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Abstract — The results of temperature-controlled discharge
tests of NMC type battery cells of standard size 18,650 are
presented. A mathematical model of heat generation rate in a
battery cell during its discharge is proposed and substantiated
in terms of thermodynamics. Based on the model and test
results, it is shown that the optimal energy efficiency is the cell
discharge mode at a temperature of 55 °C.
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I. INTRODUCTION

Presently, there is a global trend towards toughening of
environmental standards imposed on transport systems,
including civil aircraft. A possible way to reduce polluting
emissions is the use of electric propulsion systems (EPS)
based on batteries and fuel cells. E.g., at present, the Pipistrel
Alfa Electro [1] electric airplane is serially produced. Its
electric motor rotating the propeller is power supplied by
batteries during the entire flight. The operation of battery
cells which are structural units of a battery pack is
accompanied by heat release, which imposes additional
restrictions on the conditions of their operation as part of an
electric propulsion system of an aircraft. The optimal
operating mode of the battery pack, from the point of view of
both energy efficiency and safety, requires the development
of a battery thermal management system. Its characteristics
directly depend on the heat-generating properties of the
battery cells.

Currently the Central Institute of Aviation Motors (CIAM)
is creating an EPS demonstrator using batteries for a two-
seater aircraft with a take-off weight of up to 600 kg. The
battery pack consists of NMC type Li-ion cells. In the present
study, Sony VTC 6 cells were used. Cost and chemical
analysis shows their advantages in terms of specific energy
and specific power in comparison with other analogs. The
standard size, convenient for practical applications, minimizes
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the time cycle for manufacturing battery packs consisting of
such cells.

A key factor that determines the configuration of the
battery thermal management system is the heat generation rate
of one cell. For safe and reliable operation of the cells, its
temperature must be maintained within an acceptable
operating range.

A lot of studies [2]-[8] are devoted to the calculation of the
heat generation rate of battery cells, which, in turn, directly or
indirectly refer to the pioneering study of Bernardi et al. [9].
The authors of [9] deriving the mathematical expression for
the heat generation rate of a battery cell, proceed from the
energy balance equation. To calculate the temperature rate of
the cell in the most general form, they consider the course of
various chemical reactions, the possible occurrence of phase
transitions in the cell, enthalpy of mixing, electrical work and
heat exchange with the environment. Unfortunately, study [9]
contains mathematical inaccuracies that complicate the
application of the final mathematical relations. E.g., in [9], in
the relation for the heat generation rate of the battery cell, it is
not said which values remain unchanged when taking the
partial derivative of the open circuit voltage with respect to
temperature. Due to the lack of detailed information on the
physicochemical and phase transformations occurring in the
volume of the battery cell, it is necessary to have a rather
general, mathematically substantiated and simple relationship
for the heat generation rate of the cell.

The present study is devoted to experimental studies of the
temperature-controlled discharge characteristics of Sony VTC
6 battery cells and to the development of a heat generation rate
mathematical model based on this data. These results will be
the basis for the conceptual design of the battery thermal
management system for a light aircraft EPS.
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Il. MATHEMATICAL MODEL OF THE BATTERY CELL HEAT
GENERATION RATE DURING DISCHARGE

Let us apply the first law of thermodynamics to the discharge
process of a cell (1):

0Quy = dH s + £ A0 1)

where 6Q

. 1S the elementary amount of heat transferred to

the cell from the environment, J; dH,, is the differential of

cell enthalpy, J; &, is the cell electromotive force, V; do,

is the elementary amount of charge passed through the cell
(the charge given by the cell or the discharge capacity into the
external electric circuit).

In practice, it is convenient to measure the cell discharge
capacity in ampere-hours (Ah), and not in coulombs, as is
customary in the International System of Units. The
assumption about a small change in pressure inside the cell is
used in expression (1).

The change in pressure must be taken into account when
the cell is operated in an abnormal mode with an unacceptably
small residual capacity. In this case, there is a strong heating,

boiling or expansion of the electrolyte and, as a result, an
increase in pressure.

