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a b s t r a c t

Lead acid batteries are still widely used for SLI (Starting–Lighting–Ignition) systems in vehicles because
of the cost advantage. The batteries are frequently charged and discharged under different operation
conditions, which continuously changes distribution of inner temperature of batteries. Variation of the
vailable online 24 April 2010
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temperature distributions significantly affects performance and durability of the battery. We developed a
one-dimensional dynamic model based on the first principle of thermal dynamics and electrochemistry.
The thermal model incorporates control volumes for each of the major constituents of the battery cells
that is casing, electrolyte, and electrodes. The model was extended for a six-cell battery and used to
analyze effects of discharging currents on the performances and temperature, compared with results

l finit
sing t
erformance and thermal effects analysis from a three-dimensiona
a thermal chamber and u

. Introduction

Advancements in automotive battery technology from elec-
rode and electrolyte materials to a range of environmental
ffects on battery performance have been the leading focus
or researchers in recent years. There have been a number of
pproaches implemented to characterize battery performance for
raditional internal combustion vehicles and hybrid battery appli-
ations. The life span and performance of batteries specifically SLI
Starting–Lighting–Ignition) lead acid batteries have been well doc-
mented by researchers [2–9].

Several researchers have incorporated complicated equivalent
ircuits to represent the various components of the battery. While
he equivalent circuit approach provides a basic estimation of the
nner workings of the battery, the electrochemical processes that
re the backbone of the battery are neglected. For instance, equiv-
lent circuit methods provide effective surface area values as a
ere function of the SOC [10]. In reality, electrode effective sur-

ace area is a product of the material porosity, reaction rate and the
lectrode–electrolyte interface, temperature, diffusion rate, and

lectrolyte concentration. Due to the complexity of the chemical
eactions and transport of ions across the electrolyte reservoir a
ne-dimensional model can provide concentration of ions, temper-
ture, reaction rate, and phase potentials of the battery cell that will
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uburn University, Auburn, AL 36848, USA. Tel.: +1 344 844 3382;
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e element analysis and tested against experimental results obtained from
hermal imaging.

© 2010 Elsevier B.V. All rights reserved.

be more comprehensive than those approximated by the electrical
circuit components.

Esperilla and Felez addressed the thermal effects on lead acid
batteries in terms of thermodynamic equations along with an
equivalent circuit to represent the electrochemical reaction of the
battery cells [3]. An alternative method, presented by Gu et al.,
uses a Thevenin equivalent model focusing on battery electrochem-
istry by considering activity of the migrating ions and porosity of
electrodes to obtain a more comprehensive model of the battery
during charge and discharge [5]. Kim and Hong focused on effects
of varying battery parameters on the electrolyte concentration and
discharge performance neglecting temperature change. Addition-
ally, close attention was paid to the effects of the limiting current
density [9]. These models concentrate on specific aspects of auto-
motive batteries, but do not completely describe behaviors of a six
cell battery dynamics and performance.

Therefore, the approach outlined in this paper includes var-
ious aspects of previously mentioned models as well as a few
novel techniques to represent the battery’s physical properties and
performance. Accepted electrochemical, thermodynamic, and heat
transfer methods are employed as the equivalent circuit does not
adequately represent complex battery electrochemistry and mass
transport. Effects of temperature and heat generation focus mostly
on the discharge process when high current is present.
2. Mathematical descriptions

Dynamic characteristics of a lead acid battery depend on sev-
eral parameters that are constantly changing. The complexity of the

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:choe@auburn.edu
dx.doi.org/10.1016/j.jpowsour.2010.04.056
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Nomenclature

a specific surface area for electrode (cm−1)
cp specific heat (J kg−1 K−1)
C concentration (mol cm−3)
D diffusion coefficient (cm2 s−1)
Ej open circuit potential (V)
F Faraday’s constant (96,487 C mol−1)
h heat transfer coefficient (W cm−2 K−1)
H enthalpy (J)
i0 reference exchange current density (A cm−2)
I applied current density (A cm−2)
j transfer current density (A cm−2)
k thermal conductivity (W m−1 K−1)
q volumetric heat generation rate (W cm−3)
Q state of charge (SOC)
R universal gas constant (8.3143 J mol−1 K−1)
S partial molar entropy (J mol−1 K−1)
t0

+ transference number
T cell temperature (K)
Vc cell volume (cm3)

