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Abstract
Nowadays, lithium-ion batteries are widely employed in a lot of applications. Battery aging implies performance
degradation of the battery itself. In particular, the battery aging causes capacity reduction and internal resistance increase.
The capacity reduction mainly affects the energy that the battery can deliver in each cycle, while the increase of the
internal resistance limits the power that the battery can instantaneously deliver. For this reason, the battery life is
conventionally considered at its end when the capacity reaches 80% of the initial value or the resistance reaches 200% of
the initial value. As is well known, the battery resistance changes with temperature and state of charge (SOC) and, even
if this relationship was studied for new batteries, how this relationship changes with battery aging has not been studied
yet. In this paper, the variation law of the internal resistance as a function of temperature and SOC at different aging
conditions is analyzed. In particular, lithium battery cells were aged following a fixed protocol. During the aging process,
electrochemical impedance spectroscopy was performed at different temperatures and SOCs to analyze the change of the
battery impedance due to aging. By using the results of this experimental campaign, a mathematical model predicting
how the internal battery resistance changes with temperature, SOC and aging is proposed. The effectiveness of the
proposed model is validated by means of experimental tests and a chemical interpretation of phenomena is also provided.
I Introduction

Among the various rechargeable battery technologies, lithium-ion batteries (LiBs) are the most studied and widely
employed because of their high power density, high energy density, low maintenance, and long lifespan [1,2]. For these
reasons, LiBs are used in many different applications, which can be categorized into two main groups: stationary
applications and mobile ones. The first category includes applications such as storage systems integrated with renewable
energy sources and uninterruptable power systems. On the other hand, the applications in the second category range from
small mobile applications (such as smartphones, notebooks, tablets...) to larger ones (such as electric vehicles and railway
traction systems). In the latter, the energy and power are both of paramount importance. In fact, in traction applications,
high energy is needed to guarantee a high range, while a high power ensures certain accelerations and performances of
the vehicle. The energy of the battery is associated with its capacity, while the internal resistance is associated with the

power that the battery can deliver. In recent years, the spread of electric vehicles has spurred an interest in research on



the state of health (SOH) of a battery, and therefore on the internal resistance increase and capacity fade. In this paper,
the battery internal resistance increase will be analyzed and discussed.

A battery’s internal resistance is composed of four contributions [3]. The first is the ohmic resistance (also called ac
resistance), which represents the electronic and ionic resistance of the current collectors, terminals, electrodes, active
material, electrolyte, and separator. The second is the resistance of the solid electrolyte interface (SEI) that starts to form
in the first charge/discharge cycles and continues to increase over time during cycling and storage [4]. The third is the
resistance related to the charge transfer process [5] associated with the chemical reactions. Finally, the last is the resistance
related to the diffusion process [6] associated with the mass transport limitations of the electrodes and electrolytes [7].
This latter resistance is very difficult to estimate because it is related to high time constants.

In any case, a battery’s internal resistance can be evaluated in different ways, which can be divided into two main
groups: time-domain (dc) and frequency-domain (ac) estimations methods. The authors in [3] adopted the dc current pulse
method, which injects a current pulse into a cell and measures the voltage change over different time intervals to find the
different contributions of the internal resistance. Another possible technique is to calculate the heat loss during cell
operation and use Joule’s law to derive the resistance [8]. This second procedure has the same precision as the dc current
pulse method but is more complicated and time-consuming. The voltage curve difference method is another possibility
[9], where the cell is fully discharged at two different current rates, resulting in two voltage profiles. At a specific state of
charge (SOC), the internal resistance is calculated as the difference in the voltage curves divided by the difference in the
current rates. This method is very simple and rapid but it is very poor for modeling purposes [10]. The internal resistance
can be evaluated by injecting a small alternating current with a constant frequency into the battery, which generates a
small voltage [8]. The impedance is derived as the ratio between the variation in the voltage and the related variation in
the current. The result of this procedure is dependent on the frequency of the signal. Different test equipment can give
different results. Electrochemical impedance spectroscopy (EIS) allows the evaluation of the internal impedance values
at different frequencies by injecting a small amplitude sinusoidal signal. This signal can be a current signal (galvanostatic
electrochemical impedance spectroscopy) or a voltage signal (potentiostatic electrochemical impedance spectroscopy).
This method gives detailed information on the cell behavior and, thanks to the utilization of small signals, provides results
with no distortion. The drawback is that it requires expensive equipment. A detailed comparison of the methods is
provided in [8].

