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Abstract 

The significant changes resulting from the ongoing energy transition highlight the importance of 

energy sources and vectors. Among the latter, the electron is certainly the most important, therefore 

its efficient storage is a fundamental task. In this regard, lithium-ion batteries are currently the 

leading technology. In many applications these devices operate outdoors at temperatures below 0°C 

showing reduced performance due to lower ionic mobility. In recent years, several researchers have 

experimentally reproduced these operating conditions, looking for solutions that guarantee the 

maintenance of the desired performance. Based on this approach, an experimental set up was created 

to study these effects on commercial devices consisting of a single cell. The paper presents a 

preliminary investigation of a commercial LiFePO4 module with nominal voltage of 3.2 V and 

capacity of 23 Ah. For this module, in the temperature range -20 ÷ +55 °C, the open circuit voltage 

and the internal resistance were experimentally determined, both in the charging and discharging 

phases. Furthermore, in the temperature range between -20 °C and +10 °C, the improvements in 

performance resulting from the application of localized electric heating to the above-mentioned cell 

were evaluated.  

Keywords: LiFePO4 battery; low temperature; ions 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 [1,2]. Among potential storage technologies, 

batteries are of particular interest for several reasons, ranging from their relatively high energy 

density combined with low maintenance requirements [3,4] and the flexibility they allow for the 

electrical system [5]. There are many battery technologies available, but currently lithium-ion 

batteries represent the leading technology since they are characterized by high efficiency and 

relatively high energy density [6] even if their impact on the environment cannot be neglected [7].  

There are several types of lithium batteries on the market, the main difference 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 contains other transition metal 

elements such as titanium, manganese, iron, cobalt, and nickel.  

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.  
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Within this variety of cathodes, specific energy and power can vary appreciably. 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 [8].  

A common feature of all lithium-ion batteries is the performance degradation at the extreme 

temperatures [9–14] particularly at low temperatures. Consequently, proper thermal management 

needs to be considered [15–17].  

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 

Lithium-iron-phosphate battery modules (𝐿𝑖𝐹𝑒𝑃𝑂4) with solid electrolyte, able to operate at low 

temperature, were considered for the experimental investigation. According to the manufacturer 

(ShenZhen Zefeng Biotechnology Co. Ltd), each module consists of a single cell of nominal voltage 

of 3.2 V and nominal capacity of 23 Ah (73.6 Wh). These modules have a rectangular shape, external 

dimensions of 150 mm × 130 mm × 15 mm, and gross weight of 0.6 kg.  

For this battery, the typical half-reactions at the cathode (the electrode where the reduction 

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 ideally it is fully lithiated and at the same time there is no more ionized material at 

the cathode because ideally it is 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. 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).  

As a result of the charge and discharge cycles, battery aging is usually identified through the 

decrease in its capacity and the increase in electrodes impedance [18]. Like aging are the effects 

produced on the battery by decreasing temperature [19]. Based on this finding, it is expected that 

temperature effects are reversible, since by returning the temperature to the initial values the battery 

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 [20] 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 context of the chemical kinetics of reactions, this topic is widely discussed in the literature, 

starting from the second half of the nineteenth century [21]. The temperature dependence of a certain 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 20 October 2025 doi:10.20944/preprints202510.1447.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202510.1447.v1
http://creativecommons.org/licenses/by/4.0/


 3 of 16 

 

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

𝑘𝐵𝑇2̅̅ ̅̅ ̅̅ ̅̅ , (2) 

where, 𝐾𝐶  is in this case the dimensionless concentration constant at the equilibrium, 𝑇 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

𝑘𝐵𝑇2̅̅ ̅̅ ̅̅ ̅
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 equation: ln 𝐾𝐶 =

ln 𝐴 − (∆𝐸 𝑘𝐵⁄ ) 1 𝑇⁄ , where parameter 𝐴 is related to the integration constant, called 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 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 definite integral between 𝑇0  and the 

generic temperature 𝑇 is:  

ln(𝜓) = −
∆𝐸

𝑘𝐵

(
1

𝑇
−

1

𝑇0

). (4) 

As established by Arrhenius [21], 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. If in the same semi-log plot the kinetics shows a deviation from the linear trend, it must be 

assumed that the activation energy ∆𝐸(𝑇) depends on the temperature and therefore it is necessary 

to introduce a function that reproduces this dependence.  