In this study, only the normal operating mode is
considered, which is indicated by the manufacturer in the
datasheet. In these conditions, the pressure change can be
neglected. Besides, only rechargeable cells with high
expected number of charge-discharge cycles are considered.
The low cell degradation during the charge-discharge cycle is
the basis for the application of the general thermodynamic
approach, which presupposes the occurrence of slow
reversible (quasi-static) processes. Within the framework of
these approximations, the electromotive force of a cell is a
function of its state, namely, a function of temperature and
ion concentrations in the material of both the negative
electrode and the positive electrode.

Let's consider the qualitative principle of cell operation
using the example of a lithium-ion battery (Fig. Ommuoxka!
HCcTOYHMK CCHUIKH He Hali/IeH.)

A negative graphite electrode is shown on the left side in
Fig. 1. Its layered structure allows lithium ions (black dots in
the figure) to easily penetrate into the space between the
layers. On the right side the figure shows a lithium manganese
spinel, which is a positive electrode and has a porous structure
into which lithium ions can also penetrate. Solutions of
lithium salts in non-aqueous solvents are used as electrolytes
in such batteries.

During battery discharge the lithium ions are
deintercalated from the carbon matrix at the negative electrode
and then intercalated into the oxide at the positive electrode.
When the cell is charged, the above processes run in the
opposite direction. Thus the processes of charging and
discharging are characterized only by the transfer of lithium
ions from one electrode to the other.
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Fig. 1. Li-ion battery circuit

When the cell is connected to an external electrical load
the necessary conditions are ensured for the lithium ions to
flow from the negative electrode to the positive one through
the electrolyte, and electrons flow by the wires of the electrical
circuit correspondingly. These processes occur due to the fact
that the binding energy of the ion in the material of the positive
electrode is higher in modulus than that of the ion in the
material of the negative electrode, i.e. the cell discharge
process is more favorable in terms of energy. The flow of
lithium ions must be artificially limited (breaking the circuit)
at a certain closed circuit voltage (CCV), called the cutoff
voltage CCV,_, . The cutoff voltage of the cell affects its life

and is indicated by the manufacturer.

Considering in (1) the quasi-static isothermal flow of an
infinitesimal ionic charge dq;, from the negative electrode to

the positive one, the electromotive force &, can be
considered equal to the open circuit voltage (OCV) of the cell.
Thus, we conclude that for &, , the number of variables
which are parameters of the thermodynamic state can be

reduced (2):

gcen(Tququ) ZOCV(T’qdis) ) 2

where (_ is the current charge of all ions of the negative

electrode, Ah; g, is the current charge of all ions of the
positive electrode, Ah; T is the absolute temperature, K.

Indeed, the cutoff CCV corresponds to a certain maximum
value of the discharge capacity g5, , which means that the
electromotive force can vary within the following limits (3, 4):

gtzre]lir(T’qinin’qTin +q((1)is) :OCV(T’qgis) ! (3)

max

Eeell (quTin +q3is’qTin) = OCV(T,O) ’ (4)

min

where g™ is the charge of all ions of the negative electrode

of a completely discharged cell, Ah; g™ is the charge of all

ions of the positive electrode of a fully charged cell, Ah.

The maximum discharge capacity depends on the
discharge current and temperature:

CCVcoff = CCV (T ’ qgis ! I ) ' (5)
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The value of the maximum possible discharge capacity
corresponds to the minimum possible discharge current:

CCVcoff = IllngCCV(Trqgls(l)i I) :OCV(T,q;T:X) . (6)

Since the total number of ions participating in
electrochemical reactions on both electrodes of the cell is
invariable if there are no degradation processes. The condition
for the constancy of the discharge capacity implies the
condition for the constancy of the charge on both the negative
and positive electrodes. Thus, the open circuit voltage of the
cell is a function of the state of the system, depending on the
temperature and the discharge capacity (2).

