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Abstract: Thermal events in lead-acid batteries during their operation play an important role; they
affect not only the reaction rate of ongoing electrochemical reactions, but also the rate of discharge
and self-discharge, length of service life and, in critical cases, can even cause a fatal failure of the
battery, known as “thermal runaway.” This contribution discusses the parameters affecting the
thermal state of the lead-acid battery. It was found by calculations and measurements that there is a
cooling component in the lead-acid battery system which is caused by the endothermic discharge
reactions and electrolysis of water during charging, related to entropy change contribution. Thus,
under certain circumstances, it is possible to lower the temperature of the lead-acid battery during
its discharging. The Joule heat generated on the internal resistance of the cell due to current flow,
the exothermic charging reaction, and above all, the gradual increase in polarization as the cell
voltage increases during charging all contribute to the heating of the cell, overtaking the cooling
effect. Of these three sources of thermal energy, Joule heating in polarization resistance contributes
the most to the temperature rise in the lead-acid battery. Thus, the maximum voltage reached
determines the slope of the temperature rise in the lead-acid battery cell, and by a suitably chosen
limiting voltage, it is possible to limit the danger of the “thermal runaway” effect. The overall
thermal conditions of the experimental cell are significantly affected by the ambient temperature
of the external environment and the rate of heat transfer through the walls of the calorimeter. A
series of experiments with direct temperature measurement of individual locations within a lead-acid
battery uses a calorimeter made of expanded polystyrene to minimize external influences. A hitherto
unpublished phenomenon is discussed whereby the temperature of the positive electrode was lower
than that of the negative electrode throughout the discharge, while during charging, the order was
reversed and the temperature of the positive electrode was higher than that of the negative electrode
throughout the charge. The authors relate this phenomenon to the higher reaction entropy change of
the active mass of the positive electrode than that of the negative electrode.

Keywords: lead-acid accumulator; heat effect; thermal behavior; endothermic reactions; exothermic
reactions; Joule heat; cooling effect

1. Introduction

The aim of this study is to look at a less appreciated fact that during lead-acid bat-
tery discharge, an entropy-based phenomenon leads to a cooling effect, which may not
be intuitively apparent as it is often negated by Joule heating due to large current flow.
Understanding the thermal balance of a lead-acid battery is important for continuous useful
application of this time-proven electrochemical technology. Energy storage research is
presently a highly regarded and also highly competitive environment, varying in different
application solutions from automobile SLI (starting, lights, ignition) to small power appli-
cations of daily use to large power applications ensuring energy stability and power grid
quality [1–6]. Lead-acid batteries (LAB) still play an important part on the battery market,
and are financially the best compromise in power, longevity and ability to be recycled in
the circularity management [7–12]. In 2019, LAB dominated the market share, accounting
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for an estimated 32.29% of the total battery market with a further forecast growth of 5.2%
by 2030. The above advantages will continue to lead to the application of LAB in major
automotive sectors and in low-cost off-grid energy storage systems [13,14].

In the LAB performance issues, it is important to understand in detail the thermal
processes that play a major role in the lifetime and other important parameters of LAB.
When critical values are exceeded, an effect called the thermal runaway (TRA) can occur,
which ultimately leads to the destruction of the LAB. Thermal runaway in LAB is related
to both exo- and endothermal electrochemical reactions during charging and discharging
and to the flow of electric current through the internal structures of the LAB with a non-
zero electrical resistance. It is also important to pay attention to the heat capacity of the
individual parts of the LAB and the heat exchange of the LAB with the environment.

A lead-acid electrochemical cell with a given heat capacity can be divided into three
basic parts—the aqueous sulfuric acid solution with the highest thermal capacity and low
thermal conductivity, the plastic battery pack with both low thermal capacity and low
thermal conductivity, and the electrodes, where the actual electrochemical reactions take
place at the active mass/electrolyte interface. The electrodes made of lead and its oxides
and sulfates are relatively heavy and have good thermal conductivity. Their heat capacity
is very low and, therefore, particularly in AGM batteries with a lower amount of sulfuric
acid solution relative to these electrodes, heating to critical temperature can occur much
more rapidly within a short time.

Heat issues, in particular, the temperature increase in a lead-acid battery during
its charging has been undoubtedly a concern ever since this technology became used in
practice, in particular in the automobile industry. However, it came to greater forefront
when many batteries were grouped in a stack together for the purpose of energy storage and
sole propulsion in electromobility [15]. A large volume of closely packed batteries has led to
more difficult heat transfer to the surrounding environment and overheating and thermal
runaway [16,17], causing severe issues in longevity, reliability and safety [18]. Interestingly,
heat issues in lead-acid batteries became a subject of mathematical simulations, perhaps
because of the complicated physical access of temperature probes into large stacks and the
hostile chemical environment [19,20].

In 1995, Newman and Tiedemann [21] presented what is now a classical approach,
a study showing the temperature increase inside a battery with constant heat generation.
Cai and White [22,23] published an efficient electrochemical-thermal model for battery
simulation. The model was specifically for a lithium-ion battery, although it can generally
be used for other battery systems as well. However, in lead-acid battery there is one specific
that needs careful treatment, which is the sulfuric acid electrolyte, which exists in the
battery in variable quantities and directly enters the stoichiometry of the electrochemical
reaction. This has been performed thoroughly via mathematical modeling [24–26], which
also included comparisons with other studies. Broda and Inzelt investigated internal
resistance increase and temperature change for both the negative and the positive electrode
in a lead-acid battery [27]. Křivík dedicated his effort to thermal events in lead storage
batteries [28–31]. For the calculations, he used thermodynamic values for a 100% sulfuric
acid. With those values, the discharge reaction came out erroneously as exothermic. Later
in this paper, we demonstrate that the more realistic concentration of 30%mass will lead
to an endothermic value. The work also lacked the validation of theoretically determined
data by practical experiments.