As is widely known, a battery’s internal resistance changes as a function of different factors such as the SOC and
temperature. To build a model that predicts the battery behavior, it is important to know the relationship between battery
resistance and operating conditions (i.e., temperature and SOC). In the literature, several studies can be found that

analyzed how the SOC and temperature influence the battery internal resistance for different types of lithium-ion batteries.



The results of electrochemical spectroscopy performed at 50% of the SOC at many different temperatures were used in
[11] to determine the internal resistance’s variation law on the temperature in lithium-ion batteries. The authors in [12]
performed EIS tests on two different types of lithium-ion batteries at certain SOC levels and several different temperatures
and compared the results. In [13], the authors used the dc current pulse method to observe the internal resistance of a
cylindrical lithium-ion battery at different SOCs and find the correlation between the internal resistance and the
capacitance after some aging. In [10], the influence of the SOC on the internal resistance was analyzed: different cells
were tested, and the resistances were evaluated with three different methods. The authors in [14] and [15] used the EIS to
study the change in the impedance of a high-power battery with the variation of the temperature and SOC. A climatic
chamber was used for the temperature variation. An evaluation of the internal resistance as a function of the SOC and
temperature was performed in [3] using the dc pulse method. The influence of the amplitude and duration of the pulse on
the resistance results was also investigated. All these studies considered the influences of the SOC and temperature on
the internal resistance of lithium-ion batteries, but they did not analyze how the aging of the batteries changed the
relationships between the internal resistance and the SOC and temperature. In fact, lithium-ion batteries are exposed to
different degradation mechanisms according to the kind of chemistry used [16], [17], which limit their lifetime,
performance, and efficiency. Nevertheless, it is well-known that such degradation mechanisms are caused by the storage
conditions (calendar aging) and operating conditions (cycle aging) [18], [19]. The former mainly depend on the SOC and
temperature as functions of time [20], [21]. The latter mainly depend on the total moved charge [22], current rate [21],
and charging/discharging cut-off voltages [23], [24]. Nonetheless, under certain conditions, the current rate does not affect
battery aging [25]. The calendar aging can be reduced by storing the battery at the best SOC and temperature values [26],
[27]. The cycle aging can be reduced by changing the way a battery is subjected to loading conditions [28], i.e., by
regulating its charge and discharge cycles, controlling the working temperature of the cells, or balancing the charge
between different cells in a battery pack.

To extend the lifetime of a battery and optimize both the energy and power that can be exchanged, it is fundamental
to build a system that controls the battery operating conditions. In particular, the long-term performance of LiBs has been
proven to degrade rapidly if temperature is not kept in an optimal chemistry-related narrow range, therefore an effective
cooling system is supposed to be desirable. This should guarantee, for both mobile and fixed applications, a protection
against thermal runaway providing a balance between the highest possible discharge rate and the onset temperature for
the runaway itself [29]. Another way to extend LiBs lifetime, improving at the same time performance, relies on materials
development, particularly in terms of partial cation substitution and coating processes aiming to enhance the stability of
the SEI interface and the overall structural integrity of electrodes [2]. A knowledge of the behavior of the battery and its

careful prediction through an aging model is crucial for the proper control of the battery itself. Thus, the estimation and



analysis of internal battery parameters (internal resistance and capacity) as functions of aging are some of the most
important keys to build more reliable tools.

In the literature, it is possible to find several aging models for both calendar aging and cycle aging as functions of
different factors (such as the SOC, temperature, and current), and they are summarized and reviewed in [30]. Nevertheless,
to build an aging model, it is necessary to choose a parameter that can estimate the aging of the cell. Based on the kind of
degradation mechanism, the aging of batteries can lead to a reduction in their capacity (energy fade) or an increase in
their internal resistance (power fade). For this reason, the SOH of a LiB can be related to one of these two indicators. In
general, the end of life of a battery is considered to be when its capacity reaches 80% of its initial value or the internal
resistance doubles [31].

