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Abstract— Lithium-ion batteries (LIBs) are the most widely
used electrical energy storage devices in various application
areas. Since aging reduces their performance, it is important to
diagnose this phenomenon. Currently, the aging of LIBs is
determined either by destructive methods or by methods that
depend on electrical components. In our study, we were able to
diagnose the state of aging of the battery using calorimetry,
which requires thermal measurements. The temperature profile
can be used as an indicator of the aging state. This can be
considered as a simple and effective way without the need for
costly and/or destructive analysis.

Keywords— Lithium-ion Batteries (LIBs), aging, calorimetry,
thermal measurement.

I. INTRODUCTION

Batteries are devices that convert chemical energy into
electrical energy through electrochemical reactions and are
used to store electrical energy. Their importance is increasing
more and more nowadays as they are used in several
application areas such as electronic products, automotive,
aerospace and military industries. In particular, LIBs are
considered to be the battery technology of choice due to their
high energy density, high voltage, low self-discharge rate,
wide operating temperature range, and lack of memory effect
[1], [2]. However, one of the main drawbacks of LIBs is their
aging, which is due to several internal and external factors [3].
Battery aging generally manifests itself in the form of a
decrease in capacity and an increase in the internal impedance.
This aging effect limits their performance, reduces their
autonomy and lifespan and can even lead to certain safety
risks [4]. Itis therefore essential to perform an aging diagnosis
to avoid problems related to this phenomenon.

Several diagnosis methods have been studied in the
literature. The post-mortem analysis method, reported by [5]-
[7], consists of disassembling aged batteries and observing
each battery component to determine the aging mechanisms
by analyzing the materials inside. However, this work requires
great care to avoid internal short circuit and other safety
related issues as well as contamination. This makes this
method complicated and involves irreversible destruction of
the batteries. The method based on electrochemical
impedance spectroscopy (EIS), used by [8]-[10], studies the
aging of batteries in a non-destructive way. The EIS consists
in applying a sinusoidal signal for different frequencies, and
measuring a sinusoidal output signal for the same frequencies.
Thus, the corresponding internal impedance is calculated from
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the output amplitude and phase shift. A Nyquist plot showing
the impedance value for different frequencies of the battery
usually represents the EIS. It is modeled using an equivalent
electrical circuit (ECM) where each component of the model
corresponds to the different electrochemical phenomena
occuring within the battery. Therefore, it is possible to observe
a change in the internal resistance of the battery during aging
and to analyze the corresponding aging reactions by
identifying the ECM parameters.

Incremental capacity analysis (ICA) and differential
voltage analysis (DVA) [11]-[14] are diagnostic methods that
are inversely related. They allow representing the voltage
curve V of the cells as a function of the capacitance Q to
highlight the voltage plateaus. These representations are
dQ/dV = f(V) and dV/dQ = f(Q) for the ICA and DVA
curves respectively. For the ICA curve, the peaks indicate the
voltage plateaus i.e. the areas where two phases are in
equilibrium. While for the DVA curve, the peaks are relative
to the state of the electrode where only one phase is
encountered. The shape of the curve changes according to the
age of the battery enabling the diagnosis of aging.

The previously mentioned works such as EIS, ICA and
DVA depend largely on electrical quantities such as
resistance, current and voltage of the batteries, while other
sources of information are neglected. For this reason, [15]-
[17] diagnosed aging from battery surface temperature
measurements and voltage measurements. The method they
used is differential thermal voltammetry (DTV). It consists in
studying the quantity dT/dV = f(V). DTV curves form
peaks related to phase transitions of the electrode materials,
which allows diagnosing aging. However, the data are
vulnerable to perturbations in the voltage measurement when
the differential voltage (dV) appears in the denominator.