The aim of this contribution, where lies its novelty, is a deeper insight into the complex
level of thermal processes of lead-acid batteries with the definition of the level of individual
influences affecting the resulting temperature of the LAB electrodes. Here, we point out
some errors of other authors [28–32], especially in relation to the theoretical calculations of
the thermodynamic values assuming 100% sulfuric acid. It turns out that those values for
a realistic acid concentration (30%mass) yield different values that significantly affect the
overall thermal performance of the lead-acid battery system. In contrast to the findings
in [28–31], we confirm the accuracy of the theoretical calculations by good agreement with
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actual measurements on a real LAB. As a first step, based on the presented theoretical
calculations and practical measurements, we write that by adjusting the charge/discharge
mode, the magnitude of the thermal processes taking place in the LAB can be influenced
to a certain extent, and thus the temperature of the LAB can be influenced to minimize
the TRA hazard. The goal of this work is to propose regime measures that can affect the
internal temperature of the LAB during operation.

2. Materials and Methods
2.1. Theoretical Foundation

A good place to start when considering electricity and heat in a rechargeable battery is
with thermodynamics. To be true, laws of classical thermodynamics apply to the state of
equilibrium, thus they can be used only as guidance during charging and discharging of a
battery, which is not an equilibrium process. It is useful to use thermodynamic parameters
called the state functions which do not depend on the reaction path. They depend only
on the difference in the values for the products and for the reactants, the final and initial
components in the process. In our consideration, the state functions are the reaction
enthalpy, ∆H, which describes the amount of energy released during the process; the Gibbs
free energy, ∆G, which describes the maximum amount of chemical energy that can be
converted into useful work (in batteries, into electrical energy), or work, that can be used
to generate chemical compounds; and the entropy of the reaction, ∆S, which describes
reversible gain or loss of energy associated with ongoing chemical (or electrochemical)
reaction. The state functions from the practical point of view describe the upper limits
of performance. As the reactions proceed (in the case of a battery as the current flows),
kinetic parameters reduce these upper limits [32]. The other parameter, which will interest
us in this deliberation, is heat, Q, associated with electrochemical processes. Heat is not a
state function, thus heat released or generated will depend on the manner with which the
battery is charged or discharged.

The basic relationship between the three mentioned state functions is

∆G = ∆H − T∆S (1)

where T is the temperature in kelvins. This is a useful relationship in electrochemistry, as it
relates to the cell potential U0

∆G = −nFU0 (2)

where n is the number of exchanged electrons in the unity reaction and F is the Faraday
constant, a charge of one mole of electrons.

Several basic thermal processes occur that affect the resulting battery temperature
during operation. These processes include heat exchange with the environment, QZ, Joule
heat generation at the internal resistance of the cells, QJ , and the change in heat from the
thermochemical reactions at the electrodes themselves, QR.

Q = QZ + QJ + QR (3)

The exchange of thermal energy between the lead-acid battery and the surrounding
environment QZ is described by Newton’s law of cooling:

QZ = kZ(Tair − Tbatt)t (4)

where kz is a heat transfer coefficient, a constant characterizing a particular battery (is a
function of heat transfer resistance of the whole system) and Tair − Tbatt is the difference in
temperatures between the battery and the environment and t is the time during which the
heat exchange between the battery and the surroundings takes place.

The Joule heat, or the thermal energy generated at the individual internal resistances,
QJ, is given by:

QJ = RI2t (5)
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where R is the internal resistance of the lead-acid battery, I is the magnitude of the current
and t is the discharge time. Because of the gradual increase in internal resistance during
discharge, this heat will be most pronounced towards the end of the discharge.

In the latter case, it is the thermochemical heat generated (or consumed) by the
electrochemical reaction at the electrodes during discharge, i.e., the conversion of lead and
lead oxide to lead(II) sulfate. The discharge reaction is described as:

Pb + PbO2 + 2 H2SO4 → 2 PbSO4 + 2 H2O (6)

The reaction entropy of battery discharge ∆Sdis can be calculated as the difference of the
sum of entropies of all the products, minus the sum of entropies of all reactants [33,34] with
the entropy values obtained from [34]. In further calculations, we will use for Equation (6)
∆Sdis = −10.4 J·mol−1·K−1. The product with absolute temperature T∆S corresponds to
energy bound into the system and reflects the change of the structure of the atomic bonds
of the compounds [35]. The corresponding entropic voltage or potential of the reaction at
room temperature [36] is calculated from the reaction entropy:

UR =
T∆Sdis

nF
= −0.016 V (7)

where T is the temperature, n = 2 is the number of exchanged electrons and F = 96,485 C·mol−1

is the Faraday constant. The relationship (8) comes directly from the referenced work [28] a
relationship which was sourced from a seldom quoted work by Berndt [37,38]. The idea is
that the UR is defined as a new variable, the entropic potential, i.e., potential contribution
due to entropy, thus independent of enthalpy changes. The thermochemical heat is then
calculated from the entropic potential of the reaction [28]:

QR = −T∆Sdis
nF

It = −UR It (8)

The value of the thermochemical heat is positive, so heat is released during the
electrochemical reaction. In other words, if the entropy difference ∆S is negative, the
battery will heat up during discharge [29].