Greek symbols
˛ transfer coefficient
ı exchange current density correction factor
ε porosity of a porous medium
� activity coefficient
ϕ potential in a phase (V)
� surface overpotential (V)
� ionic conductivity of electrolyte (S cm−1)
�D diffusional conductivity (A cm−1)
� density (g cm−3)
� conductivity of solid active material (S cm−1)
	 stoichiometric coefficient

 area correction factor

Subscripts
a anode reaction
b battery
c cathode reaction
e electrolyte phase
eff effective
int internal
irr irreversible
j grid number
n electrode reaction, Pb, PbO2
rev reversible

i
t
r
f

(

(

s solid phase
t charge transfer

nternal chemical reactions of the battery requires a few assump-
ions in order to appropriately model battery performance. The
elationships governing the battery performance are based on the
ollowing assumptions [11]:

(a) The lead acid cell is comprised of a lead dioxide electrode, PbO2,
an electrolyte, reservoir, a porous separator and a lead elec-
trode, Pb.

b) The electrode surface area is constant in the direction along the

electrode surfaces and the associated electrolyte concentration
is constant.

(c) The electrolyte is completely dissociated into H+ and HSO4
−

ions and no recombination occurs.
d) The initial temperature of the battery is 300 K.
urces 195 (2010) 7102–7114 7103

(e) The model is one-dimensional in the direction perpendicular to
the electrodes, and

(f) No gasses are produced during reactions.
(g) Overcharge is not considered.

The flow chart shown in Fig. 1, from left to right, presents the
specified input values and initial conditions, governing equations,
and outputs. The physical equations used for the modeling are the
Nernst equation, the Butler–Volmer equation, combined with the
energy conservation, material balance, and Darcy’s equations that
characterize the dynamic physical and chemical properties of the
battery during the charge and discharge processes.

2.1. Cell voltage

The reaction shows the chemistry of the lead-acid battery at dis-
charge. The reversible process will move in the opposite direction
when charging

Negativeelectrode : Pb + HSO4
− → PbSO4 + H+ +2e− (−0.356 V)

Positiveelectrode : PbO2 + 3H+ + HSO4
− + 2e−

→ PbSO4 + 2H2O (1.685 V)

Overallreaction : PbO2 + Pb + 2H2SO4 → 2PbSO4 + 2H2O

When under no load conditions the battery settles at a chemical
equilibrium, but due to the opposing charges an electric potential
is created. Prior to current flow experienced during charge or dis-
charge, the battery has an initial electromotive force, EMF, that is
described by the difference in the electrode potentials as follows:

E = Ec − Ea (1)

where Ec and Ea and are the potentials of the cathode and anode,
respectively [6]. For the chemical reaction described above, the
standard potential of a cell, E◦, is derived from the change of Gibbs
free energy. The dependence of cell potential on acid concentration
when no current is flowing is governed by the Nernst equation:

E = E
◦ − R · T

n · F
ln

∞∏
n=1

(mi�i)
v (2)

where R is the gas constant, T is temperature, m is molality (acid
concentration), � is activity coefficient, and 	 is the stoichiometric
coefficient.

Several values for the electrode potentials at various con-
centrations found through experimental process are provided by
reference materials [1]. The activity coefficient is electrolyte con-
centration dependent and is a combination of the negative and
positive ions involved in the reaction and cannot be individually
calculated [5]. For the purposes of modeling, the activity coefficient
is found as a function of molality by curve fitting to the reference
data [1]. The stoichiometric coefficient is taken from the chemical
reactions described above.

When charge or discharge current is applied, overpotentials,
�, are formed. Considered overpotentials are those that occur as
a result of charge transfer during chemical reactions, ohmic losses,
and diffusion of ions across the electrolyte. Specifically, overpoten-

tial is calculated as the difference in solid phase and electrolyte
phase potentials compared to the equilibrium potential.

� = �s − �e − EPb for negative electrode and

� = �s − �e − EPbO2
for positive electrode (3)
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Fig. 1. Mod

here �s is the potential of the electrode solid phase, �e is the
otential of the electrolyte phase, EPb and EPbO2

is the equilibrium
otentials of the negative and positive electrode[6].

The overpotential occurs by charge transfer at the battery elec-
rodes and is governed by the Butler–Volmer equation [3] that is
implified.