Considering the quasi-static process of charge flow in the
cell and using the Gibbs potential of the cell (Gibbs free
energy) together with the second law of thermodynamics, one
can obtain the following (7):

dG

=-S,dT —OCVda,,, 7

cell cell

where S, is the entropy of the cell, J/K; G, =H, - TS

cell

is the Gibbs free energy of the cell (Gibbs potential), J.

In case of isothermal charge flow Aqy, from the negative

electrode of the cell to the positive one, the increment of the
Gibbs potential can be determined from (7). According to (7),
for one mole of ions, one can obtain the following (8):

AGcell |-|- =V AG =-0CV- nev; N A

cell T
< @)
= AG

cell

_=-nF-oCV

where v; is the the number of moles of ions, mole; n; is the

number of ions produced from one electrochemical reaction
of the cell; e is the elementary charge (electron charge), C;

N, is the Avogadro's number, 1/mole; F=eN, is the

Faraday number, C/mole; Aéce” . is the isothermal increment

of the Gibbs potential of the cell as a result of its discharge per
unit mole of ions, J/mole.

The thermal effect of the chemical reaction is equal to the
change in the enthalpy of the reaction except for sign [10].
Since the transfer of charge from the negative electrode of the
cell to the positive one is accompanied by useful electrical
work produced by electrons as they flow through an external
payload, then for the heat generation rate in the cell, the
following can be written (9):

dQ,, . -
B _pA,, Leir-cov, (©)
dt dt
dv, dv. .
where —& = —~L = —— s the number of moles of electrons
dt dt F

flowing in the circuit per unit time, mole/s; | is the discharge
current, A; AH_,, is the increment of cell enthalpy per unit

tht,dis

mole of ions as a result of its discharge, J/mole; is the

thermal power generated in the cell during its discharge, W.

To determine the relationship between the heat generation
rate of the cell and its discharge characteristic (the dependence

of the CCV on q, atthe discharge current 1), the relationship

between the Gibbs molar potential (see 8) and the cell molar
enthalpy (10) is used:

(10)

Qais + P

Let us consider the heat release from a cell near a small
vicinity ST of the temperature of interest to us T, . By
combining (9) and (10), the following is obtained (11):

=-I {LF[AGCS“
T, (T, . T.+5T) n;

dQy is
dt

T.e(T. T.+6T)

. (11)

cell

a(Aé

T, <(T. ,T,+(3T))

oT

-T +CCV

Qais » P

By tending oT in (11) to zero and using (8), the final
expression for the heat generation rate in the cell during an
isothermal discharge with a current I is obtained:

=1 [OCVU’qdis)_CCVG—’qdis’ |)]_

! - (12
_ 7 9OCV (T, 4y)

oT

tht,dis
d

Qs »P

Relation (12) allows, when using experimentally obtained
temperature-controlled discharge curves CCV(T,qy,, 1) and

OCV(T,qy;) , determining the heat generation rate of the cell

in the entire range of permissible temperatures, discharge
currents and discharge capacities.

I1l. TEMPERATURE-CONTROLLED BATTERY CELL TESTS

The dependence of the closed circuit voltage (CCV) and
open circuit voltage (OCV) of the Sony VTC 6 cell on time
was measured during the experiments at a constant discharge
current and temperature. This study allowed us to determine
the dependence of the OCV on the cell temperature (°C) and
the discharge capacity (Ah), as well as the dependence of the
CCV on the cell temperature (°C), the discharge capacity (Ah)
and the discharge current (A).

The experiments were conducted in a climatic chamber.
Since the air in the chamber has a low heat capacity to ensure
thermal stabilization of the cell, the closed loop feedback was
implemented using a DS18B20+ temperature sensor [11].
When the cell temperature exceeded the initially set by 1°C,
the experiment was stopped until the temperature of the cell in
the climatic chamber stabilized to the required temperature
with an acceptable error of + 0.5 °C. After that the experiment
continued.