The above value from Equation (7) is, however, calculated for 100% sulfuric acid. If
we consider for the calculations the actual concentration of sulfuric acid used in lead-acid
batteries, the resulting values will differ. Sulfuric acid in lead-acid batteries is usually
a 30% aqueous solution in the fully charged state, so its entropy will be different. The
entropy value for this diluted sulfuric acid is 128.1 J·K−1·mol−1 [34] and it will significantly
affect the conclusions about cell heat balance [39]. The resulting ∆Sdis for the discharge in
appropriately concentrated sulfuric acid is ∆Sdis = 47.2 J·mol−1·K−1, and the corresponding
entropic potential of the reaction therefore will be UR = 0.0726 V.

Ultimately, the value of the thermochemical heat (see Equation (8)) will be nega-
tive, i.e., the heat is consumed by the electrochemical reaction. Thus, during discharge,
the generated Joule heat heats up the battery, while the electrochemical conversion of
lead-based active materials with sulfuric acid to lead sulfate and water is accompanied
by an endothermic reaction that cannot be neglected in terms of thermal management
of the battery.

During charging, in addition to the above-mentioned discharge reactions (now work-
ing in the opposite direction), other parallel reactions occur according to the reached
charging voltage. When the second charging stage (this is the second voltage charging
plateau after overcoming the inflection point of approximately 2.45 V) is reached, electroly-
sis begins to occur to a significant extent and the decomposition of water into hydrogen
and oxygen takes place. In the case of VRLA battery designs, an internal oxygen cycle
begins to occur, with oxygen recombining back to water at the negative electrode to form
water and generate heat. When charging, the value of the polarization resistance further
increases and therefore additional polarization losses by Joule heat occur [29].
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At the beginning of charging, Joule heating losses again occur due to the internal
resistances of the battery and the electrochemical charging reactions generate heat of the
same magnitude as the heat of discharge, but of the opposite sign. The battery will be
heated by both of these sources during charging.

In the case of charging, the heat consumed for electrolysis (water decomposition)
must also be taken into account, which is particularly applicable after a ‘gassing’ voltage
of approximately 2.4 V (or when approximately 70% of the surrendered charge from the
previous discharge has been received) has been reached per cell. The chemical reaction
describing this process is:

H2O → 1
2

O2 + H2 (9)

∆Sdec = 163.4 J·mol−1·K−1 (10)

QRP = −T∆Sdec
nF

It (11)

This heat value will be received by the system to accompany the electrolysis of the
water (the battery will be cooled).

When charging with increasing voltage, the polarization resistance increases. If we
consider a breakdown voltage of 2.4 V per cell, we calculate the polarization resistance as:

Rpol =
U − UEMF − U0

I
=

2.4 − 2.035 − 0.25
I

(12)

where UEMF [40] is the electromotive force of the cell and U0 is the entropic potential of
decomposition of water [29].

As the cell voltage increases, the polarization resistance will increase, and thus the
total polarization thermal energy will also increase. For polarization resistance, at cell
potential of 2.40 V, the thermal energy released QJpol will be in the form of Joule heat:

QJpol = Rpol I2t = 0.115 I·t (13)

For batteries where the oxygen cycle is not enabled (flooded types), we obtain the total
heat of charge without considering the losses to the environment:

Q = QJ + QR + QRP + QJpol (14)

For batteries with an internal oxygen cycle (VRLA, GEL batteries), we must also
consider the heat generated by the recombination of oxygen on the negative electrode back
to water and the Joule heat, which is also generated by the enabled oxygen cycle [41]. The
heat generated in the recombination of oxygen (the internal oxygen cycle) can be found
from the basic equation of the reaction:

Pb + H2SO4 +
1
2

O2 → PbSO4 + H2O (15)

The change in standard molar entropy for reaction (15) is

∆Soc = −77.05 J·mol−1·K−1 (16)

With corresponding entropic heat generated during the oxygen cycle (OC):

QROC = −T∆Soc

nF
It (17)

The measured system consisting of the electrochemical cell within the insulating
box can be viewed as heat-accumulating elements. If we assume for simplicity that the
temperatures of the electrolyte, both electrodes and the cell container are the same, then
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from the known masses and heat capacities of the active masses, electrolyte and cell
packaging, we can calculate the total value of thermal energy absorbed by the cell:

Qcell = Qelectrolyte + QABS + QPb =
(

melectrolyte·celectrolyte + mABS·cABS + mPb·cPb

)
·∆T (18)

where Qelectrolyte is the total heat received by the electrolyte of the battery, QABS is the heat
stored by the used cell pack and spacers, QPb is the heat received by the electrodes, and ∆T
is the temperature change within the studied time span.

The other heat-accumulating elements are the air in the insulating box space and the
polystyrene foam box itself. Similar to the first case, assuming equal air temperatures inside
the insulating box and the walls of the insulating box, we calculate accumulated heat of the
insulating box as:

Qcal = Qair + Qbox = (mair·cair + mbox·cbox)·∆T (19)

where Qair is the total heat received by the air in the insulating box, Qbox is the heat stored
by the walls of the insulating box, and ∆T is the temperature change within the studied
time span.