It is possible to recognize that the internal parameters of LiBs directly depend on the same factors that age the battery.
In fact, both the capacity and internal resistance mainly depend on the SOC, temperature, and current rate. This means
that it is possible to estimate the SOH of a battery only if certain reference conditions of the SOC, temperature, and current
are defined. On one hand, the literature contains much research on aging models, calculating the capacity fade and
resistance increase due to the aging under certain conditions of SOC and temperature. Moreover, several papers can be
found on the study of the law of variation of these parameters on the working conditions such as temperature and SOC.
On the other hand, how these variation laws change with the battery aging seems to be lacking. In light of the above, in
this paper, the authors want to fill this gap deeply analyzing how the variation law of the internal battery resistance as a
function of the SOC and temperature changes with the cycle aging of the battery itself. This aspect is very important
since, for many applications, the battery is considered at the end of its life if its internal resistance is doubled. Nevertheless,
the internal resistance can be doubled at a certain temperature and SOC but it can result still lower than double in other
temperature and SOC conditions. For this reason, it is very important to understand how the relationship, between battery
resistance and operating conditions, changes with the battery aging. This aspect is studied in this paper by means of a
large experimental campaign performed on LiB cells.

In the present work, the internal battery resistance estimation was conducted using the galvanostatic EIS in the
frequency domain for different SOCs and temperatures. The battery cell was aged under fixed conditions for the SOC,
temperature, and current rate. The internal resistance estimation was performed at the beginning of the life of the battery
under test and after each aging cycle. In this way, the variation law of the internal resistance as function of the SOC and
temperature was estimated in different aging conditions.

1. Battery Model
Several electric battery models can be found in the literature, with different approaches and levels of detail. Equivalent

circuit models are the most commonly used because they assure a good trade-off between accuracy and complexity [30].



One of the most exhaustive circuit models is reported in [32] and presented in Figure /(a). It consists of an ideal voltage
source with a series resistance, two parallel R/CPE branches (consisting of a resistor in parallel to a constant phase
element), and the so-called Warburg impedance. The ideal voltage source (Voc) represents the voltage of the cell when
no current flows. This parameter depends on the type of battery, SOC, temperature, and SOH. The resistances reported
in Figure /(a) are related to the four different contributions, as discussed in the introduction. In particular, R, is the pure
ohmic resistance (ac resistance), Rsg; is the resistance of the SEI, and R, is the resistance related to the charge transfer
effect. The resistance related to the diffusion process is considered in Warburg element Zy. CPEsg; represents the capacity
behavior of the SEI, and CPE, is the double layer capacitance between each electrode and the electrolyte. All these
parameters in the frequency domain led to the Nyquist plot reported in Figure 7(b). In particular, the impedances of the SEI
and charge transfer are related to the first two semicircles in the plane, while the diffusion process is the last part of the
spectrum. According to Figure 1(a), from a circuital point of view, the low frequency resistance is the sum of all the
above-mentioned resistance terms, as expressed in (1). To find this, we chose to use the galvanostatic EIS method running
from 10 kHz to 100 mHz to obtain the different terms. To estimate even the diffusion resistance term, which is related to
the diffusion process (Warburg impedance), the EIS tests should be conducted with very low frequencies (theoretically
down to zero). This is a very difficult task because at low frequencies the EIS tests become very long and unstable.
Moreover, the sum of the pure ohmic resistance and the SEI and charge transfer ones can be taken as the low frequency
resistance because their time constants are in the range of interest for describing the power capability of the battery [33].