In the literature several cases can be found where this temperature dependence occurs. For 

example, in [22,23] 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 

[22] the ion-diffusion coefficients 𝛿  are determined with a step of 10 K within the mentioned 

temperature range.  

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 Δ𝐸0 at 

𝑇0 is constant, using Equation (4), the Arrhenius trend is indicated in Figure 1 by the dashed line. As 

visible in Figure 1, the slope −Δ𝐸0 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 Δ𝐸0= 2.6x10-5 eV.  

Since a linear trend over the entire temperature range cannot be identified between the measured 

values and the classical Arrhenius model, a temperature dependence for the activation energy was 

imposed. In this case, the temperature dependence was assigned as a deviation from Δ𝐸0  via a 

quadratic function of the temperature difference with respect to the reference value 𝑇0, such that:  

Δ𝐸(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 Δ𝐸(𝑇), the following modified Arrhenius equation was obtained:  

ln(𝜓) = − {
∆𝐸0

𝑘𝐵
(

1

𝑇
−

1

𝑇0
) +

𝑚

𝑘𝐵
[(𝑇 − 𝑇0) + 2𝑇0 ln (

𝑇

𝑇0
) + 𝑇0

2 (
1

𝑇
−

1

𝑇0
)]}. (6) 

Note that Equation (6) with 𝑚=0 yields the solution obtained with the classical Arrhenius model, 

as shown in Equation (4). Otherwise, assuming the previously found value for ∆𝐸0, with 𝑚=2.76x10-

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.  
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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 [22], the dashed and solid lines represent 

the solution of the classical Arrhenius equation and the modified one proposed here, respectively. 

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 by 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 (6) will then be used 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 higher value 

was assumed as the operating limit for safety reasons, while the lower value was chosen as the critical 

value attributable to external climatic conditions.  

Two modules were utilized. The first module was used to establish the relationship between 

open circuit voltage (OCV) and state of charge (SOC) at different operating temperatures. The second 

one was only used to study the relationship between battery charge and discharge capacity as a 

function of temperature, verifying the suitability of the proposed modified Arrhenius kinetics via 

Equation (6). Since the aim was to highlight the effects of temperature on battery performance, it was 

assumed that the use of a single charge and discharge current would not represent a priori limitation, 

and therefore all investigations were performed using a single current of ±11.5 A, which corresponds 

to 0.5 C.  

For this purpose, a Kikusui charge/discharge system controller PFX2500 Series equipped with a 

PWR801L DC power supply (0-40 V, 0-80 A) and a PLZ1001 electronic load (up to 1 kW) was used. 

The controller can perform charge and discharge processes at constant current, constant voltage, 

constant power or any user-defined current-voltage time profile.  

To determine the OCV versus SOC, a procedure was followed in which, regardless of the test 

temperature, the initial SOC of the battery was assumed to be equal to the maximum SOC at room 
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temperature assumed to correspond to 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 set at 

constant current (11.5 A). This phase which, depending on the initial SOC of the battery, can last from 

a few minutes to several hours, stops when the voltage 𝑉𝑀𝐴𝑋 is reached. The second phase was set 

at constant voltage (𝑉𝑀𝐴𝑋), with a maximum duration of 1.5 h, considering this time sufficient to reach 

a 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). 

As an example, Figure 2 shows, for the test at room temperature, the trend of both the current 

and the voltage as a function of time. As can be seen, during the relaxation period the voltage decay 

tends to an asymptotic value. Some authors [24] assume the calculated value of this asymptote as the 

actual OCV value. For the tests performed, it was assumed that at the end of the relaxation time the 

measured voltage was very close to its asymptotic value and therefore practically coincident with the 

actual OCV.  

 

Figure 2. Current and voltage time profiles for charging at room temperature. Negative relative time values refer 

to the constant current phase. 