We have seen that there are different techniques for battery
aging diagnosis in the literature. However, none of them alone
can provide all the information needed to monitor and analyze
the degradation mechanisms that occur in a battery. For this
reason, researchers combine different techniques to overcome
some of the limitations related to each of them. Hence, in this
paper, a method is proposed that is able to detect a change in
the electrical resistance of the battery due to aging based on
calorimetric measurements. This method can serve as an
additional tool to supplement other techniques. The method is
described in section Il. The thermal model is presented in
section Il1. Section 1V describes the experimental setup used.
The results obtained are shown in section V. The conclusions
are presented in section VI.



Il. PROPOSED METHOD

LIBs can be modeled by an equivalent electrical circuit
model (Fig.1.a) where each component of the model
corresponds to different electrochemical phenomena [18] : a
voltage source U, defined as the battery voltage in open
circuit (OCV), a series resistance R representing the pure
resistive contributions (electrolyte, current collectors, contact
resistances), a surface resistance Ry, corresponding to the
potential drop between the surface of active materials and the
electrolyte (due to the charge transfer R, and to the SEI
"Solid Electrolyte Interphase™), a capacity Cg,,,, representing
the capacitif effect of charge transfer and SEI, a diffusion
impedance Z,, that encompasses impedances due to charge
diffusion in the electrolyte and lithium atoms diffusion in the
active material of both electrodes. Those phenomena
described earlier are represented by battery impedance
characteristic curve (Nyquist diagram) where each point is an
impedance measurement at a different frequency (Fig. 1.b).

When battery undergoes aging, this implies an increase in
its electrical resistance, which results in an increase in the
heating rate.Thus, the relationship between the heating rate
and the internal electrical resistance contributing to the heat
generation should be exploited.

Initially, we apply the EIS for a new cell to assess its
condition. The area of interest of the curve for the aging study
corresponds to the semicircle modeling the surface
phenomena ( R, + Rgg; ). This area is limited by two
characteristic points : point A corresponding to the pure series
resistance R, of the battery and point B corresponding to the
sum of R with the charge transfer resistance R, and the SEI
resistance Rgg;. The heating of the battery is a contribution of
the real part of the impedance of both points A and B. First,
we apply two charge-discharge current profiles of precise
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Fig. 1. (a) Electrical circuit model. (b) Nyquist diagram for a new
(measured) and aged cell (expected behavior based on literature [3]) for
a constant state of charge and ambient temperature.

RMS value for the frequencies of the points A and B. We
observe the difference in temperature behavior between these
two points of the battery. This first step informs us about the
possibility of detecting a variation in the temperature profile
between these two points. The temperature response for a new
battery at points A and B will be a "signature” of the condition
of the battery before its aging. Second, after the cell has
undergone aging, we observe the temperature profiles of the
battery for the same frequencies as points A and B and with
the same applied RMS current (noting that frequencies may
change slightly between new and aged batteries). The
resulting change in temperature profile will be a simple
indicator of the aging process.

I1l. THERMAL MODEL

A. Thermal model presentation

We begin by presenting the simplified equivalent circuit
(Fig. 2.a) of the cell and its corresponding lumped thermal
model. This model is used by [19]:

dTi + Tin - Ts — dTi Ts - Tamb
dt Rin thdt Rout

where C,, is the thermal capacity that represents the
accumulation of thermal energy within the battery, R;,
identifies the heat exchange between the core of the battery
and its surface, R,,; identifies the heat exchange between the
surface of the battery and its environment, T;, is the internal
temperature of the battery, T; is the surface temperature of the
battery, T, is the temperature of the ambient air and Q is the
heat generated by the battery. Equation (1) includes several
unkown variables (Q, Cyp,, Tins Rin» Roue) 10 be determined
which requires additional experimental measurements. Since
the aim of this work is to determine the aging of the cell from
a simple measurement of the surface temperature,
simplifications to this circuit must be made.

