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Abstract

The current energy transition highlights the importance not only of energy production,
but also of its efficient storage, for which lithium-ion batteries are currently the leading
technology. In many applications, these devices operate outdoors at temperatures below
0 ◦C, and consequently, their performance is reduced due to the lower mobility of the
ions. With the aim of evaluating this decrease in performance, measurements were carried
out on a commercial LiFePO4 module in the temperature range −20–+55 ◦C. The results
show that the battery capacity decreases by 15% compared to the value measured at room
temperature when the operating temperature drops to approximately −10 ◦C, and by 35%
at approximately −20 ◦C. The paper also introduces a modified version of the Arrhenius
kinetic model that allows for the analytical evaluation of the change in battery capacity as
a function of temperature. The modified model proposes a quadratic dependence of the
activation energy on the temperature through a temperature coefficient that for the two
tested modules is equal to 8.0 × 10−5 eV/K2 and 6.7 × 10−5 eV/K2, respectively.

Keywords: LiFePO4 battery; low temperature; ion mobility

1. Introduction
In recent years, attempts to find alternative energy resources to traditional fuels

have further increased, both due to the limited temporal availability of the latter and the
serious environmental consequences linked to their use. A clear alternative is to switch to
renewable energy sources, which have the advantage of minimal environmental impact
but pose the problem of managing the fact that, by their nature, they are predominantly
intermittent, making the use of energy storage systems essential.

Depending on the needs for releasing the stored energy and the type of renewable
energy to be converted, the storage system varies significantly [1–3]. Among potential
storage technologies, batteries are of particular interest for several reasons, ranging from
their relatively high energy density combined with low maintenance requirements [4,5] to
the flexibility they allow for the electrical system [6]. There are many battery technologies
available, but lithium-ion batteries currently represent the leading technology since they
are characterized by high efficiency and relatively high energy density [7], though their
impact on the environment cannot be neglected [8].

There are several types of lithium batteries on the market, the main difference between
them being the chemical composition of the cathode, while the anode is usually made of
graphite, regardless of the composition of the cathode. In addition to lithium, the cathode
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can contain other transition metal elements such as titanium, manganese, iron, cobalt,
and nickel.

Furthermore, in the case of LiFePO4, some authors suggest doping the cathode with
titanium, manganese, iron, cobalt, or carbon nanotubes [9–12] to increase both ion conduc-
tivity and battery performance.

The chemical composition of the cathode determines some essential characteristics
of the battery, including capacity, power (maximum electrical current), performance, cost,
safety, and number of charge/discharge cycles, i.e., the battery life.

Within this variety of cathodes, specific energy and power can vary greatly. For
example, lithium-cobalt cathode batteries have high specific energies with not-so-high
specific powers, while lithium-iron-phosphate cathode batteries have high specific powers
with lower specific energies [13].

A common feature of all lithium-ion batteries is the performance degradation at
extreme temperatures [14–19], particularly at low temperatures. Consequently, proper
thermal management needs to be considered [15,20,21].

The paper presents, in the temperature range from −20 ◦C to +55 ◦C, the preliminary
results regarding the open-circuit voltage and the so-called ohmic resistance, both of which
are relevant to the charge and discharge capability of the battery module. To account for
the reduction in battery performance, a kinetic model based on the classical Arrhenius
model is proposed, which introduces the temperature dependence of the activation energy.
The effect of localized electrical heating on improving performance at low temperatures is
also evaluated.

2. Materials and Methods
Commercial lithium-iron-phosphate battery modules (LiFePO4), with a solid elec-

trolyte (e.g., polymeric- or ceramic-based) able to operate at low temperatures, were consid-
ered for the experimental investigation. According to the manufacturer (Shenzhen Zefeng
Biotechnology Co., Ltd., Shenzhen, China), each module consists of a single cell with
a nominal voltage of 3.2 V and nominal capacity of 23 Ah. On the contrary, no information
was provided about the chemical-physical characteristics of the electrolyte and its interface
with the anode and cathode. These modules have a rectangular shape, external dimensions
of 150 mm × 130 mm × 15 mm, and a gross weight of 0.6 kg.