The current was stabilized using a 40xMPN-250 battery
test unit manufactured by InEnergy group [12].

Prior to the discharge experiment, the cell was charged
from a constant voltage source with Vs =4.2 V. In this case,
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the cell charging current decreased until it was below 50 mA.
(see fig. 2).

The DS18P20+ digital temperature sensor was attached to
the side surface of the cell [11], and the cell itself was placed
in the climatic chamber M-70/100-120 KTX [13].
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Fig. 2. Sony US18650 VTC6 lithium ion cell charge profile

For each investigated temperature 35°C, 40°C, 45°C,
50°C, 55°C a series of experiments was carried out in which
the cell was discharged with a direct current of 9.3 A to a
cutoff closed circuit voltage of 2.5 V.

The experiment was carried out in the following sequence:

Current, &
B oo £

— connecting the cell to the test bench and placing it in
the climatic chamber;
setting the required temperature in the thermostat;
— setting the discharge current;
— measuring the open circuit voltage at the battery;
closing the monitoring key and waiting for the current
stabilization;

— measuring the closed circuit voltage at the battery;

— key opening;

— waiting for the current to drop to zero and measuring
voltage;

— repeating the experiment until the closed circuit
voltage reaches the cutoff voltage value of 2.5 V.

The figures below show the graphs of current and voltage
values during the cell discharge experiment (Figs. 3-4).

From Figs. 3 and 4 one can conclude that the discharge
current stabilization is rapidly converging and allows
analyzing the discharge curves of the battery cell.

Based on the experimental data, the dependences of the
OCV on the level of charge (discharge capacity) were plotted
at different temperatures.

The dependence of the OCV on the discharge capacity at
temperatures of 35°C, 40°C, 45°C, 50°C, 55°C is shown in
Fig. 5.
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Fig. 3. Voltage and current profile during the experiment (discharge current 9.3 A, temperature 55 ° C)
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Fig. 4. Voltage and current variations during single impulse discharge (discharge current 9.3 A, temperature 55 ° C)
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Fig. 5. OCV versus discharge capacity (discharge current 9.3 A) at different temperatures

As follows from Fig. 5, the OCV of a cell weakly depends
on temperature at a fixed charge level in the temperature range
from 35 to 55 °C. Such a temperature dependence cannot be
explained without large-scale studies concerning the
electrochemical processes occurring in the cell and a detailed
knowledge of the Kkinetic, thermophysical, and other
characteristics of the structural elements of the cell.

OCV and discharge curves at the discharge current of 7 A
at the temperatures of 35°C, 40°C, 45°C, 50°C, 55°C are
shown in Figs. 6, 7, 8, 9 and 10, respectively.
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Fig. 6. OCV and discharge curves versus discharge capacity at the current
output of 9.3A at the temperature of 35 °C
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Fig. 7. OCV and discharge curves versus discharge capacity at the current
output of 9.3 A at the temperature of 40 °C
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Fig. 8. OCV and discharge curves versus discharge capacity at the current
output of 9.3 A at the temperature of 45 °C

WVoltage, V

L
[¥]

(i

[\ 0,5 1 1.5 2 2.5 3
—— ocviee —— covseee  Discharged capacity, Ah

Fig. 9. OCYV and discharge curves versus discharge capacity at the current
output of 9.3 A at the temperature of 50 °C
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Fig. 10. OCV and discharge curves versus discharge capacity at the current
output of 9.3 A at the temperature of 55 °C

After the circuit opening an increase in OCV is observed
depending on time. Fig. 11 shows the dependence of the OCV
on time at the capacity of 0.87 Ah immediately after opening
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the circuit at the temperature of 35°C. The characteristic
cooling time of the Sony VTC 6 battery cell by 0.5 degrees
was 385 s, after which the temperature-controlled relative
increase in OCV for 54 minutes equaled 0.00258.

In this case, accepting the hypothesis of local
thermodynamic equilibrium, relation (12) is also applicable
for the unsteady mode.