For large overpotential at the anode and cathode, �t, is calculated
sing:

t = R · T

z · ˛ · F
ln

i

i0
or

R · T

z · (1 − ˛) · F
ln

i0
i

(4)

For small overpotential at the anode and cathode [7], the equa-
ion above can be simplified further and approximated with a linear
unction, �t = RTi/i0F.

When the battery experiences current flow, the concentration
radient is not equal to zero and the electrolyte concentration
hanges. As a result, diffusion overpotential is created:

d = R · T

n · F
· ln ˘

(
1 − i

iL

)v
(5)

If the activity of the ions formed increases due to the chemical
eaction, the diffusion gradient is directed away from the electrode
here the reaction took place. The limiting current density is a

unction of the activity of the electrolyte, the diffusion coefficient,
nd diffusion layer thickness [1]:

L = z · F · D · �

ı
and ı = 2√

�
·
√

D · t (6)

here D is the diffusion coefficient, t is time, z is number of electrons
ransferred, F is Faraday’s constant, � is the activity, and ı is the
iffusion layer thickness.

The diffusion coefficient is concentration and temperature
ependent and is found by curve fitting to experimental values
aken for various concentrations, C and temperature, T shown
elow [9]. When the temperature is equal to the specified room
emperature, 300 K, the exponential term becomes unity.

= exp
[

2174.0
298.15

− 2174.0
T

]
· (1.75 + 260.0 · Ce) · 10−5 (7)

Finally, the cell voltage is described by considering all of over-
otentials at each electrode. The overpotentials at the anode and
athode are denoted by subscripts a and c, respectively

= E0 + (�t + �d)a − (�t + �d)c − I · Rint (8)
here I, current, represents the current flowing through the cell
alculated as the product of the electrode current density and sur-
ace area and Rint is the resistance of the separator and electrolyte
1].
flow chart.

2.2. Conservation of charge

Current flowing through the electrolyte phase of the positive
electrode is driven by electric potential and the varying concen-
trations near the electrode/electrolyte interface. Transport of ions
and flow of electrons are vital processes in battery process, and
the conductivity of the active materials determines the rate of that
flow. Quantifying the ionic electrolyte conductivity, as with the dif-
fusion coefficient, requires calculations as a function of electrolyte
concentration and temperature [9].

� = Ce · exp [1.1104 + (199.475 − 16097.781 · Ce)Ce

+(3916.95 − 99406.0Ce − 721960/T)/T
]

(9)

Ionic conductivity, calculated above, is employed to determine
effective ionic conductivity, �eff, incorporating porosity effects and
diffusional conductivity, �eff

D , describing transference effects.

�eff = � · ε1.5 (10)

�eff
D = R · T · �eff

F
· (2 · t0

+ − 1) (11)

where t0+ is the transference number, which refers to each set of ions
contribution to the overall current [6]. Involved in the charge trans-
port of the ions in the electrolyte mixture, the transference number
is unique to each chemical reaction. The overall transference num-
ber, derived from experimental data, refers to the transference of
the hydrogen ion [12]. The result of the forces in liquid phase on
the system is described by the conservation of charge equation;

∂

∂x

(
�eff · ∂

∂x
�e

)
+ ∂

∂x

[
�eff · ∂

∂x
(ln C)

]
+ an · in = 0 (12)

where in is the current density in the electrolyte or solid
phase, �e is the electrolyte potential, C is the concentration of the
electrolyte, an is the active area, �eff is the effective electrolyte con-
ductivity, while �eff

D includes tortuosity effects.

2.3. Material balance

While the conservation of charge equation describes the reac-
tion rate at the electrodes, the material balance equation illustrates

the chemical processes across the entire battery cell. Material bal-
ance is a function of the concentration of the ions that make up
the electrolyte as well as the diffusion caused by the concentra-
tion gradient of those ions. Furthermore, the electrolyte fills spaces
of the porous electrodes, therefore the porosity of the electrodes
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ust be considered. The effective diffusion coefficient, Deff, is cal-
ulated using the equation below, where the diffusion coefficient,
, is found using Eq. (7)

eff = D · ε
 (13)

The overall material balance equation is

∂

∂t
(εe · C) = · ∂

∂x

(
Deff · ∂

∂x
C

)
+ (3 − 2 · t0+)

2F
· an · in (14)

here ε is porosity [6].
The conservation of species equation above removes the effects

f momentum outlined in the models [6]. Momentum conservation
hat is a function of electrolyte saturation, only exhibits significant
ffects during overcharge, therefore is neglected in this study.