Therefore, the low frequency resistance is defined as follows:

Rip =R, +Rg; +R,. (1)
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Figure 1 a) Equivalent circuit model of lithium-ion battery and b) Nyquist plot of lithium-ion battery

In the present work, we are interested in calculating the internal resistances as an indicator of the SOH, analyzing how
the variation of this parameter on the SOC and temperature changes with the aging. The latter is quantified using the total

moved charge (expressed in Ah) exchanged with the battery, and thus defined as follows:
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However, the capacity fade in per unit, calculated at 25 °C, is reported in Figure 2, to give a better understanding of
the aging of the analyzed battery for any moved charge.
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Figure 2 Per unit capacity fade

III. Aging procedure

Cell under study

The battery cell under study is a lithium cobalt oxide cell 8773160K manufactured by General Electronics Battery Co.
Ltd. The main parameters of the cell are summarized in Table 1.

Table 1 Battery Cell Specifications

Parameter Value Units
Rated Capacity 10 Ah
Rated Voltage 3.7 v
Charge Cut-off Voltage 4.2 v
Discharge Cut-off Voltage 2.75 v
Maximum Continuous Discharge Current 100 (10C) A
Maximum Peak Discharge Current 150 (15C) A
Weight 228 g

Test setup

Tests were performed using a 100 A booster (VMP3B-100) from Biologic Science Instruments, connected to a

potentiostat (SP-150) controlled by a PC with EC-LAB software via an Ethernet cable. An overview of the test setup is

depicted in Figure 3.
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Figure 3 Test setup overview

To control and maintain a constant battery temperature during the tests, three Peltier cells were connected in series
and placed under the battery itself. It is worth noting that the climatic chamber maintains a constant room temperature,
but not a constant battery temperature under different current rates, whereas controlling the Peltier cells made it possible
to directly control the battery temperature. The control of the Peltier cells was performed through an F28069M
microcontroller by Texas instruments connected to a DRV8323RX inverter. A full-bridge converter was used, and the
Peltier cells were connected between two legs. A temperature probe was placed on the battery. The microcontroller read
the temperature measured by the probe and compared it with the reference temperature. The error was input to a
proportional-integral (PI) controller, which output a pulse width modulation (PWM) control signal for the inverter. The

temperature control scheme is reported in Figure 4.

Temperature
probe

Figure 4 Temperature control scheme

Test procedure

The test procedure consisted of two steps: the resistance measurement and aging cycle. The former was performed at
the beginning of the test to measure the initial battery resistances, and after each aging cycle phase to evaluate the
resistance increase.
Internal resistances measurement

The cell resistances were tested at eight different reference temperatures: 20 °C, 22.5 °C, 25 °C, 27.5 °C, 30 °C, 33.5
°C, 38 °C, and 46 °C. In practice, since the system controlling the temperature was not able to exactly track the reference

temperature, the measurements were performed in a range of 2 °C around the reference values. For each temperature, the



internal resistances were evaluated at five different SOC levels: battery fully charged (i.e., SOC = 100%), 75%, 50%,
25%, and battery fully discharged (i.e., SOC = 0%).

The test procedure was as follows. The cell was charged to 100% of the SOC with a constant current-constant voltage
(CCCV) charging protocol: the cell was charged with 1C until reaching the charge cut-off voltage, then a constant voltage
of 4.2 V was applied until the current of the cell decayed to 0.01C. When the charging was completed, the cell was left
to rest for 1 hour. After 1 hour of relaxation time, the galvanic EIS was performed to evaluate the resistance. Afterward,
the cell was discharged to 75% of the SOC. At this new SOC level, after 1 hour of relaxation time, another galvanic EIS
was performed. The same procedure was repeated, discharging the cell by 25% of the SOC at a time until 0% SOC. After
evaluating the resistances of the fully discharged battery, the cell was charged to 100% of the SOC, and the same
procedure was repeated for the other temperatures.

Aging cycles

The resistances were measured after each aging cycle obtained by moving 5000 Ah. The aging cycles were performed
at a constant reference temperature of 30 °C. A charge and discharge current of 5C was chosen to speed up the test,
because, as reported in [25], the current rate under these conditions does not influence the aging. Because the capacitance
of the cell decreases with aging, after moving 10000 Ah, the current was decreased to 4C to avoid the high-frequency
aging effect [34]. The charge and discharge cycles were limited by two boundaries: the SOC was limited to 20-80%, and
the voltage was limited to 3.45-4.05 V. It is worth noting that if the voltage limits are reached before the SOC boundaries,
the charge moved in one cycle is less than 6 Ah. However, the results of [22] show that the aging of the battery does not
depend on the cycle shape, but only on the moved charge.