To do that , we isolated our cell thermally. Thus, by
wrapping the cell with insulating material, the first
simplification is to consider R;, negligible compared to
R, Which allows to have T;, = T, (homogeneous battery
temperature). The thermal model becomes a single node
model (Fig. 2.b) composed of two parameters (R;, and Cry)
and governed by (2) :

Q = Ci 1)

. dT, Ts — Tamp

Q=Cup ac T Ry, (2
where R, identifies the heat exchange between the surface of
the battery and its environment. These two parameters will be
identified in our work based on the approach used by [20]. We
are only interested in the term Cy;, (dT,/dt) of the model
which corresponds to the heating rate of the battery. The
second term of (2) should be neglected. To do so, the first
assumption taken into consideration is that the thermal
resistance must tend to infinity (requirements met using a
semi-adiabatic calorimeter). Second assumption is to have a
slight temperature difference between the surface of the
battery and the environment (requirements met at the
beginning of the temperature response curve of the cell).

Furthermore, Q is the result of several processes that

contribute to heat generation within the battery. Two main
heat sources are commonly considered in literature and
presented by (3) [21]:
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Fig. 2. (a) Simplified thermal model. (b) Thermal model of the cell in
semi-adiabatic conditions.

UOC (3)

. 0
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The first term corresponds to the heat generated by Joule
effect, also known as irreversible heat, because it is always
positive. U, is the global voltage of the cell and | is the
applied current (positive during the charge and negative
during the discharge). The second term corresponds to the heat
generated by entropy variation, also known as reversible heat,
because its sign depends on whether the reaction is
endothermic or exothermic. We are only interested in the term
I1(U,e;; — Upc) corresponding to the heat generated by Joule
effect of the model. To eliminate the second term of (3), a
judicious choice of current profile (symmetrical charge and
discharge) must be applied. Thus, with all these assumptions,
the relationship between the temperature slope measurement
dT,/dt and the electrical resistance contributing to the heat
generation Q is exploited.

B. Heat capacity determination

The heat capacity C;, is measured using the setup shown
on Fig. 4 (section 1V). The cell is covered with polyurethane
foam to ensure that the internal thermal resistance (from the
cell core to its surface) is negligible compared to the external
thermal resistance (from the cell surface to the ambient air).
This is important to respect the assumptions of a semi-
adiabatic condition. A + 10 A (+ 2 C) current with a period T
of 10 s has been applied to the cell around the same state of
charge (SoC) to create a heat generation step. The duration of
the period is very small compared to the thermal time constant
of the cell and it allows a sufficient heat generation rate. This
allows us to have an average current that is equal to zero and
thus have an average reversible heat that is also equal to zero.
Therefore, only electrical losses contribute to the heating of
the cell. In this way, we can consider that U, is constant. In
addition, at the very beginning of the test, the difference
between T, and T, is very small due to semi-adiabatic
conditions. Therefore, the last term in (2) can be neglected.
The heat capacity can be determined by (4):

t
ftlz I(Ucell - Uoc)dt

4
Cth B Ts(tz) - Ts(ti) ( )

Where the current I and the cell voltage U,,;; are measured
during the test, U, is measured before beginning the test,
when the cell was at an equilibrium state. C;, has been found
to be equal to 61 J.K™ approximately. The specific heat
capacity C,, is calculated by dividing the heat capacity with
the mass of the cell. Its value is found to be equal to 884

JKlkg!Based on literature, specific heat values vary
according to the battery technology used. We found a range
value of 840 to 1180 J.K kg™ for NMC technology [22],[23].