As the rate of reaction directly changes the current density, the
oncentration is also affected. In addition, as the concentration and
urrent density is affected, the diffusion coefficient changes, alter-
ng the diffusion rate of the ions across the electrolyte reservoir.
onsequently, the reaction rate determined by the Butler–Volmer
quation directly and indirectly effects each parameter described
n conservation of species.

Further examination of the Butler–Volmer, material balance,
onservation of charge and species equations lead to a number
f model simplifications. The first vital value is the overpotential.
here is a solid phase potential, �s, and electrolyte phase poten-
ial, �e, for each point across the battery cell. Comparison with the
quilibrium potential, E, provides the overpotential or difference
etween equilibrium and actual battery potential. The equilibrium
otential for each electrode at various electrolyte concentrations

s provided by curve fitting to the tabular values that result in the
ollowing relationship for the electrodes potentials to electrolyte
oncentration [1]:

−(c) = −0.0002C5 + 0.0032C4 − 0.0224C3

+0.0725C2 − 0.1267C − 0.2226 (15)

+(c) = 0.0002C5 − 0.0034C4 + 0.024C3 − 0.0759C2

+0.1303C + 1.55 (16)

On the other hand, the values of overpotential will remain in
he linear portion for normal battery operating conditions with
rrors of only .02–.04 V for overpotential values up to .4 V. After the
utler–Volmer equation is linearized, the conservation of charge
quation is substituted. This simplification of the equations also
reates a more timely convergence of the equations for each cell
ivision [5]:

∂

∂x

(
�eff · ∂

∂x
�e

)
+ ∂

∂x

[
�eff · ∂

∂x
(ln C)

]
+ an · in = 0 (17)

here

H = an · in = i0 ·
(

Ce

Ce. max

)�

·
(

˛a + ˛c

RT
F
)

(�s − �e − Ej) (18)

Due to the slowly changing acid concentration, initially the
econd term in the conservation of charge equation is taken as con-
tant. Therefore, the concentration and temperature at a given time
s used to calculate �eff and �eff

D . Now that the overpotential equa-

ion is simplified and other values are assumed constant, the only
nknown variables remaining are the phase potentials. The conser-
ation of charge for the electrolyte is valid across the entire battery
ell, resulting in the same number of equations as cell divisions.
owever, the solid phase conservation of charge refers to only the
urces 195 (2010) 7102–7114 7105

battery electrodes and is a function of effective conductivity, solid
phase potential and reaction rate [6]:

∂

∂x

(
�eff · ∂

∂x
�e

)
− an · in = 0 (19)

The entire battery cell is divided into one hundred grids with 26
assigned to the negative electrode and 37 to the positive electrode
resulting in a total of 163 equations representing the conserva-
tion of charge. MATLAB solves the system of equations resulting in
solid phase potentials at the electrodes and the electrolyte phase
potential across the battery cell. Employing the resulting phase
and equilibrium potentials provides overpotential at each section
across the cell. Overpotential is then used to calculate the reaction
rate, jH, by means of the Butler–Volmer equation [5].

Convergence of the conservation of charge for the electrolyte
and solid electrodes equations provides the inputs for the conser-
vation of species equation. Using the reaction rate calculated from
the initial acid concentration, the conservation of species equation
is employed to determine the change in concentration with each
time step. Similar to the method used for calculation of reaction
rate, an equation for each segment or grid of the battery cell is
derived. While the initial values are known, the acid concentration
as a function of the change in time provides the variables for the
equation. The battery cell is divided into one hundred segments,
and the same number of equations represents each section. Solving
the system of equations provides the acid concentration gradient
across the cell.

3. Energy conservation

During the charge and discharge processes of a lead acid stor-
age battery, there is a large amount of energy transfer through the
battery materials. As a result, during operation, battery internal
temperature cannot be assumed constant and number of processes
affects the amount of energy released or transferred. The total
change of Gibbs free energy is equal to the change in enthalpy of
the system minus the product of the temperature and change of
entropy for constant temperature applications. However, the sim-
plified constant temperature calculation is not suitable for high
current battery applications. The Maxwell thermodynamic relation
provides a substitution for the enthalpy terms and results in the
overall Gibbs free energy equation in terms of measurable proper-
ties temperature, pressure, and specific volume, where dP and dQt

are negligible because of constant internal pressure assumed [6]:

dG = −SrevdT + V · dP + E · dQt (20)

In order to fully encompass the causes for temperature change
within the system, the effects of reversible and irreversible pro-
cesses are considered. The entropy of the reversible process, where
there is no entropy generation, is found using the following
equation where the temperature coefficient, ∂E/∂T, of the active
materials is specified in several reference materials [1,2]. The tem-
perature coefficient refers to the effect of temperature on cell
potential. If cell potential increases as temperature increases, the
coefficient is positive and vice versa.