For this battery, the typical half-reactions at the cathode (the electrode where the reduc-
tion occurs) and at the anode (the electrode where the oxidation occurs) are, respectively,
written as

LiFePO4 ⇔ Li(1−x)FePO4 + xLi+ + xe− , xLi+ + xe− + 6C ⇔ LixC6 , (1)

where both half-reactions evolving towards the right represent the charging process (anode
as positive electrode), while the direction towards the left represents the discharging process
(cathode as positive electrode).

Theoretically, when the battery is fully charged, there are no more available sites at
the anode for Li+ ions because it is ideally fully lithiated, and, at the same time, there is
no more ionized material at the cathode because it is ideally fully delithiated. During the
discharge process, at the anode and cathode, the reverse process occurs, thus completely
reconstructing the LiFePO4 and graphite structures.

The reactions in Equation (1) are written on a stoichiometric basis and in a perfectly
reversible manner, but it is known that real operating conditions show deviations from this
ideal condition.



Batteries 2025, 11, 439 3 of 17

In fact, as the battery ages, irreversible phenomena occur. Typically, these phenomena
are mechanical or chemical and primarily affect the decomposition of the electrodes (e.g., the
formation of dendrites on the cathode side).

When the battery is subjected to charge and discharge cycles, especially at low tem-
peratures, its internal resistance increases, reducing both its capacity and its energy effi-
ciency [22–24]. As a consequence of the increase in resistance, a greater increase in the bat-
tery temperature is observed, which accelerates the irreversible aging phenomena [25–27].
However, the effects of temperature alone are expected to be reversible because when the
battery returns to room temperature it resumes its nominal performance.

The anode and cathode typically consist of a crystalline structure in which ions are
trapped in lattice sites, while the intermediate electrolyte consists of a material that conducts
ions well but not electrons. Furthermore, studies in the literature [28] demonstrate that ion
migration increases in the presence of lattice defects due to the lack of proper lattice order
and decreases as the temperature decreases. Moreover, it is known that for ion diffusion
to occur, the lattice must contain vacancies, and the ions must have sufficient energy to
pass through a vacancy. The energy required to force ions through the lattice is commonly
called activation energy.

In the field of chemical kinetics of reactions, this topic is widely discussed in the
literature, starting from the second half of the nineteenth century [29]. The temperature
dependence of a certain equilibrium constant for a given reaction occurring at constant
pressure is established by the so-called van’t Hoff–Arrhenius equation, which in its original
differential form can be expressed as[

∂(lnKC)

∂T

]
p
=

∆E

kBT2
, (2)

where KC in this case is the dimensionless concentration constant at the equilibrium, T is
the absolute temperature, and ∆E (eV) is the total amount of energy (the activation energy)
for kinetics to occur, while kB is the Boltzmann constant. By separating the variables,
Equation (2) can be rewritten as

dKC
KC

=
∆E

kBT2
dT. (3)

In the case where the activation energy ∆E is assumed constant in the investigated
temperature range, the solution of Equation (3) identifies the well-known Arrhenius equa-
tion: ln KC = ln A − (∆E/kB)1/T, where parameter A is related to the integration constant,
called the pre-exponential factor, which is the intercept obtained by extrapolating 1/T → 0 .
In fact, the plot of ln KC against 1/T gives a straight line with a negative slope −(∆E/kB).
Alternatively, if for the kinetic constant we consider the reference value KC,0 at temperature
T0 and introduce the equivalent kinetic coefficient ψ, in this case ψ = KC/KC,0, the solution
of Equation (3) as a definite integral between T0 and the generic temperature T is

lnψ = −∆E
kB

(
1
T
− 1

T0

)
. (4)

As established by Arrhenius, the equivalent kinetic coefficient ψ can be written in
terms of the ratio of forward or backward rate constants or ionic diffusion coefficients. In
general, it can be written as the ratio of any chemical quantity related to the kinetics or
transport phenomenon under study. Furthermore, van’t Hoff considers the possibility that
the activation energy depends on a constant term, e.g., ∆E0, and on terms both proportional
to the temperature and to its square [29]. In this case, the kinetics shows a deviation from
the linear trend in a semi-log plot.
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In the literature, several cases can be found where this temperature dependence
occurs. For example, in [30,31], where the case of ion diffusion inside the graphite anode of
a lithium-ion cell is examined, the diffusion coefficient is investigated in the temperature
range from −20 ◦C to +40 ◦C. In [30], in the mentioned temperature range, the ionic
diffusion coefficients δ were determined every 10 K.