During the discharge phase, the minimum voltage at which the battery was assumed to be 

completely discharged and therefore with a zero SOC value 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 applicable, to 

the need to maintain a battery voltage high enough to guarantee an adequate supply voltage for the 

loads connected to it. Regardless of the reasons for this choice just outlined, it was found that below 

the chosen 𝑉𝑀𝐼𝑁 voltage, the energy that the battery can still supply is practically negligible. Similarly 

to what was done for the charging phase, once the set voltage 𝑉𝑀𝐼𝑁 is reached, a rest/relaxation time 

equal to 1.5 h is set, after which the measured voltage value is the OCV value.  

The SOC value was not set to zero at the end of all discharge tests. In fact, since the battery was 

assigned a 100% SOC after charging at room temperature, the minimum SOC value depends on the 

actual energy released during discharge, which is expected to vary with temperature. Based on the 

established operating voltage range, a few complete charge and discharge cycles were performed at 

a constant current of ±11.5 to identify the actual capacity of the battery at room temperature. 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 
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on average slightly lower than the nominal one and the maximum value found, equal to 21.8 Ah, was 

chosen as reference value, 𝐶𝑅𝐸𝐹, for determining the SOC at all other test temperatures.  

For a constant discharge and charge current of ±11.5 A, the OCV values were determined in steps 

of 5% of the nominal capacity (23 Ah) corresponding to 6 minutes steps at constant current each of 

which was followed by a relaxation time of 1.5 hours before assigning the OCV. An example is shown 

in Figure 3 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 shows an OCV equal to 3.53 V. In the figure, the dashed line represents the current 

values, while the solid one 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 subsequent one. As is 

known, this is due to the so-called activation losses since the reaction initially occurs more slowly. 

During the relaxation period between the two discharges shown in the figure, it can be observed how 

the voltage increases by a few hundredths of a volt.  

 

Figure 3. 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 steps occur regularly, each 

with a constant current load for 6 minutes and a relaxation time of 1.5 hours. Examining the data, a 

gradual decrease in OCV was observed, which, when the battery is operated at room temperature, 

remains above the nominal voltage even at low SOC values. The final part of the discharging process 

is shown in Figure 4, where at relative time zero, the SOC of the battery, assigned via the Coulomb 

counting, is approximately 10.1%.  

In the step starting at the relative time zero the constant current discharge continues to last the 

expected 6 minutes because the voltage does not reach the set 𝑉𝑀𝐼𝑁 value. However, observing the 

voltage trend over time, a negative concavity can be seen with an apparently vertical asymptote in 

the final part of the discharge step. This voltage behavior begins to manifest itself when the SOC 

values drop below 30%, but when the SOC reaches 10% the voltage shows a much sharper drop. As 

can be seen in Figure 4, this sharp drop in voltage causes the voltage to drop below 𝑉𝑀𝐼𝑁 during the 

following discharge, and the control system interrupts the load after only about a couple of minutes. 

Applying the load for a few more steps, the energy exchanged is minimal. The final SOC value 

reached is around 1.5% and, after relaxation, the OCV is 2.82 V.  

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 figure shows how a sharp decrease in voltage 
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corresponds to a sharp increase in temperature. The temperature trend shown in Figure 5 refers to a 

relative time for which the zero value corresponds to the same value in Figure 4. For negative values 

of the relative time, Figure 5 shows that the temperature trend is almost regular, increasing during 

the application of the current load and decreasing in the relaxation phase, returning approximately 

to 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. Although these calorimetric aspects may provide 

interesting insights into the electrochemical behavior of the battery, they are beyond the scope of this 

work.  

 

Figure 4. 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 5. Temperature vs time for the final part of the discharging process. Relative time zero is the same shown 

in Figure 4. 

Starting from the SOC and OCV values obtained after the discharge sequence, the charging 

procedure was performed using constant current steps corresponding to 5% of the nominal capacity. 