For the irreversible processes, there is entropy generation,
where energy is dissipated from the previously mentioned overpo-
tentials. The amount of heat generated is the product of the overall
current, and the total overpotential including ohmic, diffusion, and
charge transfer discussed above [7].
Heat transfer between the battery components and the exter-
nal environment is considered using the method of equivalent
resistance. The equivalent resistance is a function of the thermal
conductivity, surface area and heat transfer coefficient. The plas-
tic battery casing has a thermal conductivity of 0.2 W m−1 K. The
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hickness and surface area are calculated depending on battery
imensions. The third term of Eq. (21) provides the heat transfer
ate between the external environment and the internal compo-
ents of the battery [3].

The overall aforementioned facts describing the energy in the
ystem are included:

· cv · dT

dt
= Qt ·

(
dE

dT

)
· T + � · I − 1

Req
· (Ta − T) (21)

here Ta is the ambient temperature, and T is the internal temper-
ture of the battery. The value for specific heat capacity, cv, changes
ith the concentration of the electrolyte solution that is constantly

hanging during the charge and discharge processes. The values for
pecific heat capacity at various concentrations are provided in Ref.
1]. By fitting a curve to the tabular values as a function of molality
concentration), the value for specific heat capacity is calculated.

As shown in Eq. (21), cell temperature is function of various
hemical properties and transient battery parameters. The heat
eneration terms caused by overpotential and the temperature
oefficient must be quantified for each cell individually. Therefore,
he heat generation at the each electrode is the sum of the values
cross the entire volume. The sum of two heat generation rate terms
t each electrode is rewritten as [7]:

= 1
Vc

∫
Vc

∑
j

an · in ·
(

� − T · ∂Ej

∂T

)
(22)

The total cell volume is denoted as Vc. Using the equivalent resis-
ance method to calculate the Req mentioned above a temperature
rofile is established for the casing, electrode and electrolyte [3].
mploying the equation above provides heat generation rate in
nits of W m−3 and is applied over the cell volume.

. Simulation and analysis

.1. Numerical procedures

The finite difference method is employed in order to approx-
mate the partial derivatives of the various governing equations
utlined in the sections above. Initially, the method calls for divi-
ion of the domain in question into a uniform grid. For our purposes,
single battery cell is divided into a specified number of equal

egments, �x, for a total number of one hundred grids. Speci-
ed by the battery dimensions, the positive electrode, negative
lectrode, electrolyte reservoir consists of 36, 27, and 37 grids,
espectively. Utilizing finite difference approximation, the partial
erivative of phase potential with respect to x can be rewritten
sing the central difference method [13]. The computer modeling
fforts aim to fully represent battery performance under various
ischarge, charge, and temperature ranges. However, performance

s dependent on complex electrochemical processes that deter-
ine electrolyte concentration, reaction rate, conductivity, etc. In

rder to recognize the causes of inconsistent response under var-
ed conditions, researchers must first examine the response of these
omplex processes.

As with any dynamic system, initial and boundary conditions are
ecessary to initiate and close the mathematical modeling. Previ-
usly mentioned equilibrium potentials are set to provide an initial
attery voltage. Similarly, electrolyte concentration, cell tempera-
ure, and initial current density are specified parameters. The first
rea of consideration is current density of the battery components.

he initial current experienced by the current collectors is defined
s:

−�eff · ∂�s

∂t

∣∣∣∣
x=0

= −�eff · ∂�s

∂t

∣∣∣∣
x=L

= I

A
(23)
urces 195 (2010) 7102–7114

for a given current density, while everywhere else on the cell
boundary is defined as:

∂�e

∂t

∣∣∣∣
x=0

= −�eff · ∂�e

∂t

∣∣∣∣
x=L

= 0 (24)

The initial conditions of various battery parameters are deter-
mined as a function of initial electrolyte concentration. Therefore,
initial electrolyte concentration at the boundaries is of great con-
cern. First, the initial concentration is equal to the concentration
prior to load and there is no gradient at the boundaries of the
electrodes and current collectors [6]:

ce,initial = c0 ,
∂�e

∂t

∣∣∣∣
x=0

= −�eff · ∂�e

∂t

∣∣∣∣
x=L

= 0 (25)