Discharge curves (see Figs. 6-10) allow determining the
heat generation rate of the cells at different temperatures,
determined by the expression (12).

In fig. 12, the dependence of the heat generation rate on
the discharge capacity is given as an example at the current
output of 9.3 A and temperatures of 35, 40, 45, 50, 55 °C.

It follows from Fig. 12 that the heat generation rate
decreases monotonically with the temperature increase. An
increase in the heat power released by a cell with a decrease
in temperature indicates that it is difficult for current-forming
electrochemical reactions to occur in it at low temperatures.
The optimum temperature for almost all values of the
discharge capacity is 55°C (from the selected temperature
range).
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Fig. 11. Voltage-time dependence immediately after opening the circuit at the temperature of 35°C
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Fig. 12. Heat generation rate of the Sony VTC 6 battery cell versus discharge capacity at the current output of 9.3 A at the temperatures of 35, 40, 45, 50, 55°C

Figure 13 shows the dependence of the contributions to the
battery cell heat generation rate of each term of (12) on the
discharge capacity at the temperature of 55°C and the current
of 9.3 A. For convenience, the first term (13) and the second
term (14) contributing to cell heat generation (12) are
considered separately:

9% (0ev(T, g, -COV(1,T,0,))
dt (13)
dQ, __ ., 0cv
dt oT T (14)

Figure 13 shows that the maximum relative contribution
of the second term (14) to the total thermal power (12) reaches
34% at the given electric charge of 1.5 Ah.

It should be noted that, according to (14), the insufficient
accuracy of measuring the OCV can introduce significant
uncertainty in calculating the heat generation rate of the
battery cell.

When designing lithium-ion battery packs, it is necessary
to take into account the balance of generated thermal and
electrical power. Figure 14 shows the dependence of the cell
electrical power versus the capacity given at temperatures of
35°C, 40°C, 45°C, 50°C, 55°C and a constant current output
of 9.3 A.
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Fig. 13. Dependence of the contributions of each of the terms on the discharge capacity to the heat generation rate of the Sony VTC 6 battery cell at the

temperature of 55°C and the current of 9.3 A
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Fig. 15. Cell efficiency versus the discharge capacity at the current output of 9.3 A and temperatures of 35°C, 40°C, 45°C, 50°C, 55°C

At a constant current output and a constant temperature,
the electric power decreases monotonically with discharge
capacity decrease, which is explained by the CCV decrease.

Let us introduce the battery cell efficiency equal to the
ratio of electric power to the sum of electric and thermal
powers (15):

1.CCV
I-CCV +dQ, 4 / (dt) '

Tean (1T Qi) = (15)

Fig. 15 shows the cell efficiency versus discharge capacity
curves at the temperatures of 35°C, 40°C, 45°C, 50°C, 55°C
and the current output of 9.3 A

Experimental discharge and charging characteristics of
battery cells are a necessary basis for the conceptual design of
a power source based on storage batteries as part of the EPS
of promising aircraft.
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IV. CONCLUSION

Temperature controlled discharge tests of lithium-ion
NMC type battery cells Sony VTC-6 have been performed.
By processing the experimental data, the dependences of the
closed and open circuit voltages on the discharge capacity
have been obtained in the temperature ranges from 35 °C to
55 °C at various discharge currents.

A thermodynamically valid mathematical model of heat
generation rate of a battery cell during its discharge is
proposed. It is shown that the cell heat generation rate is
determined by the sum of two terms. The first one depends
on the output current, the dependence of the OCV and the
CCV on the temperature and the discharge capacity. The
second one depends on the discharge current, the absolute
temperature, the partial derivative of the OCV with respect to
temperature at fixed discharge capacity and the pressure
inside the battery cell.

The heat generation rate of the Sony VTC 6 battery cell at
various temperatures and discharge capacities is calculated
based on the proposed mathematical model and the test
results. It is shown that the optimal cell discharge temperature
in terms of energy efficiency is 55 °C.
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