Figure 1 shows (empty circles) a trend of ln ψ, which is clearly non-linear with respect
to 1/T. This trend was obtained by choosing as reference the measured ionic diffusion
coefficient δ0 at T0 = 40 ◦C and considering ψ = δ/δ0 and T < T0. In fact, if we assume
that the activation energy ∆E0 at T0 is constant and use Equation (4), the trend proposed
by Arrhenius is indicated in Figure 1 by the dashed line. As visible in Figure 1, the slope
−∆E0/kB allows us to reproduce only the few values included in the first 20 K from T0,
providing an activation energy of an ion equal to ∆E0 = 2.6 × 10−5 eV.

Figure 1. Semi-log diagram of the equivalent kinetic coefficient vs. the reciprocal of the absolute
temperature. The empty circles refer to the measured values found in the literature [30], and the
dashed and solid lines represent the solution of the classical Arrhenius equation and the modified
version proposed here, respectively.

Since the trend of the measured data is non-linear over the entire temperature range,
a temperature dependence for the activation energy was imposed. The temperature depen-
dence was assigned as a deviation from ∆E0 via a quadratic function of the temperature
difference from the reference value T0:

∆E(T) = ∆E0 + m(T − T0)
2, (5)

where m (eV/K2) represents a proper constant temperature coefficient. Reconsidering the
solution of Equation (3) with the assigned ∆E(T):

dδ

δ
=

∆E0 + m(T − T0)
2

kBT2
dT =

∆E0 + m
(
T2 − 2T0T + T2

0
)

kBT2
. (6)

By integrating from δ0 to δ and from T0 to T, with ψ = δ/δ0 the following modified
Arrhenius equation was obtained:

ln ψ = −
{

∆E0

kB

(
1
T
− 1

T0

)
+

m
kB

[
(T − T0) + 2T0ln

(
T
T0

)
+ T2

0

(
1
T
− 1

T0

)]}
. (7)
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Note that Equation (6) with m = 0 yields the solution obtained with the classical
Arrhenius model, as shown in Equation (4). If we assume the previously found value for
∆E0, with m = 2.76 × 10−4 eV/K2, we obtain the trend represented by the solid line in
Figure 1, which is in good agreement with measurements over the whole temperature range.

In the case of anodic graphite, for ion diffusion to occur at low temperatures, the
activation energy required increases by several orders of magnitude, as evident in Figure 1.
In fact, at a temperature of 250 K, the energy required for ion mobility is approximately
five times the value at T0. Therefore, in the absence of an adequate electric gradient, as the
temperature decreases the ions stop.

Although these considerations only concern data relating to the anode, it can be
assumed that a similar kinetic mechanism occurs for the cathode and the electrolyte. The
kinetic model proposed through Equation (7) will thus be used in the following section
to describe the temperature trend of the investigated battery in equilibrium conditions.
More specifically, through this kinetic we will try to justify the effect of temperature on the
battery capacity, attributing this effect to the impossibility of providing the ions with the
activation energy necessary for their mobility.

3. Results and Discussion
The temperature effect was investigated in the range from −20 ◦C to +55 ◦C. The

maximum test temperature was chosen as the operating limit for safety reasons while
the minimum temperature was assumed as a critical value related to external climatic
conditions. Two modules were utilized. The first module was used to find the relation-
ship between open-circuit voltage (OCV) and state of charge (SOC) at different operating
temperatures. The second was used to study the effect of temperature on the charge and
discharge capacity of the battery and to verify the ability of the modified Arrhenius kinetics
of Equation (7) to reproduce the experimental trend.

Since the aim was to highlight the effects of temperature on battery performance, it
was assumed that the use of a single current for the charging and discharging processes did
not represent an a priori limitation and therefore all tests were performed using a current
of ±11.5 A corresponding to 0.5 C.

In Figure 2, the sketch of the experimental set-up is shown.

Figure 2. Schematic of the experimental set-up.