2.2. Equipment and Materials Used

The cell of the lead-acid battery was constructed from two commercially available
electrodes of the 60·130·1 mm dimensions and placed in an ABS cell container (Figure 1).
The electrodes were separated by an AGM separator Recomat F2140XP, manufactured by
Bernard Dumas. ABS spacers were used to ensure compression of the cell. The capacity of
the cell was 6.7 Ah. The Pt 100 temperature microsensors with special treatment against
effect of sulfuric acid were placed on the surface of both the positive and negative electrodes
at 1/3 of the electrode height. The finished cell was placed into a commercially available
thermally insulated box made of expanded polystyrene with dimensions of 280·230·280
mm, with a wall thickness of 35 mm, was used as a calorimeter (Figure 1). Additional
temperature sensors were placed in the same position as the temperature sensors of the
positive and negative electrode on the inside and outside of the thermally isolating box.
The potential difference measurement was made against the mercury-mercurous sulfate
reference electrode MRSE (615 mV vs. NHE).
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Figure 1. Conceptual diagram of the experiment design.

The measuring workstation consisted of an Agilent 34980A multifunction switch,
Agilent N6700B power supplies (all Agilent instruments obtained from Agilent, Santa
Clara, CA, USA) and a control PC. It allowed monitoring voltage and current, potentials of
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both electrodes, and temperature of the sensor embedded in the cell at the set modes of
operation. The resolution of the data acquisition system is 6.5 digits (22 bits). The location
and miniaturization of the temperature sensor allows the normal function of the lead cell
without affecting its response.

Measurement of the internal resistance of the in situ cell was carried out with a labora-
tory instrument of domestic provenance, which superimposes the sinusoidal component of
the current at a frequency of 1 kHz on the DC discharge/charge current and the internal
resistance is calculated from the ratio of the AC voltage response to the current. The
magnitude of the AC perturbing voltage is set to 10 mV. Measuring of the AC components
of voltage and current was carried out simultaneously with collecting other parameters,
using the Agilent work station.

2.3. Measurement Methodology and Experimental Conditions

The experimental cell was placed in the insulating box and kept in a closed hood at
room temperature. For cycling the experimental cell, 100% depth of discharge (100% DOD)
mode constant current/constant voltage (CC/CV) was used. The current for discharging
and charging the cell was set to C5 (1.2 A), the end of discharging was at a set point
when the voltage of the cell dropped below 1.6 V. Charging current started to limit when
the limiting value of 2.45 V was reached. During the experiment, the total voltage, the
potentials of both electrodes, the current flowing through the cell, the temperatures of both
electrodes, and the temperature of the inner and outer surface of the insulating box, as well
as the internal resistance of the cell, were recorded. All monitored values were recorded
every 30 s. The set period was one cycle per day.

3. Results
3.1. Cycling of the Cell CC/CV

Figure 2 shows the outputs of all the monitored parameters of the experimental cell. The
discharge/charge cycle was performed entirely under fairly constant external conditions.
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The temperature characteristics give us information about the temperature course on
the positive and negative electrode and on the inner and outer wall of the insulating box.
At the end of the previous charging (first cycle) we observe cooling at different rates of the
individual components and the equalization of all temperatures at the beginning of the
discharge. As the cell discharges, there is a linear increase in the temperature of both the
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positive and negative electrodes until approximately 70–80% of discharge, when the tem-
perature increase becomes exponential, with the positive electrode increasing significantly
faster than the negative. We attribute this phenomenon to the order of magnitude higher
increase in internal resistance of the positive electrode than the negative electrode at the
end of the discharge [42,43], when lead sulfate accumulates on the surface of the active
materials and blocks the active surface of the porous structure of the materials.

The difference in electrical resistance (resp. conductivity) of positive and negative
electrodes was discussed by Calábek and Micka [44], who, although in this work they did
not yet distinguish between the resistance of the active matter and the contact resistance
of the collector/active matter transition, they nevertheless concluded that for the positive
electrode the conductivity was in the single digits of siemens, while for the negative
electrode of the same concept the conductivity was in the hundreds of siemens. Similarly,
in a follow-up paper with an advanced experimental electrode concept by Calábek and
Micka [42,45] have already been able to experimentally distinguish between the active
mass resistance and the transient resistance of the two electrodes and have shown that both
resistances are one to two orders of magnitude higher for the positive electrode than for
the negative electrode.

This temperature rise persists even at the moment of switching to the charging phase
(approximately the first 5% of charge supplied during charging), which we attribute to the
dissolution of the surface blocking sulfate structure and the formation of a supersaturated
layer of sulfate ions in the immediate vicinity of the active surface of the masses. Continued
charging leads to a reduction in the steepness of the temperature rise (5–70% supplied
charge during charging), yet this temperature rise is higher than during the discharge phase
(despite the fact that there is now more heat dissipation to the surroundings). After reaching
a voltage value of approximately 2.35 V, the temperature of the electrodes gradually
increases steeply. This rise in electrode temperature reached a maximum after the limiting
voltage of 2.45 V was reached and the charging current started to be limited. Subsequently,
a gradual almost linear decrease in cell temperature occurs over a period of 12 h, followed
by another discharge/charge cycle.

In Figure 3 we can see the voltage, current, potentials of both electrodes and the
internal resistance of the cell. From the electrode potential response it can be seen that
there is a uniform utilization of both electrodes. It can be seen that the decrease in the total
cell voltage during discharge is given by the summation of the potential drops of both
electrodes towards zero value (i.e., towards the potential of the reference electrode).
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The internal resistance of the cell during discharge shows an increase in its magnitude
by approximately 250%, while in the last 1/3 of the discharge, the steepness of the increase
in cell resistance increases with the progressive transformation of the charged form of the
active materials into non-conductive lead sulfate. During charging, the value of the internal
resistance returns to its original value, but the decrease in cell resistance at the beginning
of charging is significantly steeper than during discharging, which is attributed to the
dissolution of the surface blocking sulfate structure, vide supra.