As shown in Figures 6 and 7, the behavior of the battery during charging is similar to that observed 

during discharging, and therefore similar considerations can be made. During the charging, the 
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thermal behavior of the battery is comparable to that found during discharging, even with regards to 

the final part of the charge, highlighting a temperature trend like that shown in Figure 5. For this 

room temperature test the reference temperature value for the device, calculated as the average 

during discharging and charging, is approximately 22.0 °C.  

 

Figure 6. 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. 

 

Figure 7. 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%. 

The set of OCV against SOC values determined at room temperature during the discharging and 

charging are shown in Figure 8. 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, it can be seen that the voltage values are almost 

superimposable within the error bar. Therefore, it is not possible to highlight a significantly different 

behavior of the battery during discharge and charge at room temperature. The presence of hysteresis 

in the discharge and charge cycle is predictable, since a difference in OCV has always been found 

between charge and discharge at the same SOC.  

The solid line in Figure 8 represents the OCV trend as a function of SOC calculated using a model 

available in literature [25], for which the authors propose the following formulation:  
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𝑂𝐶𝑉 = 𝑎 + 𝑏 ∙ [− ln(𝑆𝑂𝐶)]𝑝 + 𝑐 ∙ 𝑆𝑂𝐶 + 𝑑 ∙ 𝑒𝑥𝑝[𝑞 ∙ (𝑆𝑂𝐶 − 1)];   0 < 𝑆𝑂𝐶 ≤ 1 (7) 

and, in the case of a 𝐿𝑖𝐹𝑒𝑃𝑂4 battery operating at room temperature, the following values for the 

parameters: 𝑎 = 3.135 𝑉, 𝑏 = −0.685 𝑉, 𝑐 = −1.342 𝑉, 𝑑 = 1.734 𝑉, 𝑝 = 0.478, 𝑞 = 0.4.  

 

Figure 8. Open circuit voltage vs state of charge at the calculated average battery temperature of 22.0 °C. Error 

bars are 1%. 

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, while for a SOC higher than 90% differences with 

the measured values are found. In fact, based on the experimental data, the battery, at room 

temperature, maintains a practically constant voltage even when it is close to SOC 100%. Tests at 

temperatures other than ambient were carried out in a thermostatic chamber by sequentially selecting 

the following set point: 0 °C, -10 °C, -20 °C and finally +55 °C. To ensure the same initial conditions, 

before each test temperature the battery was charged at room temperature following the procedure 

previously described, making the SOC 100% correspond to the previous obtained 𝐶𝑅𝐸𝐹  capacity 

value. Once a stable temperature in the thermostatic chamber value was obtained, 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 

resulting SOC using the previously determined 𝐶𝑅𝐸𝐹 value.  

The OCV versus SOC values obtained at various temperatures are shown in Figures 9–12. The 

average temperature values measured on the external surface of the battery are as reported in the 

captions of the figures: 2.0 °C, -9.1 °C, -19.7 °C and 52.2 °C. In these figures, the values measured 

during charging and discharging are still represented by circles and triangles respectively, as well as 

the error bars still identify the 1% deviation. Furthermore, in the figures the theoretical model OCV 

vs SOC at room temperature is shown.  

At temperature below 0 °C, these data, compared to those at room temperature, clearly show 

the effect of temperature on battery performance in terms of both voltage level and available energy. 

In fact, Figure 10 (-9.1 °C) and Figure 11 (-19.7 °C) highlight the significant reduction in available 

battery capacity, of approximately 15% and 35%, respectively and the overall reduction in OCV. For 

reasons that cannot be technically explained, it was not possible to charge the battery at the nominal 

temperature of -20 °C. A possible explanation for this failure could depend on the thermal behavior 

of the solid electrolyte, whose structure likely undergoes a solid-solid transition at a given 

temperature. Decreasing the temperature gradually makes migration paths of the ion less accessible, 

requiring a higher activation energy for diffusion to occur. At a given temperature (in this case close 

-20 °C), the required activation energy is so high that the ionic conduction stops due to overvoltage 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 20 October 2025 doi:10.20944/preprints202510.1447.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202510.1447.v1
http://creativecommons.org/licenses/by/4.0/


 10 of 16 

 

limit. It is worth noting that this temperature-induced limitation appears reversible. Indeed, it has 

been found that by returning the battery to the room temperature, the OCV shown in Figure 8 is 

practically reproducible without apparent irreversibility or definitive losses of capacity.  