Furthermore, there is no electrolyte flow prior to current flow
through the battery, so the change in electrolyte concentration at
the boundaries is shown above to equal zero. As outlined in Section
1, thermal effects on the dynamic performance of the battery are
the main focus of the research. The initial cell temperature is set
to 300 K, but is altered with the introduction of varying ambient
temperatures:

−� · ∂T

∂x
= h · (Ta − T) (26)

where k is thermal conductivity of the outer casing, h is the overall
convective heat transfer coefficient.

4.2. Analysis under isothermal condition

Prior to the investigation of transient temperature effects on
battery performance, an intense investigation into response of reac-
tion rate, overpotential, and porosity including their effects on
electrolyte concentration and cell voltage was performed. The load
or supply current is considered the major factor determining bat-
tery kinetics and the rate of chemical processes.

4.2.1. Overpotential and reaction rate
Overpotential and reaction rate are identified as the most criti-

cal parameters for accurate representation of battery performance.
Specifically, overpotential for each electrode grid determines the
frequency and reaction rate, at which the chemical reactions take
place. As the overpotential at that point increases, so does the reac-
tion rate. While the magnitude of reaction is heavily dependent on
the overpotential, the electrode effective surface area plays a sig-
nificant role. Surface area is constantly changing as active materials
are depleted while the electrodes become increasingly or decreas-
ingly porous depending on the process and are calculated using the
ratio of available capacity to maximum capacity.

The exchange current density has a similar response, but is pro-
portional to electrolyte concentration is shown [3]:

in = in,max ·
(

ce

ce,max

)ı

(27)

The correction factor, ı, is .3 and 0 for the positive and negative
electrodes, respectively. Therefore, the negative electrode current
density remains constant regardless of electrolyte concentration.
Conversely, the positive electrode current density increases dur-
ing charge as the concentration approaches the maximum and
decreases during discharge in Fig. 3.

Investigation of modeling results show temperature of the bat-

tery environment and current applied or drawn from the battery
exhibit significant effects on the reaction rate. As expected, when
the current is increased, the reaction rate speeds up to accom-
modate. There is also a considerable gradient created across the
electrodes as more reactions occur at the electrode/electrolyte
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ig. 2. Isothermal reaction rate, A cm−3, after 15 min discharge at 10 A (.), 30 A (*),
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nterface increasing with current as shown in Fig. 2. The reac-
ion rate across the negative electrode is relatively uniform as the
urrent density remains constant over the entire range of concen-
rations. However, the positive electrode reveals a steeper gradient
ue to the current density dependence on concentration illustrated
y Eq. (30).

While applied current has a considerable effect on performance,
verything from the electrolyte conductivity to reaction and dif-
usion rates is a function of temperature. Therefore, variation in
emperature affects the amount and location of the chemical reac-
ions during battery operation. On the molecular level, temperature
ncrease causes a rise in particle collision leading to a rise in reac-
ions across the cell.

.2.2. Electrolyte concentration
Initially under equilibrium conditions, the electrolyte concen-

ration is assumed constant across the battery cell. During charge
r discharge process, ions diffuse towards and away from the
lectrodes to react at the electrode area/separator area interface.
on diffusion along with continuous chemical process causes dif-
ering electrolyte concentration across the battery cell. Various
arameters, mostly determined by charge or discharge current
nd temperature, greatly affect the degree of concentration change
9].

As the battery is discharged, the electrolyte concentration
ecreases at a rate determined by the load applied. However, con-
tant current does not expend the electrolyte at a constant rate, as
he reaction rate is constantly changing due to a number of factors.
ig. 4 shows acid concentration across the battery cell following fif-
een minutes of continuous discharge at 10 A, 30 A, 60 A, and 100 A
t room temperature, 300 K. For each case, the battery is initially at
ull charge with a uniform acid concentration of 5.6 mol cm−3.