3.2. Discharging

Figure 4 shows in detail the changes of all four monitored temperatures (positive and
negative electrode, inner and outer wall of the insulating box), along with the internal
resistance during the discharge. The curves show that during the first 2/3 of the discharge
there is a gradual linear increase in the temperatures of both electrodes and the inner wall
of the insulating box. The apparent initial slight drop in the temperature of the positive
electrode is due to its higher temperature reached during the previous charging. The
temperature change in the outer wall of the insulating box is independent of the temperature
rise inside the insulating box and is due to the temperature fluctuation in the external
environment. The magnitude of the internal resistance shows a slight linear increase over
this interval for the first approximately 2/3 of the discharge. During approximately the last
third of the discharge, there is a significant temperature increase with a partially exponential
pattern for both electrodes and the inner wall of the insulating box. The positive electrode
shows the steepest temperature rise, followed by the negative electrode. In this discharge
interval, the internal resistance shows a sharp increase with an exponential pattern, with
the final value of the internal resistance showing an increase of approximately 250% of the
initial value.
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To calculate the thermal processes during discharge, the discharge curve (see Figure 4)
is divided into two segments (shown by the orange vertical lines). These will be linearized
to simplify the calculations.

Analysis of both parts of the discharge is summarized in Table 1. The total time of
discharge was 338 min and the internal resistance increased for the original 99 mΩ at the
onset of the discharge to 150 mΩ at the end of the discharge.
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Table 1. Discharge parameters.

Discharging

Interval
t R QJ QR Qcell Qcal Qz

min mΩ J J J J J

1 245 99.5 2106 −1278 474 227 128
2 93 150 1205 −485 545 129 99

In the table t is the duration of the given segment, R is the internal resistance of the cell,
QJ is the Joule heat, QR is the thermochemical heat, Qcell is the thermal energy absorbed
by the cell, Qcal is thermal energy absorbed by the calorimeter, and Qz is the heat loss
to the surroundings.

From the analysis of the first segment, the heat energy released to the surroundings
due to Joule hear losses was 2106 J and the endothermic reaction involving the conversion of
lead and lead oxide electrodes to lead sulfate resulted in the absorption of 1278 J. Thus, as a
result of these two effects (heating by Joule heat and cooling by electrochemical conversion),
828 J of thermal energy was transferred to our system under investigation.

Heat-accumulating elements of the system [electrochemical cell—insulating box] in
the first segment of discharge accumulated total heat energy (Qcell + Qcal) equal to 701 J.

Considering the fact that this is not a perfectly insulated system, it is necessary to
take into account the losses to the surroundings. Due to the stable conditions inside the
insulating box with a slow temperature rise homogeneously throughout the interior space,
we can assume that the difference of the thermal energy transferred to the system (Joule
heat and endothermic heat of the reaction) and that stored by the cell and insulating box
system is equal to the heat loss to the surroundings, i.e., Qz = 127 J.

Given that the time during which the temperature inside the insulated box warmed
visibly more than the surroundings was approximately 120 min, with an average tempera-
ture difference inside/outside the box of 0.2 ◦C, then the heat transfer constant through the
insulated box walls to the surroundings will be given by

kZ =
Qz

∆T·t =
127.6

0.2·120
= 5.35 J·K−1·min−1 (20)

From the geometry of the box and a published value of heat transfer coefficient for
expanded polystyrene 0.033 W/(m·K), the above kz would be 23.4 J·K−1·min−1. However, this
calculation assumes no insulation of the air blanket inside the box. Thus, the 5.35 J·K−1·min−1

appears reasonable value for the kz to use throughout.
From the second part of the discharge characteristic the total value of the thermal

energy delivered to the insulating box volume during this time is 720 J. It is evident that
due to the increase in the internal resistance of the cell, Joule heat is the dominant source of
thermal energy in the final part of the discharge. For the thermal storage elements of the
system, the difference in temperature rise between the electrodes and the interior of the
insulating box can now be seen; the system is now in a dynamic non-equilibrium state. The
electrodes are heated up by 0.52 ◦C in 93 min, while the inner space of the calorimeter is
heated up by only 0.26 ◦C. If we assume the same temperature of the electrodes, electrolyte
and the cell shell (and similarly if we assume the same temperature of the air inside the
insulating box), then the absorbed thermal energy by the system [electrochemical cell—
insulating box] will be 674 J.

The heat loss to the surroundings caused by a 0.2 ◦C difference between the external
and internal temperature of the insulating box will be 99 J. The increased amount of thermal
energy at the end of the discharge causes an increase in the magnitude of heat loss to the
surroundings (relative to the time unit) compared to the first discharge. Thus, in total, 773 J
of heat accumulated in the whole system of the insulating box space and escaped to the
surrounding environment, which corresponds to the sum of Joule and thermochemical
heat. The difference of approximately 7% from the sum of Joule and thermochemical heat is
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attributed to the dynamics of the system at the end of the discharge with increasing uneven
temperature distribution inside the insulated box and partly to the error in the linearization
of the curves.

By comparing the temperature change curves of the positive and negative electrodes
during discharge and charging, we see a peculiar characteristic: The temperature of the
positive electrode was lower than that of the negative electrode throughout the discharge,
while during charging, the positions were reversed and the temperature of the positive
electrode was higher than that of the negative electrode throughout the charge. Although
the positive electrode has a higher internal resistance and heat capacity than the nega-
tive electrode, we assume that this phenomenon is mainly related to the higher reaction
entropy ∆S of the conversion of the positive active mass of lead oxide to lead sulfate
during discharge (or with the opposite sign during charging) than that of the conversion
of the negative active mass of lead to lead sulfate. This results in a higher thermochem-
ical heat value at the positive electrode than at the negative electrode (in the case of
discharge—negative sign, in the case of charging—positive sign).