C. Thermal resistance determination

We adopted the same experimental setup used for the
determination of the heat capacity. We fully charged the
battery by the constant current constant voltage (CCCV)
method and left it to rest until reaching its thermal
equilibrium. We applied the following protocol: fully
discharge the cell by a constant current and leave it to rest,
then fully charge it and leave it to rest. The temperature
evolution and the applied current of value £ C/3 are shown in
Fig. 3.aand Fig. 3.b respectiveley. The thermal resistance R,
has been determined during the first rest period (3h to 6.5h).
In these conditions, the total heat generation is assumed to be
equal to zero. Consequently, (2) can be simplified to (5).

de Ts - Tamb
Crp— + —— =7 =
g T R.n
We used fmincon, an optimization tool on MATLAB, to
minimize the error between experimental data and fitted data

to obtain the best fit . The optimal value for R, has been
found to be equal to 68.3 KW,

0 )

IV. EXPERIMENTAL SETUP

The cell chosen in our work is the LG INR21700 M50 using
LiNigCo1Mn;0, (NMC811) as cathode material and graphite-
silicon blend (C + SiOy) as anode material, with a nominal
capacity of 5 Ahand a mass of 69 g. To insure semi-adiabatic
conditions, the cell was placed in the center of a polyurethane
insulator as shown in Fig. 4.a. We placed a T-type
thermocouple and a PT100 temperature sensor to measure the
surface temperature of the battery. Thermal paste was used to
minimize the contact resistance between the battery surface
and the temperature sensors. Kapton thermal tape was used
to attach the sensor to the cell’s surface (Fig. 4.b). The
thermal resistance of the calorimeter was estimated
analytically and determined experimentally to validate the
thermal assumptions considered. The semi-adiabatic
calorimeter is placed in a thermal chamber to regulate and
control the external temperature (Fig. 4.c).
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Fig. 3. (a) Cell temperature response due to the applied current. (b) Current
profile of C/3 (1.67 A) applied during the discharge-rest-charge-rest
protocol.



A BioLogic system was used as the measuring device and
source of current or voltage. This is composed of a VSP-120
which drives the VMP3B-20 current amplifier used in our
work. This 20 A amplifier delivers a voltage of £20 V. The
BioLogic system is also capable of performing impedance
measurements. To monitor and have another source of data,
a YOKOGAWA data acquisition system (DL850E) was used
to record the voltage and current data. A Graphtec GL220
data logger was also used to record the temperature data
measured with the thermocouple. A Tektronix A6302 current
measurement probe with an accuracy of 3% is connected to a
current amplifier. The latter is connected to the data
acquisition system used to record the voltage and current
data. This was with the aim of having another source of data
and to be able to monitor accurately.

(@)
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| Temperature probe
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Temperature
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Fig. 4. (a) Location of the battery inside the semi-adiabatic calorimeter.
(b) Position of the temperature sensors on the battery. (c) Experimental
setup.

V. RESULTS

All tests and results presented in the following section
were carried out for :

e an initial battery temperature of 25°C (climatic
chamber control temperature of 25°C);
a constant SoC of 50% ;
a battery for a new and aged state of health (SoH).

To achieve battery aging, 58 cycles were applied. These cycles
were performed at a constant reference temperature of 0°C.
This choice of temperature was taken to speed up aging, as
shown in [22]. Each cycle includes a discharge, a rest phase
and a charge. The value of the current applied during charging
and discharging is 1 C. The charge and discharge cycles were
limited by two conditions : the cut-off voltages from 4.2 V to
2.7 V and the durations used for the charge and discharge
phases, which were 15 min and 20 min respectively. The
battery reached an SoH of 92% (aged state). Low temperature
has caused the battery to age in comparison with a rather low
number of cycles applied. According to the supplier's data
sheet, the battery achieves the same SoH for 400 cycles, at
24°C, for a current of £0.33 C and cut-off voltages of 4.2 V/
2.85 V during charging and discharging respectively.

The first step was to apply the EIS technique. The obtained
results are presented on Fig. 5. The red and blue curves
represent the EIS results for the cell at 100% and 92% SoH,
respectively. The series and surface resistances for the battery
are represented by points A and B. The indexes N and A refer
to the condition of the battery: new and aged. We could
observe a change in both resistances for the two different
battery states, which is hormal since this is the usual trend in
battery evolution. The frequency and resistance values
corresponding to points A and B for the two battery states are
shown in TABLE I.