IV. Analysis of Results

The ac and the low frequency resistance were calculated from the EIS performed in the above-mentioned conditions.
Zview® software (Scribner Associates) has been adopted to fit the EIS experimental data by using the equivalent circuit
shown in Figure 1(a) in order to determine the different electrochemical parameters and contributions [35]. Considering
the adopted model, the ohmic resistance is the high frequency intersection of the spectrum with the real axis. In such
model, it is in series with two parallel resistance/constant phase element circuits, Rsg/ CPEsgr and R./CPE4, modelling, at
decreasing frequency (namely, SEI’s contribution is visible at a relatively higher frequency) the activation polarization
due to the passivation layer related to the SEI and the charge transfer of the double layer at electrodes surface, respectively.
The diameter of the semicircles originating from spectra deconvolution (Figure 5) represents the inner resistance of the
SEI and the charge transfer resistance. Constant phase elements (CPE) were used instead of pure capacitances to account
for the capacitive losses that generally occur in porous electrodes. The Warburg element Zy models the diffusive behavior

within the electrolyte at low frequency and can be considered as a mass transfer resistance. Ideally, the real part of its



impedance equals the imaginary part, so it is represented by a 45° line following the charge transfer semicircle; it deviates

from such ideal line depending on the specific operating conditions employed.
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Figure 5 Nyquist plot at 30 °C and SOC 0% after 5000 Ah

For each tested SOC and aging condition, the experimental values of the ac and low frequency internal resistances as

a function of the temperature, together with their fitting functions, are shown in Figure 6 and Figure 7 respectively.

SOC = 0%

hSs:

15 20 25 30 35 40 45 50
Temperature [°C]

N

RS [mQ]

5
SOC =75%
c 4
E
%)
< 3

2
15 20 25 30 35 40 45 50
Temperature [°C]

4 SOC =25%

15 20 25 30 35 40 45 50
Temperature [°C]

SOC=100%

2
15 20 25 30 35 40 45 50

Temperature [°C]

SOC =50%

=

15 20 25 30 35 40 45 50
Temperature [°C]

. New Battery (C/Cy=1)

B Afier 5000 AR (C/C=0.987)
[ Atter 10000 Ah (C/Ci=0.984)
I After 15000 b (C/ci=0.978)

. After 20000 Ah (C/Cy=0.972)

Figure 6 ac resistance at different temperature and aging conditions: experimental data (marked points) and fitting (continuous lines)
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Figure 7 Low frequency resistance at different temperature and aging conditions: experimental data (marked points) and fitting (continuous lines)
It can be noted that, for both ac and low frequency resistances in all the cases, the resistance decreased exponentially
with the temperature. Therefore, the experimental data were fitted with the following exponential function:
R(T)=ae'" +c, (3)
where T is the temperature, and a, b, and c are the fitting coefficients. Through this fitting, coefficient b remained fairly
constant for each aging condition and SOC. Consequently, the fitting of the experimental data was performed again with

coefficient b constant at 0.075.

For both ac and low frequency resistances and for all the tested SOCs, the coefficients a and ¢ increase with the moved
charge. The coefficients were, in turn, fitted with linear functions as follows:

a(Q,50C) = m (SOC)Q +q,(SOC) @)
¢(Q,50C) =m_(SOC)Q +4¢,(SOC)

where Q is the moved charge, and m,, ., m., and q. are the parameters of the fitting functions of the coefficients a and c.

Results of coefficients and their fitting functions are reported in Figure 8 and Figure 9 for ac and low frequency

resistances, respectively.
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Figure 8 Coefficients a and ¢ for ac resistance with respect to the moved charge
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Figure 9 Coefficients a and ¢ for low frequency resistance with respect to the moved charge
Table 2 lists the parameters of the lines reported in Figure 8 and Figure 9.