3.3. Charging

The charging of the cell can be seen in Figure 5. The part of the charging where the cell
is charged with a constant current is again divided in parts so that they can be linearized
for simplicity. Results for the individual segments for charging are summarized in Table 2.
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Table 2. Charging parameters.

Charging

Interval
t R QJ QR Qcell Qcal Qz Rpol Qjpol QRP

min mΩ J J J J J mΩ J J

1 17 152 223 89 252 35 34
2 35 95 287 183 293 45 97
3 165 94 1340 861 555 144 615
4 67 93 538 349 566 144 314 46 265
5 769 93 260 440 −2819 −718 1059 >138 1003 −1524
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In the table, t is the duration of the given segment, R is the internal resistance of the
cell, QJ is the Joule heat, QR is the thermochemical heat, Qcell is the thermal energy absorbed
by the cell, Qcal is thermal energy absorbed by the calorimeter, Qz is the heat loss to the
surroundings, Rpol is the polarization resistance, Qjpol is polarization heat, and QRP is the
thermochemical heat of decomposition of water.

During the first interval, which lasted 17 min, there was a pronounced decrease in
the internal resistance of the cell, but on the other hand, there was a sharp increase in the
electrode temperatures and a significant increase in the relative temperature difference
between the electrodes, the inner space of the insulating box and the external environment.
All this indicates a significant dynamic thermal imbalance of the system.

The average value of the internal resistance of the cell in this interval is highest
(152 mΩ), thus the Joule heat released per unit of time is higher than for other charg-
ing intervals. The Joule heat is this interval is approximately 2.5-fold higher than the
thermochemical heat.

During charging, lead sulfate on the electrodes is converted together with water
into lead dioxide and lead to form sulfuric acid. The reaction entropy ∆S will have the
same value but opposite sign to that of the discharge reaction, i.e., it will be equal to
−47.2 J·kg−1·mol−1. Negative reaction entropy leads to a positive sign for thermochemical
heat. The total heat released during the first interval (in 17 min from the start of the charging
phase) is 312 J.

The thermal storage elements of the system now show a significant difference in the
temperature rise in the electrodes and the interior of the insulating box, the system is now
entering a significant dynamic non-equilibrium state. The electrodes have warmed by
0.24 ◦C in 17 min, while the calorimeter interior has warmed by 0.11 ◦C. If we assume the
same temperature of the electrodes, electrolyte and cell shell (i.e., the same temperature of
air and the inside volume of the insulating box), then the absorbed thermal energy by the
system [electrochemical cell—insulating box] will be 287 J. The heat loss to the environment
caused by the difference between the external and internal temperature of the insulating
box of 0.38 ◦C will be 34 J. In total, we obtain 321 J of heat accumulated in the whole
system of the insulated box space and escaped to the surrounding environment, which is
approximately 9 J more than the sum of the Joule and thermochemical heat. We attribute
this difference to the dynamic state and the non-uniform temperature distribution inside
the system.

The second through the fourth interval of the total duration of 267 min display a steady
value of the internal resistance with only slight decrease from 95 to 93 mΩ. The ratio of
the Joule to thermochemical heat decreased from initial 2.5 to 1.5, which means an increase
in the proportion of the thermochemical heat generated by the charging electrochemical
reaction to the total temperature increase in the LAB system; nevertheless, the Joule heat
generated in the internal resistance of the LAB cell is still dominant.

In the fourth (and subsequently also the fifth) interval, due to the cell voltage, which
at this stage of charging has gradually increased (average value in the fourth interval is
2.34 V, in the fifth 2.45 V), the effect of polarization resistance and the associated value of
polarization heat must be included in the calculations of the overall balance of thermal
energy generated. In the fourth interval, the polarization heat of 265 J is added to the
Joule and thermochemical heat sources, which is approximately 50% Joule heat and 75%
thermochemical heat, respectively—it is thus already a non-negligible source of thermal
energy in the fourth charging interval.

In total, in the second through the fourth interval, we obtain a total amount of gener-
ated heat of 3823 J.

In the charging intervals two through four, the cell temperature gradually increased by
0.54 ◦C and the temperature of the environment in the insulating box increased by 0.29 ◦C.
By calculating the losses and heat accumulated by the system, we obtain in total 2773 J of
heat accumulated in the whole system of the electrochemical cell, insulating box space and
that escaped to the surrounding environment. This is approximately 1050 J less than the
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sum of the Joule, the thermochemical and the polarization heat. As in the previous section,
we attribute this difference mainly to the non-uniform temperature distribution inside the
system, where there is a temperature gradient in the system that gradually increases from
the electrodes through the electrolyte, the cell shell, the air, to the walls in the insulating
box and the external environment.

In the fifth interval, from the instant the limiting voltage of 2.45 V was reached, the
charging current started to drop exponentially and all the monitored temperatures started
to drop along with it, see Figure 6.

Batteries 2024, 10, x FOR PEER REVIEW 14 of 18 
 

 
Figure 6. Charging with current limiting; change of temperature vs. time. 

At the beginning of limiting the charging current, for 25 min, the temperature of the 
electrodes and the insulating box interior was still rising; however, after the charging 
current dropped to approximately 50% of the original value (0.62 A), the temperature 
peak was reached, and then all monitored temperatures started to drop. At the point of 
reaching the temperature maximum, a steady state occurred, where the magnitude of the 
charging current generated just enough of all the cell thermal energy sources to balance 
the thermal energy losses to the surrounding environment. These were directly propor-
tional to the difference in magnitude of the temperatures of the box interior and the sur-
roundings. 