The second step was to subject the battery to a sinusoidal
current of RMS value C/2 (2.5 A) at the frequencies already
obtained. The battery begins to heat up. The increase in
temperature over time is shown in Fig. 6. The solid and dashed
red curves show the temperature evolution corresponding to
the series resistances (An) and surface resistances (Bn)
respectively for the battery in new condition. While the solid
and dashed blue curves show the temperature evolution
corresponding to the series resistances (Av) and surface
resistances (Bv) respectively for the battery in aged condition.
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Fig. 5. Nyquist diagram for the battery in new and aged conditions.



The part of the curve we are interested in is the linear part at
the beginning of the heating process (shown by the zoomed
part of Fig.6) to approach adiabatic conditions. The
calculation time range is from 2 min to 4 min. The obtained
results were averaged over this time interval. The obtained
slope results are equal to 9.91 °C/h for point By, 9.74 °C/h for
point By, 9.06 °C/h for point Ay and 8.91 °C/h for point Aw.
The results obtained for slope values are in the same range as
those obtained by impedancemetry. These results are modest,
both in terms of resistance and heating rate.

TABLE |. FREQUENCIES AND IMPEDANCES OBTAINED AT POINTS A AND B
FOR A NEW AND AGED STATE OF THE BATTERY (SOC=50% et T,,,,=25 °C).

. SoH 100% SoH 92%
Variables
An Bn Ay By
Re (mQ) 23.24 24.17 2351 25.40
Im (mQ) 0 0.23 0 0.40
f (Hz) 193.09 8.21 228.03 5.53

In order to verify the accuracy of the diagnosis method we
used in the current work, it is necessary to calculate and
compare the heat generation at points A and B using two
different methods. The first method determines the heat
generation from calorimetric measurements based on the
thermal model of the cell (heat capacity being already
calculated). The second method determines heat generation
through the product of the internal resistance and the square
of the RMS current (RsIZ; et (Rs +Rc+Rsg;) 127, for points
A and B respectively) based on impedancemetry.
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Fig. 6. Temperature response obtained at points A and B for a new and
aged state of the battery (SOC=50% et T,,,,=25 °C).

TABLE Il shows the results obtained for both methods. The
obtained values show a good agreement between the two
measurement methods. We obtained a difference ranging from
3% to 8%, which is less than 10%. This represents a
satisfactory result.

TABLE II. HEAT GENERATION FOR BOTH POINTS A AND B FOR THE
BATTERY IN NEW AND AGED CONDITIONS (SOC=50% et T,,,,=25 °C).

Heat generation Heat generation
(mw) (mw)

Measurement SOH = 100% SOH = 92%
methods

AN BN AV BV
Electrical 145 151 147 159
Calorimetry 151 165 153 168
Difference between 3.80% 8.45% 4.26% 5 44%
the two methods

VI. CONCLUSIONS

The aim of this study was to propose a method capable of
detecting a change in the internal electrical resistance of the
battery due to aging based on calorimetric measurements. This
method can be considered a simple laboratory-based tool for
aging diagnosis, since it is based on surface temperature
measurement using thermocouples, without the need for
costly or destructive analysis. It focuses on the first part of the
temperature curve evolution, which corresponds to the first
few minutes of the experiment, without having to wait for
hours to reach a steady state of the cell. We were able to
observe an increase in the rate of battery heating,
corresponding to an increase in the series and surface
resistances of the cell. A comparison between heat generated
by calorimetric and electrical methods was also carried out, to
determine the accuracy with which we obtained our aging
diagnosis results. The difference obtained was less than 10%,
showing good agreement between the two methods. The work
is still in progress, and several aging protocols must be taken
into consideration to obtain more significant results. A number
of parameters also need to be taken into account, such as the
applied current rate, the state of charge and the external
temperature, to be able to carry out an on-line diagnosis of the
cell. It is also necessary to see whether this method can be
applicable in on-board applications and not just under
calorimetric conditions.
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