These critical issues disappear at temperatures above 0 °C. In fact, the OCV vs SOC plots 

reported in Figure 9 (+2.0 °C) and in Figure 12 (+52.2 °C) are similar and comparable to the one 

obtained at room temperature, except for a small reduction in useful capacity of approximately 5% 

in both cases.  

 

Figure 9. OCV vs SOC at the average battery temperature of 2.0 °C. Error bars are 1%. 

 

Figure 10. OCV vs SOC at the average battery temperature of -9.1 °C. Error bars are 1%. 
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Figure 11. OCV vs SOC at the average battery temperature of -19.7 °C. Error bars are 1%. 

 

Figure 12. OCV vs SOC at the average battery temperature of 52.2 °C. Error bars are 1%. 

The OCV values measured at the end of the discharge processes increase as the battery 

temperature decreases. For example, at the temperature of approximately -20 °C (Figure 11) the OCV 

was found close to 3.15 V, while at the temperature of about + 52 °C (Figure 12) the measured voltage 

was just above 2.75 V. Since the change in the molar Gibbs free energy Δ𝑔 (J/mol) due to both half 

reaction reported in Equation (1) is proportional to the OCV, in standard conditions it can be written 

as:  

Δ𝑔 = −𝑛 ∙ 𝐹 ∙ 𝑂𝐶𝑉, (8) 

where 𝐹 is the Faraday constant (C/mol) and 𝑛 is unitary in this case. Figure 13 shows the molar 

Gibbs free energy obtained using the OCV values measured at the end of the discharge for the 

different test 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 is also linear [26] 

and shows the same slope as the regression line in Figure 13 even though the literature values refer 

only to the cathode-material.  
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Figure 13. 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 at finding a relationship between OCV 

and SOC, to further investigate on 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 temperature following 

the procedure described previously. The new reference value for the capacity is 𝐶𝑅𝐸𝐹 = 22.4 Ah. 

Furthermore, in order to increase the temperature of the battery independently of the temperature of 

the measurement environment, a square heating film resistance (40 mm x 40 mm) capable of 

providing a heat flux in the range 048 W was applied to each of the two large outer surfaces of the 

battery.  

The tests were carried out in the thermostatic chamber with a fixed set point of -20°C. Once the 

chamber reached thermal stability, maintaining the previous voltage limits (𝑉𝑀𝐴𝑋= 3.55 V and 𝑉𝑀𝐼𝑁= 

2.7 V) and the same constant current (±11.5 A), the battery was subjected to a continuous process until 

complete discharge (𝑉𝑀𝐼𝑁  voltage reached) followed by a relaxation time of 1.5 hours, and to a 

continuous process until complete charge (𝑉𝑀𝐴𝑋 voltage reached). By performing both continuous 

discharge and charge, the heat generation due to the Joule effect produces higher internal 

temperatures in the battery than those previously achieved with a stepped discharge and charge 

process. Furthermore, the relaxation period between discharge and charge allows the battery to re-

establish the pre-discharge temperature, thus allowing discharge and charge to be carried out under 

similar thermal conditions while maintaining the same average temperature.  

In summary, after having fully charged the battery at room temperature and put it into the 

thermostatic chamber at the chosen set point temperature (-20 °C), in the absence of the heating that 

external resistances can provide, the discharge and charge cycle was performed, measuring the 

change in capacity via Coulomb counting.  

Afterwards, with the thermal camera set at -20 °C, several discharge-charge cycles were 

performed, during which the resistors were powered, increasing the thermal output each time 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 appear consistent with those already highlighted in the 

previous experiment, i.e. battery capacity decreases as its temperature decreases, similarly for both 
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discharge and charge. It is important to note that, even without using the heating resistors, at the 

minimum battery temperature, in this case -17.3 °C, both the discharge and charge processes were 

possible.  