During discharge, as the electrochemical processes occur, the
lectrodes react with the electrolyte decreasing the overall amount
f electrolyte present as water takes place of the displaced sulfu-
ic acid. Non-uniform concentration occurs for a number of reasons.
he porosity of the electrodes is determined by the electrode mate-

ial properties and chemical reactions continuously altering the
tructure, specifically surface area, and chemical makeup of the
lectrode interface. Inconsistency of effective surface area, effec-
ive current density, and reaction rates at the interface results in
significant slope as shown below. The electrolyte concentration
Fig. 3. Reaction rate of the positive electrode after 15 min discharge at 30 A and
280 K (solid), 300 K (dash), 340 K (solid dot), and 380 K (dash dot).

grows increasingly uniform as temperature rises consistent with
the reaction rate shown in Fig. 2.

These findings are consistent with the profile provided in
Fig. 3 showing a greater number of reactions at the electrode
area/separator area interface. Consequently, the minimum acid
concentration occurs at the positive electrode boundary where the
least amount of reactions takes place. While the magnitude of cur-
rent determines the gradient, the average acid concentration is
more affected by the battery SOC than the current drawn from the
battery. Additionally, the load current directly influences the reac-
tion rates and SOC. In other words, acid concentration depends on
the amount of time a battery is under a certain load as the gradient
increases over time.

It is important to note that the minimum acid concentration
always occurs at the positive electrode. As a result, during discharge
the positive electrode controls the electrochemical performance.
When the acid concentration at the positive electrode is completely
depleted, the battery is considered fully discharged or SOC equal
to zero [9]. However, during charge, when the current flows in
the opposite direction, the gradient has the opposite slope where
the minimum concentration occurs at the negative electrode. The
figure on the left shows increasing gradient as a greater charge
current is applied, consistent with discharge results. Furthermore,
the temperature has similar effects on the concentration growing
increasingly uniform as temperature rises from 280 K and 380 K as
shown in Fig. 4.

Acid concentration directly determines the voltage experienced
at the terminals under load as shown in Fig. 4, but also when no load
is applied. The amount of voltage recovery is mostly determined by
the load magnitude of the load removed from the battery. However,
the electrolyte concentration slowly regains a uniform equilibrium
state after the load is removed and the terminal voltage is affected.
As the electrolyte concentration gradient decreases when a 50 A
discharge load is removed and the battery is open. After 1000 s have
passed a significant change in concentration occurs, and after 1500 s
the electrolyte regains an equilibrium state.

4.2.3. Phase potentials
As expressed in the previous equations the electrolyte and solid
phase potentials are directly determined by the electrochemical
kinetics described by the material balance, charge balance, and
Darcy equations. The matrix constructed using the finite differ-
ence approach converges in order to calculate the phase potentials
across the cell. The electrolyte phase potential is a resultant of the
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in certain areas is due to lower reaction rates and an increase in
diffusion rate at higher temperatures. Although the difference in
concentration between the three cases is evident, obvious effects
to the discharge performance is only significant at high currents and
extreme temperatures some time after the initial load is exerted. In
Fig. 4. Acid concentration gradient, mol cm−3, after 15 min discharge

onservation of charge across the cell while the solid phase poten-
ial only occurs at the solid electrodes. Since the current collectors
re attached at the electrode boundaries, the cell potential which is
elivered to the battery terminals is determined by the solid phase
otential at the point of contact between the electrodes and cur-
ent collectors. The solid phase potential at the electrodes remains
onstant across the thickness of each.

The cell potential is a function of acid concentration at each elec-
rode. As expected, the solid phase potential decreases for both
lectrodes during discharge as the concentration at each lessens
ausing a decrease in overall cell potential. When the concentration
radient arises the electrolyte phase potential experiences a sig-
ificant gradient across the cell during the discharge process. This
ariation directly influences solid phase potential as the system of
quations solves for each simultaneously. The negative electrode
s specified as the reference electrode since the electrolyte phase
otential at the boundary remains zero throughout the various pro-
esses.

.3. Analysis under non-isothermal conditions

Initial thermal effects were derived using a simplified model
eglecting the effects of heat generation and convection with a
urely isothermal representation. The transient thermal model
ttempts to merely quantify the amount of energy generated, dis-
ipated, and transferred between the battery components as a
eans to determine the average temperature of the cell in order

o model battery performance. In addition, control volumes of the
asing, positive and negative electrode, and electrolyte reservoir
re implemented and constructed as a three-dimensional model
nvestigating temperature distribution. For our purposes, the bat-
ery is first modeled as a closed system where no heat is lost or
dded to the system. Secondly, a non-adiabatic system is modeled
sing the same principles discussed in the previous section. The
mount of heat generation is extracted from the MATLAB model
nd implemented during finite element analysis.