A Kikusui (Kikusui Electronics Europe GmbH, Duesseldorf, Germany) battery test
system equipped with a PFX2512 charge/discharge system controller, a PWR800L DC
power supply (0–40 V, 0–80 A), and a PLZ1004W electronic load was used for the tests. The
manufacturer declares for this device a voltage resolution equal to 0.1 mV and a current
resolution equal to 0.1 mA, with high speed and high accuracy. The controller can perform
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charging and discharging processes at a constant current, constant voltage, constant power,
and any user-defined current-voltage time profile.

To determine the OCV versus SOC, it was assumed that, regardless of the test tem-
perature, the initial SOC of the battery is equal to the maximum achievable SOC at room
temperature, which is therefore assumed to be 100% of the SOC. To limit any damage to the
battery caused by overvoltage, the maximum charging voltage was set to VMAX = 3.55 V,
i.e., approximately 110% of the nominal voltage. The battery was then fully charged in
two phases. The first phase was at a constant current (+11.5 A). This phase, which can
last from a few minutes to several hours depending on the initial charge level, stops when
the VMAX is reached. The second phase was at constant voltage (VMAX), with a maximum
duration of 1.5 h, which was considered sufficient time to reach a supply current close to
zero. Then, to determine the actual OCV when the SOC is 100%, a relaxation time of 1.5 h
was imposed, during which the control system is at rest (zero supply current).

Figure 3 shows, as an example, the current and voltage trend as a function of time for
the room temperature test. The figure shows how the voltage decays during the relaxation
period toward an asymptotic value. Some authors [32] assume the calculated value of this
asymptote as the actual OCV value.

Figure 3. Current (I) and voltage (V) profiles for charging at room temperature. Negative relative
time values refer to the constant current phase.

In the tests performed, it was assumed that at the end of the imposed relaxation time
(1.5 h) the measured voltage is very close to its asymptotic value and therefore practically
coincident with the actual OCV.

During the discharge phase, the minimum voltage value at which the battery is consid-
ered completely discharged (0% SOC) was set to approximately 85% of the nominal voltage,
i.e., VMIN = 2.7 V. This choice is due to both the potential damage to the battery when the
voltage values reached during the discharge phase are excessively low and, where applica-
ble, the need to maintain a battery voltage high enough to guarantee an adequate supply
voltage for the loads connected to it. Regardless of these reasons, it has been found that
below the VMIN voltage, the energy that the battery can still supply is practically negligible.

A rest/relaxation time of 1.5 h was also set for the discharge phase, which begins
when VMIN is reached and at the end of which the measured voltage value corresponds to
the OCV.

Since the battery was assigned a SOC of 100% after charging at room temperature,
the minimum SOC, which depends on the actual energy released during discharge and



Batteries 2025, 11, 439 7 of 17

is expected to vary with temperature, was not set to zero at the end of all discharge tests.
To identify the actual battery capacity at room temperature, several complete charge and
discharge cycles were performed at constant current (±11.5 A) in the chosen operating
voltage range. Using simply constant current Coulomb counting, the capacity of the battery
was evaluated during discharge, measuring the time needed to reach VMIN from the OCV
measured at 100% SOC, and during charge by measuring the time needed to reach VMAX

from the OCV measured at the end of the previous discharge. Under these conditions,
the actual battery capacity at room temperature was, on average, slightly lower than
the nominal capacity, and the maximum value found, equal to 21.8 Ah, was chosen as
a reference value, CREF, to determine the SOC level at the different test temperatures.

Both the battery charging and discharging were carried out in steps designed to vary
the nominal battery capacity (23 Ah) by 5% each time. Using a constant charge/discharge
current of ±11.5 A, the duration of each stage was 6 min, followed by a relaxation time of
1.5 h, after which the OCV was assigned. An example is shown in Figure 4 for the initial
discharging phase. The current and voltage graphs are plotted as a function of relative
time, which refers to the end of the relaxation time of the previous charging procedure
(SOC 100%), which showed an OCV equal to 3.53 V. In the figure, the dashed line represents
the current values, while the solid line represents the voltage measured at the battery
terminals. The voltage curve over time is, as expected, exponential with a horizontal
asymptote. It can be noted that the first discharge step (fully charged battery) has a greater
voltage drop than the following step. This behavior is, as is known, linked to the so-called
activation losses which cause the reaction to initially occur more slowly. It can also be
observed that, during the relaxation period between the two discharges shown in the figure,
the voltage increases by a few hundredths of a volt.