Charging with current magnitude limiting lasted 769 min and the magnitude of the 
internal resistance no longer changed, being 93 mΩ. During this charging time, the cell 
received 1.69 Ah of charge. 

As the charging current gradually decreases from 1.2 A to a residual current of ap-
proximately 35 mA, the polarization resistance and the associated polarization heat 
gradually increase. In the fifth charging interval, polarization heat dominates the overall 
heat balance, reaching 3.9 fold the Joule heat and 2.3 fold the thermochemical heat, re-
spectively. The thermal energy sources (Joule heat, thermochemical heat due to electro-
chemical reaction, polarization heat and thermochemical heat of decomposition of water) 
are now calculated by summing the individual measured increments: 𝑄 = 𝑄 + 𝑄 + 𝑄  + 𝑄 = 261 + 440 + 1003 − 1524 J = 180 J (21)

The total value of the generated heat is in this interval 180 J, the thermal energy of 
the system is due to the endothermic decomposition of water only in slight excess and the 
temperature, due to heat flow to the environment, decreases.  

The cell temperature dropped by 2.69 °C and the internal temperature in the insu-
lating box by 1.45 °C during this interval. By calculating the losses and heat stored by the 
system we find out that the total amount of heat energy released from the system [elec-
trochemical cell—insulating box] in the last charging interval was 3537 J. 

Summing the heat generated throughout the charging process gives a total thermal 
energy of 4314 J, the heat dissipated from the thermal storage system in this last phase, 
with the current-limited charging, is 3537 J. The difference of 777 J is approximately 25% 
of the total calculated heat loss through the insulated box walls throughout the charging 

Figure 6. Charging with current limiting; change of temperature vs. time.

At the beginning of limiting the charging current, for 25 min, the temperature of
the electrodes and the insulating box interior was still rising; however, after the charging
current dropped to approximately 50% of the original value (0.62 A), the temperature peak
was reached, and then all monitored temperatures started to drop. At the point of reaching
the temperature maximum, a steady state occurred, where the magnitude of the charging
current generated just enough of all the cell thermal energy sources to balance the thermal
energy losses to the surrounding environment. These were directly proportional to the
difference in magnitude of the temperatures of the box interior and the surroundings.

Charging with current magnitude limiting lasted 769 min and the magnitude of the
internal resistance no longer changed, being 93 mΩ. During this charging time, the cell
received 1.69 Ah of charge.

As the charging current gradually decreases from 1.2 A to a residual current of approx-
imately 35 mA, the polarization resistance and the associated polarization heat gradually
increase. In the fifth charging interval, polarization heat dominates the overall heat balance,
reaching 3.9 fold the Joule heat and 2.3 fold the thermochemical heat, respectively. The
thermal energy sources (Joule heat, thermochemical heat due to electrochemical reaction,
polarization heat and thermochemical heat of decomposition of water) are now calculated
by summing the individual measured increments:

Q = QJ + QR + QJpol + QRP = 261 + 440 + 1003 − 1524 J = 180 J (21)

The total value of the generated heat is in this interval 180 J, the thermal energy of
the system is due to the endothermic decomposition of water only in slight excess and the
temperature, due to heat flow to the environment, decreases.
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The cell temperature dropped by 2.69 ◦C and the internal temperature in the insulating
box by 1.45 ◦C during this interval. By calculating the losses and heat stored by the system
we find out that the total amount of heat energy released from the system [electrochemical
cell—insulating box] in the last charging interval was 3537 J.

Summing the heat generated throughout the charging process gives a total thermal
energy of 4314 J, the heat dissipated from the thermal storage system in this last phase,
with the current-limited charging, is 3537 J. The difference of 777 J is approximately 25%
of the total calculated heat loss through the insulated box walls throughout the charging
process, which was calculated as of 1059 J. The difference is mainly attributed to the non-
equilibrium dynamic distribution of heat transfer in the first two parts of the charging
process. The inaccuracy in the linearization of the individual parts of the charging process
and the empirically determined heat transfer constant through the insulated box walls may
contribute to the error.

Despite the difference between the calculations above and the experimentally deter-
mined data of heat leakage to the surroundings, the final cooling versus the total heat input
during charging is approximately in 14% error and can be considered as a good result for
this type of laboratory experiment and confirmation of the correctness of the procedures
under all simplifications and conditions of the experiments.

4. Discussion

This work was inspired by a study carried out by Křivík [28–31] which also introduced
the notion of entropic potential (see Equation (7)). The purpose of this study was to assess
the relative contribution of the temperature change in the battery due to thermodynamics of
the chemical reaction and due to heating generated by passage of current through the ohmic
resistance of the battery (Joule heating). From the calculations based on values for diluted
sulfuric acid, we state that the purely thermodynamic process during discharge of the
battery is endothermic (as opposed to the findings by Křivík [28], which were performed
assuming 100% H2SO4), thus contributing to cooling of the system. Hence, any observed
heat generation is due to excess Joule heating and indeed during practical battery use, it
is the dominant source of heat generation arising from Joule heating [26]. In the present
work, we aimed to follow-up on the conclusions of work by Křivík [28] experimentally and
verify our calculations based on this approach. Throughout our work, while comparing
the calculated and experimental results, it became apparent that the input enthalpies
and entropies for sulfuric acid need to be adjusted. The standard tabulated values are
for pure (i.e., 100%) sulfuric acid, whereas in a commercial battery, this concentration is
between 29 and 32%. For sulfuric acid, simply adjusting to the concentration (or activity)
in the relationships is not enough. The thermodynamic values of sulfuric acid at different
aqueous dilutions are specific and had to be experimentally determined for a range of
concentrations [34]. Perhaps this is not surprising. The water-sulfuric acid bond is fairly
strong, as documented by the large heat evolutions during dilution of sulfuric acid. Once
the appropriate thermodynamic values for sulfuric acid were taken, our experimental data
matched our calculations well.