Comparing this result with that obtained with the previous battery, which could not be charged 

at -19.7 °C, suggests that the cut-off temperature that inhibits ionic conduction in the electrolyte lies 

within this narrow range of temperatures.  

The set of results obtained for the two battery modules was interpreted using the modified 

Arrhenius model proposed in Equation (6). The kinetic parameter 𝜓 can be in this case related to 

ionic mobility and the consequent change in capacity of the battery. It was therefore established that 

𝜓 is equivalent to the ratio 𝐶𝑇/𝐶𝑅𝐸𝐹, where 𝐶𝑇 corresponds to the measured battery capacity at a 

given temperature, while 𝐶𝑅𝐸𝐹 represents its value in the chosen reference condition. The results are 

summarized in the semi-logarithmic diagram of Figure 14 for both battery modules. In this figure, 

the dashed (module #1) and solid (module #2) lines represent the output of the kinetic model of 

Equation (6). The model assumed the same value for the activation energy, Δ𝐸0= 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 value of the temperature coefficient for the first module 

is probably related to its greater thermal aging. In fact, the first module was subjected to a much 

higher number of hours of testing (several hundred) than the second, as well as numerous charge 

and discharge cycles. From the graph it can be observed that, even considering measurement 

uncertainties of 5% for both tests, the different temperature behavior remains.  

 

Figure 14. Semi-log diagram of the equivalent kinetic coefficient vs the reciprocal of the absolute temperature. 

The dashed (module #1) and solid (module #2) lines refer to the modified Arrhenius model proposed in Equation 

(6). Error bars are 5%. 

The good agreement between measurements and the proposed model seems to confirm the 

feasibility of expressing the performance of a battery using a kinetic approach, in which the reduced 

ion mobility is considered assuming the activation energy is a function of temperature. Based on 

these results, it can be noted that this behavior appears to be associated with the thermal state of the 

battery, regardless of the process occurring between different thermal levels. In fact, independent of 

how a given thermal level was established, the capacity of the battery depends only on its thermal 

level.  

The right vertical axis of Figure 14 shows the absolute value of the relative capacity loss 

compared to the reference value 𝐶𝑅𝐸𝐹. At the same temperature, it is systematically found that the 

capacity loss during charging is lower than during discharging. Although the difference is generally 
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small (less than 5%), it cannot be explained by the kinetic model, which depends only on temperature. 

Since charging or discharging times depend on the instant at which the voltage extreme 𝑉𝑀𝐼𝑁 and 

𝑉𝑀𝐼𝑁 are reached, the electrical resistance of the electrodes can also be relevant.  

Beyond the equivalent electrical circuits used to simulate the dynamic behavior of a battery, the 

ohmic resistance 𝑅0  is that associated with the instantaneous voltage drop or increase when the 

current is switched off or switched on to the battery, respectively. Figure 15 shows the ohmic 

resistance versus temperature determined for the module #2 at the beginning of the discharge and 

charge. The temperature dependence of 𝑅0 is highly nonlinear, 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 found in the discharging compared to charging.  

 

Figure 15. Diagram of ohmic resistance for the discharge and charge vs absolute temperature for battery module 

#2. Error bars are 10%. 

5. Conclusions 

A preliminary experimental investigation of the thermal behavior of a lithium-iron-phosphate 

battery was proposed. The primary objective of the experiment was to verify the feasibility of a kinetic 

model to determine the reduction in battery capacity as the operating temperature decreases. Despite 

the good agreement obtained between theoretical and experimental results, validating the model 

requires extending the test conditions to different charge and discharge currents and applying the 

experiments to other types of lithium batteries. Even if these limitations are important, some 

concluding remarks can be highlighted:  

• The relationship found between OCV and SOC is in good agreement with models proposed 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 primarily 

attributable to ion conduction of electrolyte. In this regard, the decreasing temperature gradually 

makes the migration paths of ions within its structure less accessible, and there may be a specific 

threshold temperature for a given electrolyte that inhibits the ionic conduction;  
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• 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.  
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