Figure 4. Current and voltage as a function of relative time for the initial part of the discharge phase at
room temperature. Negative values of the relative time refer to the relaxation period of the previous
charging procedure.

After the initial voltage drop due to activation, the various discharge phases occur
regularly and a gradual decrease in the OCV is observed, which remains above the nominal
voltage even at low SOC values. The final part of the discharge process is shown in Figure 5,
where at relative time zero, the battery state of charge is approximately 10.1%.

In Figure 5, the discharge starting at relative time zero still occurs regularly, but it is
observed that the voltage curve over time has a negative concavity with an apparently
vertical asymptote in the final part of the discharge phase. This voltage behavior already
begins to manifest when the SOC value drops below 30%, but when the SOC reaches 10%,
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the voltage shows a much sharper drop. As can be seen in Figure 5, this sharp voltage
reduction causes the voltage to drop below VMIN during the next discharge, so that the
control system shuts down the load after only a couple of minutes. If the load is reapplied,
the energy exchanged in the subsequent steps is minimal and at the end of the test the SOC
is approximately 1.5% and the OCV is equal to 2.82 V.

Figure 5. Current and voltage vs. relative time in the final part of discharging at room temperature.
Negative values for the relative time refer to the relaxation period at SOC 10.1%.

Figure 6, which has the same relative time equal to zero as Figure 5, shows the
temperature trend of the device over time, measured on the external surface of the battery,
during the different discharge steps. The comparison between the two figures highlights
how a sudden decrease in voltage corresponds to a sudden increase in temperature. Figure 6
shows that for negative values of the relative time, the temperature trend is almost regular,
increasing during the application of the current load and decreasing during the relaxation
phase, returning to approximately the initial value. On the positive side of the time axis,
a sudden increase in temperature can be observed, albeit by a few tenths of a degree,
which certainly indicates a singular event within the battery, likely an increase in internal
resistance, the thermal effect of which disappears in the following step when the load
duration decreases. While these calorimetric aspects could provide interesting insights into
the electrochemical behavior of the battery, they are beyond the scope of this work.

Starting from the SOC and OCV values obtained after the discharge sequence, the
charging procedure was performed again using constant current steps corresponding to 5%
of the nominal capacity. As shown in Figures 7 and 8, the behavior of the battery during
charging is similar to that observed during discharging, and therefore similar considerations
can be drawn. During charging, the thermal behavior of the battery is comparable to that
found during discharging, even with regard to the final part of the charge, highlighting
a temperature trend similar to that shown in Figure 6. For this test performed at room
temperature, the reference temperature of the device was calculated as the average of the
temperatures during the discharge and charge phases and is approximately 22.0 ◦C.

The set of OCV against SOC values determined at room temperature during the
discharge and charge are shown in Figure 9. In the figure, the circles and triangles represent
the values measured during the charging and discharging steps, respectively, and the
error bars for the voltage are equal to 1%. Observing the trends for the two phases, the
voltage values are almost superimposable within the error bar. Therefore, it is not possible
to highlight significantly different behaviors of the battery during discharge and charge
at room temperature. The presence of hysteresis in the discharge and charge cycle is
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predictable, since a difference in OCV during charge and discharge has always been found
for the same SOC.

Figure 6. Temperature vs. time for the final part of the discharging process. Relative time zero is the
same as shown in Figure 5.

Figure 7. Current and voltage vs. time for the initial part of charging at room temperature. Negative
values for the relative time refer to the end of the relaxation period after the discharge.

The solid line shown in Figure 9 represents the trend of OCV as a function of SOC cal-
culated using a model available in the literature [33] which reports the following equation:

OCV = a + b·[−ln(SOC)]p + c·SOC + d·exp[q·(SOC − 1)]; 0 < SOC ≤ 1 (8)

where in the case of a LiFePO4 battery operating at room temperature, the parameter values
are as follows: a = 3.135 V, b = −0.685 V, c = −1.342 V, d = 1.734 V, p = 0.478, q = 0.4.