Table 2 Coefficients for a and ¢

State of Charge

0% 25% 50% 75% 100%
Ha 1.238*107 1.102*107 1.084*1077 1.153*107 1.059*107

R “ qa 0.0037 0.0042 0.0046 0.0049 0.0051
* me 3.549*10% 3.16%10°8 2.964*10® 2.808*10°8 2.684*10°8

¢ qc 0.0017 0.0017 0.0018 0.0019 0.0021
I 7.058*107 5.375*107 5.143*107 5.814*107 4.462*%107

Rir “ qa 0.027 0.0172 0.0152 0.0147 0.0167
me 4.92%10°8 3.233*10% 2.744*10%® 1.276*10°8 3.01*10°8

¢ qc 0.002 0.0017 0.0021 0.0023 0.0022

Finally, an aging model can be developed, in which the variation law of the internal resistances with the temperature

is calculated as in (3), in which a and c¢ are calculated according to (4). Figure 10 and Figure 11 report the experimental



data and the results of the model for ac and low frequency resistances respectively, in all tested SOCs and aging conditions.

It is worth noting that the model well matched the experimental data.
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Figure 11 Variation of low frequency resistance as function of temperature: experimental data (marked points) and model (dotted lines)

For defined conditions of SOC, it is interesting to rearrange (3) to show the link between the actual internal resistance
and the initial value in terms of aging.

R(T,Q,50C)=k(Q,SOC)-R(T,0,SOC)+h(Q,SOC) %)

Taking into account (3) and (4) in (5), parameters & and % result in the following:



aQ,800) _, , m,(SOC)

KQ500) = a(0,S0C)  4.(SOC)

Q

m(S0C)q,(S0C)~m,(S0C)q.(S00) ©
,(50C) |

1(Q,SOC) = ¢(Q,S0C) - k(Q,SOC)-(0,SOC) =

In this ways, it is possible to highlight how, for a given SOC, the variation law of the resistance on the temperature changes
as a function of the moved charge, i.e., the aging. It is worth noting that gain term k causes the resistance to increase by
the same percentage for all the temperatures. On the other hand, offset term /4 increases all the resistances by the same
absolute value. According to the results, the internal resistance increase, as a function of the aging conditions, is not the
same in percentage terms at all the temperatures and SOC levels, unlike what was highlighted in [33] for lithium nickel
manganese cobalt oxide batteries. This is the main outcome of the present work. In particular, as one can infer from the
slope of the curves in Figure 12 and Figure 13, for all the SOC levels, the per-unit increase in the ac and low frequency
resistances is higher for a lower temperature, i.e. the slope of the curves is higher for lower temperatures. For example,
considering the case of the low frequency resistance at 50% of the SOC, the experimental data showed that the resistance
of the new battery at 20 °C was 5.40 mQ, and at 46 °C it was 2.59 mQ. Using the model developed in this study, these
two resistances could be estimated to be 5.53 mQ at 20 °C and 2.59 mQ at 46 °C (with an error lower than 2.6%). The
resistance measured after 20000 Ah at 46 °C was 3.44 mQ, which represented an increase of 33% with respect to the new
battery at the same temperature, while the one measured at 20 °C was 8.62 m€), which represented an increase of 59%.
The model developed in this study allows a precise prediction of these resistances, with results of 8.23 mQ and 3.41 mQ
at 20 °C and 46 °C, respectively (with an error lower than 4.5%). If we had considered the increase in the low frequency
resistance to be the same at all the temperatures and the percentage of increase in the resistance to be that at 46 °C, the
resistance at 20 °C after 20000 Ah would have been estimated to be 7.12 mQ instead of 8.62 mQ (with an error of 17.4%).
Therefore, this assumption would have led to an underestimation of the low frequency resistance, which could lead to the
battery being used even if it had already reached the end of its life. This condition could lead to a lack of power and safety

issues for several applications.
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Figure 12 Variation of ac resistance with the moved charge: experimental data (marked points) and model (continuous lines)
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Figure 13 Variation of low frequency resistance with the moved charge: experimental data (marked points) and model (continuous lines)

Figure 14 and Figure 15 report the relative error of the value estimated with the proposed model with respect to the

experimental value, for ac and low frequency resistance respectively. It is worth noting that the error is below 5% for the

ac resistance and below 8% for the low frequency resistance. As is shown in the figures, the error in estimating the low

frequency resistance is higher than the error in estimating the ac resistance. In any case, except from few points, the error

is always lower than 5% that is a very good result taking into account the simplicity of the model that is used to estimate

the battery cell resistance in a wide range of SOC, temperature and aging.
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The observed increase in resistance should be ascribed to the variation of the electrolyte, interface, and charge transfer

resistance, along with the double layer capacitance during the battery cycling [36].