It is important to note that both the Joule heat related to the magnitude of internal
resistance and thermochemical heat of electrochemical reactions related to the internal
enthalpy of chemical bonds and their transformations during discharge/charge serve as
“sources” of heat. Only the heat dissipation to the surrounding environment serves as a
heat “sink” here, so this must be taken into account under the expected harsh climatic
conditions of real-life battery operation. The specific heat capacities and masses of the
electrodes, electrolyte, cell pack, or surrounding space, if the battery is located in the
confined, unventilated space of the box, act as the “absorber” (or “accumulator”) of ther-
mal energy. Therefore, cells with a smaller size and fewer functional parts with higher
heat capacity (mainly sulfuric acid) will be prone to faster temperature increase towards
critical values. On the other hand, they will exhibit more rapid cooling under suitable
external conditions.
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During discharge, only the internal resistance of the cell contributes to the temperature
rise inside the cell; on the contrary, the electrochemical processes are endothermic, i.e.,
they go against the overall heating of the cell. Therefore, for the first 70% or so of the
DOD discharge, the cell temperature increases only slightly, and due to the extremely
low internal resistances of industrial batteries (approximately 4 mΩ), there may even be a
situation where the temperature may decrease. At the end of the discharge (70–100% DOD),
with blocking of the surface pores of the active materials by the emerging sulfate, there is a
significant increase in the internal resistance of the cell and the associated increase in the
temperature of the active materials and the cell itself. The slope of temperature increase
in the last part of the discharge was approximately 1 ◦C/h. If the discharge finished at
approximately 70% DOD, the cell temperature increase would not occur and the initial
temperature trend for charging would not show an increase.

The temperature histories of the positive and negative electrodes are similar; however,
there is an interesting phenomenon. The temperature of the positive electrode is lower than
the temperature of the negative electrode throughout the discharge process, but during
charging, the position is reversed and the temperature of the positive electrode is higher
throughout the charge process. We assume that this phenomenon is related to the higher
reaction entropy ∆S of the positive active mass compared to the negative active mass, which
results in a higher thermochemical heat value at the positive electrode than at the negative
electrode (with different signs during charging/discharging) and is the main cause of the
difference in electrode temperatures.

During charging, the situation is much more complex. There is not only one electro-
chemical reaction, according to the achieved voltage (or electrode potentials) and according
to the type of cell, there is a gradual preference for individual electrochemical reactions,
which, however, practically all have an exothermic reaction and contribute to the overall
temperature rise in the cell. In the first part of the charging process, the temperature rise is
linear and is determined by the magnitude of the Joule heat (i.e., internal resistance) and
the thermochemical heat of the charging reaction. The slope of temperature increase in
the first minutes of charging was similar to that at the end of discharging (approximately
1 ◦C/h) and we relate it to the high internal resistance of the sulfate layer, which dissolves
at the beginning of charging. The increase in temperature in the next part of charging to a
voltage on the cell of approximately 2.32 V is approximately 0.2 ◦C/h. From approximately
2.32 V onwards, the polarization heat will start to manifest itself and will continue to
increase as the cell voltage increases, contributing to a faster rise in cell temperature. The
temperature increase at this stage of charging is approximately 1 ◦C/h. After reaching the
threshold voltage of 2.45 V, the charging current starts to decrease and the magnitude of
the thermal energy increments decreases gradually. The dissipation of thermal energy from
the cell to the environment becomes dominant and the cell temperature decreases until
the cell is fully charged. If a different charging mode were to be set, the temperature rise
during charging could continue up to potentially catastrophic consequences of the thermal
runaway phenomenon.

From the above findings, it follows that the highest temperature increases were
achieved both at the end of discharge and the subsequent beginning of charging, and
at the part of charging, when the charging curve passes through the inflection point into
the second charging stage. Therefore, if the cell was not discharged to 100% DOD, but to a
maximum of 70%, there would be no increase in temperature at the end of discharge (and
the beginning of charging) and the increase in cell temperature would be determined only
by the size of the charging current and the limiting voltage.

5. Conclusions

The presented material focuses on theoretical analysis of thermal processes in the
lead-acid battery during its use. Based on measurements of temperatures at the electrodes
in an insulated box and in the external environment, the analysis validates the measured
data and explains the experimental findings on the basis of theoretical analysis.
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Although the common perception among experts is that lead-acid batteries only release
heat during chemical reactions, this article explains that this perception is not entirely
correct. Here, we have shown that at certain stages of lead-acid cell use (during discharge
and during CV charging mode), endothermic reactions may prevail over exothermic
reactions in the cell and that the thermal state of the LAB depends not only on the internal
structure of the LAB but also on the set operating parameters. In this paper, we also outline
strategies for monitoring the parameters and operation of the LAB to avoid risky conditions
that may lead to the TRA effect.

In future experimental work, we will look at other modes of charging and their effect
on the overall temperature profile. We also want to focus on other types of battery design
arrangements (VRLA AGM, GEL) and their effect on the significance of thermal processes.
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