As can be seen, when the SOC varies from approximately zero up to 90%, the model
shows OCV values in good agreement with the measured ones. On the contrary, when
the SOC exceeds 90%, the model is unable to fit the measured values since the voltage is
approximately constant when approaching 100% SOC. Tests at temperatures other than
room temperature were carried out in a thermostatic chamber by sequentially selecting one
of the following set points: 0 ◦C, −10 ◦C, −20 ◦C, and finally +55 ◦C.

Before each of these tests, to ensure the same initial conditions, the battery, following
the procedure described above, was fully charged (100% SOC) at room temperature. After
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obtaining a stable temperature in the chamber, the various 5% discharge and charge steps
were performed using a current of ±11.5 A. The exchanged energy and the resulting
capacity change at each step were determined by Coulomb counting, calculating the SOC
level using the previously-determined CREF value as a reference capacity.

Figure 8. Current and voltage vs. time for the final part of charging at room temperature. Negative
values for the relative time refer to the relaxation period at SOC 92.9%.

Figure 9. Open-circuit voltage vs. state of charge at the calculated average battery temperature of
22.0 ◦C. Error bars are 1%.

The OCV-measured values as a function of SOC for the different temperatures are
shown in Figures 10 and 11 for the discharge and charge process, respectively. As shown
in the figures, the average temperature values measured on the external surface of the
battery are 22.0 ◦C, 2.0 ◦C, −9.1 ◦C, −19.7 ◦C, and 52.2 ◦C. Furthermore, in the figures, the
theoretical model OCV vs. SOC at room temperature is shown (solid line).

Looking at Figure 10, it can be observed that when the SOC is above 35%, the OCV
values are practically independent of temperature and have deviations of less than 2%.
Furthermore, in this range, the theoretical model approximates the experimental data with
a deviation of no more than 2%.

Figure 10 also shows that at temperatures below 0 ◦C, battery performance in terms
of both voltage level and available energy is significantly reduced compared to at room
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temperature. Indeed, at the test temperatures of −9.1 ◦C and −19.7 ◦C, a significant
reduction in available battery capacity of approximately 15% and 35%, respectively, as well
as an overall reduction in OCV, can be observed.

Figure 10. OCV vs. SOC at different battery temperatures during the discharge process. The
continuous line represents the theoretical model (Equation (8)) at room temperature.

Figure 11. OCV vs. SOC at different battery temperatures during the charge process. The continuous
line represents the theoretical model (Equation (8)) at room temperature.

Figure 11 shows that for the charging process, for SOC values between 25% and 90%,
the OCV values are virtually independent of temperature, and the theoretical model fits
the experimental data very well. For SOC values above 90%, it can be observed that the
model is no longer able to reproduce the experimental data, which are still independent
of temperature.

Figure 11 does not show the test performed at the nominal temperature of −20 ◦C
because it was not possible to charge the battery at this temperature. The cause of this
“failure” could be the electrolyte, the characteristics of which are unknown since the only
information provided by the manufacturer refers to the nominal voltage and capacity
values. Indeed, as reported in the literature [34], it can be assumed that since solid elec-
trolytes already at room temperature exhibit substantial interfacial resistances and low
ionic conductivities, this aspect becomes even more relevant at low temperatures. The
reduction in ion mobility at low temperatures makes ion migration paths less accessible
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and consequently requires a higher activation energy for diffusion to occur. In the case of
the tests presented in this paper, at a temperature close to −20 ◦C, the required activation
energy is so high that ion conduction stops due to the overvoltage limit. It is worth noting
that this temperature-induced limitation appears reversible. Indeed, it has been found that
by returning the battery to room temperature, the OCV shown in Figure 9 is practically
reproducible without apparent irreversibility or definitive losses of capacity.

These critical issues disappear at temperatures above 0 ◦C. In fact, observing the curves
at +2.0 ◦C and +52.2 ◦C, it can be noted that, apart from a reduction of approximately 5% in
the useful capacity in both cases, the OCV vs. SOC trends are similar and comparable with
the test at room temperature.