The electrode surface area loss could be considered a crucial factor affecting the resistance. This is detrimental for

both anodes and cathodes hosting Li" ions during the charge/recharge process, but it can be more critical for the



carbonaceous-based materials used for the anodic compartment because they are more prone to exfoliation (especially if
graphitic carbon is employed), and their nanoparticles can easily coalesce [37]. Such surface area loss is supposed to
worsen the charge transfer because the available sites for Li-ion adsorption/desorption may be limited, and the
interconnections between conductive particles are reduced, affecting the efficacy and velocity of the charge paths.
Moreover, the electrode surface degradation may also give rise to an increase in material roughness, especially for the
graphite-based anode, which reduces the effectiveness of the contact between the electrode and electrolyte, negatively
affecting the overall ohmic resistance [36]. The ceramic cathodic material is instead degraded by cracks and defects in
the constituting particles, as well as microstructural changes induced by the continuous formation and breakage of
chemical bonds during the electrochemical process [37].

Upon increasing the battery cycling, the growth of the electrode—electrolyte interface layer may also play a role in the
overall resistance change. The kinetic aspects of the redox process are also influenced, and the exchange current density
decreases accordingly [36].

A further drawback is related to the behavior of the cathodic redox couple, Co**/Co*". During the charge phase, Co®"
is oxidized to Co*', which can quickly react with the electrolyte and dissolve in it. This may damage the SEI on the
carbon-based anode, leading to larger Li metallic deposits and consequently to a higher interface impedance [38].

The fact that the change in resistance is restrained at higher temperatures may be due to the higher mobility of the charges
(Arrhenius-type dependence on temperature), which leads to a relatively more efficient charge transfer compared to what
takes place at lower temperatures [33]. The effects of the electrode degradation in terms of the increase in roughness and
loss of surface area are supposed to be crucial in determining a worse charge transfer at any temperature. However, at
higher temperatures, such a drawback may be counterbalanced by the better mobility, which in turn can positively affect
the change in the overall resistance.

VI. Conclusions

The increasing of internal battery resistance with battery aging is one of the critical aspects limiting the lifetime of
batteries. It is well known that battery internal resistance changes with temperature and SOC. Nevertheless, it was never
studied how the battery aging influences the relationship between internal resistance and operating conditions (i.e.,
temperature and SOC). In this study, an analysis of how the variation law of the battery internal resistance as function of
the SOC and temperature changes with battery aging, was performed. The ac and low frequency battery resistances were
estimated by using the galvanostatic EIS in the frequency domain for different SOCs, temperatures, and aging conditions.
The aging cycles were performed at constant temperatures and current rates.

A mathematical model of the variation law of resistances as function of the SOC and temperature was proposed and

validated. The proposed model showed a good match with the experimental data. In particular, the proposed model is



capable of predicting the ac and low frequency resistances of the battery in a very wide range of SOC, temperature and
aging condition with a good accuracy (the relative error is always lower than 5% for the estimation of the ac resistance
and lower than 8% for the estimation of the low frequency resistance)

From the results, it was possible to recognize that both the ac and low frequency resistances increase with the battery
aging but showing different percentage variations for different temperatures and SOC levels. In particular, the resistance
increasing was higher at lower temperatures. From the chemical analysis, it was possible to suppose that at higher
temperatures, the better ion mobility counterbalanced the electrode degradation, positively affecting the resistance
increase. For this reason, the increase of the battery internal resistance represents a more significant limitation for batteries
working at lower temperatures. Finally, it is worth noting that the internal resistance increasing can be significant (up to

68%) even if the capacity fade is still limited (lower than 3%) as shown in the presented results.
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