto-
motive applications the volumetric energy density is more inter-
esting. For the three chemists these energy densities are calcu-
lated starting from the total electric energy defined in Eq. for
each C-rate and then averaged. The obtained gravimetric energy
densities are 95.49, 212.85, and 220.28 Wh/kg respectively for
LFP, NCA, and NMC cells; while the volumetric energy density
are 210.29, 609.76, and 635.98 Wh/1 respectively for LFP, NCA,
and NMC cells. NCA and NMC cells have higher volumetric and
gravimetric energy density than LFP battery. These cells are able
to supply more electric energy than LFP at the same weight and
occupied volume, and the NMC is the most performing consider-
ing these two parameters.
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6  Conclusions

This paper presented an experimental comparison of different
chemists (LFP, NMC and NCA) of lithium-ion batteries. The fo-
cus is on the evaluation of the heat generation under different
operating currents through a simplified equation, in which the
different terms were experimentally quantified.

The main findings of the work can be summarized as follows:

* The cell voltage during the discharge phase can be consid-
ered almost constant between 90% and 10% SOC, for the
LFP case, while shows a negative sloping evolution for the
other two (NMC and NCA).

* The LFP is the one with the lowest temperature reached at
the end of the discharge, but it is worth mentioning that for
equal C-rate the actual current for the LFP is the lowest one.
On the contrary, the NCA returned the highest temperature,
and in fact already at 4C the cell was about the exceed the
safety temperature. In addition, the IR thermography anal-
ysis showed that the NCA has the worst temperature unifor-
mity

* The heat generated is higher in the NCA cell, which is also
the one with the highest overpotential. The NMC is the in-
termediate case, while the LFP showed the lowest values de-
spite the high overpotential. The latter in fact is compen-
sated by a low current discharge.

* Accordingly, the NCA returned both the lowest energy ef-
ficiency and the highest ratio between heat generated and
electric energy supplied. The NMC had a lower ratio than
the LFP, but a similar efficiency as the decreasing voltage
with SOC is not considered in the ratio.

The experimental methodology applied in this study can be used
as a standard for future tests on other cell types. In addition, the
obtained results in this study can be useful as input parameters
for the design and optimization of different cooling strategies for
batteries and for validation of future numerical methods.
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