The OCV values measured at the end of the discharge processes increase as the battery
temperature decreases (Figure 10). For example, at a temperature of approximately −20 ◦C,
the OCV was found to be close to 3.15 V, while at a temperature of about +52 ◦C, the
measured voltage was just above 2.75 V. Since the change in the molar Gibbs free energy
∆g (J/mol) due to both half-reactions reported in Equation (1) is proportional to the OCV,
in standard conditions it can be written as

∆g = −n·F·OCV, (9)

where F is the Faraday constant (C/mol) and n is unitary in this case.
Figure 12 shows the molar Gibbs free energy obtained using the OCV values measured

at the end of discharge at the different temperatures. The dashed line represents the linear
regression performed on these values, and the error bars refer to a 2% deviation. In the
same temperature range, it is interesting to note that the temperature dependence of the
molar Gibbs free energy of a LiFePO4 reported in the literature is also linear [35] and shows
the same slope as the regression line in Figure 11, even though the literature values refer
only to the cathode material.

Figure 12. Molar Gibbs free energy vs. temperature. Triangles are the values obtained measuring
the OCV at the end of discharge. Error bars represent 2% deviation, and dashed line is the linear
regression of the measured values.

The reduced ionic mobility thus appears to actually cause a decrease in battery capacity,
which is particularly noticeable at temperatures below 0 ◦C. Despite this criticality, as
mentioned above, experimental tests have shown that increasing the battery temperature
can restore its capacity to a value close to the nominal one. Since this occurs in tests aimed
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at finding a relationship between OCV and SOC, to further investigate this behavior, a new
set of measurements was performed using a second new module.

The new battery was initially charged, discharged, and recharged at room tempera-
ture following the procedure described above. The new reference value for its capacity
is CREF = 22.4 Ah. The tests were carried out in the thermostatic chamber with a fixed set
point of −20 ◦C. In these new tests, to increase the temperature of the battery relative to
that of the chamber, a square-shaped film heating resistor (40 mm × 40 mm) capable of
providing a heat flux in the range 0–48 W was applied to each of the two large external
surfaces of the battery.

The tests were performed using the previous voltage limits (VMAX = 3.55 V and
VMIN = 2.7 V) and the same constant current (±11.5 A). The battery was first subjected to
a continuous discharge (VMIN voltage reached) followed by a relaxation time of 1.5 h, and
then a continuous charge (VMAX voltage reached).

Comparing these continuous discharge and charge processes with those performed
in steps, it was noted that in this case the heat generation due to the Joule effect produces
higher internal temperatures in the battery than those previously measured. Despite this,
the relaxation period between discharge and charge is sufficient for the temperature to
return to the value before discharge, allowing discharge and charge to be carried out under
similar thermal conditions (the same average temperature).

With the thermostatic chamber set to −20 ◦C, several discharge/charge cycles were
performed, during which the resistors were powered by progressively increasing the
thermal power used to heat the battery. For each test, the change in battery capacity was
measured at the temperature reached with the help of the resistors. The results obtained
show that, for both the discharging and charging processes, the battery capacity decreases
as its temperature decreases, in line with what was seen using the previous battery. It
is important to note that with this second module, it was possible to carry out both the
discharge and charge processes down to a minimum temperature of −17.3 ◦C without
the aid of a heating resistor. Comparing this result with that obtained with the previous
battery, which could not be charged at −19.7 ◦C, suggests that the threshold temperature
that inhibits ionic conduction in the electrolyte falls within this narrow temperature range.

The set of results obtained for the two batteries was interpreted using the modified
Arrhenius model proposed in Equation (7). Since the kinetic parameter ψ can be related to
the ionic mobility and the consequent change in battery capacity, it has been established
that ψ is equivalent to the ratio CT/CREF, where CT corresponds to the battery capacity
measured at a given temperature, while CREF represents its value at room temperature.

The results are summarized in the semi-logarithmic diagram of Figure 13 for both
battery modules. In this figure, the dashed line (module #1) and solid line (module #2)
represent the output of the kinetic model of Equation (7). The model assumed the same
value for the activation energy, ∆E0 = 1.0 × 10−3 eV, and different values for the temperature
coefficient, m = 8.0 × 10−5 eV/K2 for module #1, and m = 6.7 × 10−5 eV/K2 for module #2.
The need for a higher temperature coefficient for the first module is likely due to its level of
thermal aging. Indeed, the first module was subjected to numerous charge and discharge
cycles and a much higher number of test hours (several hundred) than the second. Looking
at the graph, it can be observed that, even considering measurement uncertainties of 5%
for both tests, the different temperature behavior remains.

The good agreement between the proposed model and the measurements seems to
confirm the possibility of expressing the performance of a battery using a kinetic approach
in which the reduced ionic mobility is considered by assuming that the activation energy is
a function of temperature. Furthermore, based on experimental data, it is possible to state
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that the battery capacity depends only on its thermal level and not on the discharge/charge
process performed.

Figure 13. Semi-log diagram of the equivalent kinetic coefficient vs. the reciprocal of the absolute
temperature. The black dashed (module #1) and solid (module #2) lines for the LiFePO4, and the red
solid line for the LiPo [36] refer to the modified Arrhenius model proposed in Equation (7). Error
bars are 5%.

Figure 13 also shows on the right vertical axis the absolute value of the percentage
capacity loss evaluated with respect to the reference value CREF. In this figure, it is possible
to note that at the same temperature, the capacity loss during charging is always lower than
that found during discharging. Although the difference is generally small (less than 5%), it
cannot be explained by the kinetic model, which depends only on temperature.

Figure 13 also reports the data available in the literature [36] relating to the reduction
in capacity at low temperatures for a LiPo battery. Even in the case of this different type
of battery, the modified Arrhenius model seems to be able to reproduce the trend of the
measured data with a good level of accuracy (error bars 5%). Also, for this battery, the
activation energy at the reference temperature is assumed equal to ∆E0 = 1.0 × 10−3 eV,
while the temperature coefficient is in this case m = 3.3 × 10−5 eV/K2.

Since charging or discharging times depend on the instant at which the voltage extreme
VMIN and VMAX are reached, the electrical resistance of the electrodes can also be relevant.
In equivalent electrical circuits used to simulate the dynamic behavior of a battery, the
ohmic resistance R0 is associated with the instantaneous drop or increase in voltage when
the current is interrupted or allowed to flow in the battery, respectively.

Figure 14 shows the ohmic resistance versus temperature determined for module #2 at
the beginning of the discharge and charge. The temperature dependence of R0 is highly
non-linear, both during discharge and charge. It is difficult to attribute this behavior only
to the material of electrodes, and we cannot exclude the possibility that it is due to a
peculiar characteristic of the specific battery assembly. Even assuming a 10% uncertainty
in determining the resistance R0, the value found for discharging was always higher than
that for charging. This could justify the greater battery capacity achieved during charging
compared to that available during discharging at the same temperature and could also
explain the lower OCV value observed during discharging compared to charging.



Batteries 2025, 11, 439 15 of 17

Figure 14. Diagram of ohmic resistance for the discharge and charge vs. absolute temperature for
battery module #2. Error bars are 10%.

4. Conclusions
A preliminary experimental investigation of the thermal behavior of a lithium-iron-

phosphate battery was proposed. The main objective of the experiment was to verify the
possibility of using a kinetic model to determine the reduction in battery capacity as the
operating temperature decreases. Some concluding remarks are highlighted as follows:

• The relationship found between OCV and SOC is in good agreement with models pro-
posed in the literature. This allows us to consider the chosen battery as representative
of the lithium-iron-phosphate type.

• The reduction in battery capacity as the temperature decreases appears to be mainly
attributable to ion conduction of electrolytes. Decreasing the temperature gradu-
ally makes the migration paths of ions within its structure less accessible. There-
fore, for each type of electrolyte, there may be a threshold temperature that inhibits
ionic conduction.

• The reduction in battery capacity due to low temperatures appears reversible. In fact,
returning the battery to higher temperatures restores the expected capacity value.

• Electron conduction also appears to influence battery performance at low temperatures.
Experimental results show a significant increase in the so-called ohmic resistance at
temperatures below ambient.

The results presented for LiFePO4 must be considered preliminary and have some
limitations. These include the unknown chemical and physical properties of the electrolyte
and the limited test conditions implemented, which involve a single charge and discharge
current and short cycling. In addition, the reference temperatures for the tests are only local
measurements performed on both of the large surfaces of the thin battery. In the case of
a battery with a different geometry, the temperatures measured on the surface could be less
representative. For these reasons, the authors believe it would be useful and interesting to
continue the research by performing tests at different temperatures and charge/discharge
currents, increasing the number of cycles, and extending the investigation to other types of
lithium batteries. Furthermore, for a better thermal characterization of the battery, suitable
thermal models should be implemented.
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