.3.1. Acid concentration and terminal voltage
The temperature dependence of the governing equations causes

significant change in the reaction rate at the electrodes as shown

n Fig. 3. As reaction rate grows increasingly uniform at high tem-
eratures so does the concentration.

On the molecular level, the diffusion of ions and ionic conductiv-
ty of the electrolytes establish electrolyte concentration and both
re a function of temperature. Increase in ionic conductivity allows
A. (Right) discharge from full charge and (Left) charge from 50% SOC.

ions to move more freely through the medium, while the diffusion
coefficient determines the speed at which ions diffuse to areas of
lesser concentration. Ionic conductivity and diffusivity significantly
increase as temperature rises leading to a lesser gradient during the
charge and discharge processes.

The effects of temperature increase on the electrolyte concen-
tration are evident for the three cases illustrated in Fig. 5. The
adiabatic and non-adiabatic cases show an increase in tempera-
ture from the isothermal simulations leading to elevated electrolyte
ionic conductivity and diffusion rates. Although increased temper-
atures act as a catalyst to chemical reactions, the batteries actually
discharge slower as the lesser gradient aids in the battery’s ability
to hold charge or capacity.

As expected the highest temperatures occur during adiabatic
process with no heat transfer to the external environment leading
to lowest concentration gradient across the battery cell as shown
in Fig. 5 as the amount of reactions near the interface is compara-
ble to reactions within the porous cells. The lower concentration
Fig. 5. Temperature effect on acid concentration.
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sufficient data to extrapolate a temperature gradient and the outer
casing remains relatively consistent with ambient air temperature,
a thermal imaging camera is necessary for modeling comparison.
Fig. 6. Temperature effects on terminal voltage at 100 A discharge.

ddition to transient effects, extreme temperatures high and low
reatly affect the available capacity even at no load.

At elevated temperatures, chemical reactions take place at a
reater rate, but also increase ionic conductivity and diffusion
ates. This fact is illustrated by the isothermal, adiabatic, and
on-adiabatic cases below. Initially, when the temperatures are rel-
tively close, the discharge performance is similar. The discrepancy
etween the cases is caused by the temperature coefficient which
etermines cell voltage as a function of temperature. However, after
00 s as the temperatures continue to rise, there is a significant dif-
erence in terminal voltage. Near the end of discharge the voltage
s .1 V more when compared to the isothermal case at 300 K.

The same effect holds true during charge as the temperature
rows over time the cell voltage increases compared to the isother-
al case, as shown in Fig. 6. However, due to low charge currents

he amount of temperature change is not large enough until well
fter the initial supply current is applied to show a considerable
hange.

.3.2. Comparison with three-dimensional finite element analysis
To fully encompass each component contribution to the sys-

em requires implementation of a three-dimensional model. The
attery consists of six identical cells connected in series separated
rom one another by a thin plastic divide. The positive and negative
lectrodes are 12.6 cm × 14.3 cm with varying thickness depend-
ng on the cell design with the negative electrode designed slightly
maller. The electrodes are connected by the current collectors
ttached to the tab extending from each electrode in order to deliver
r receive currents from the terminals. A 1.25 cm thick polyethylene
uter casing protects the internal components from the external
nvironment. In order to ensure reliable results, the heat genera-
ion calculated for a single cell output by the MATLAB simulation
s applied to each of the six cells individually. However, due to the
eat transfer between the battery components the heat generation

n the neighboring cell will affect the temperature of the entire
attery.

As mentioned in the previous section, heat generation mainly
ccurs across the electrode/electrolyte interface. Employing the
ATLAB simulation of the battery cell at a constant discharge rate,
he heat generation at each electrode is calculated after a specified
ischarge time. Using the simulation data, heat generation loads are
pplied across the surface area of each electrode as watts per meters
quared, or to the electrolyte reservoir as watts per cubic meters [7].
rior to the effects of heat generation, the initial temperature of the
Fig. 7. Temperature distribution for 60 A discharge after 3 min.

entire body is set to 300 K at each node to represent room tempera-
ture. While at low currents there is temperature variation, extreme
temperatures only occur at high charge or discharge rates. As pic-
tured below, the maximum temperatures occur in the innermost
cells within the electrolyte reservoir. A significant amount of heat
is transferred to the current collectors, varying only a few degrees
from the cell temperature. The small variation provides evidence
that due to the components thermal conductivity properties, the
terminal temperatures provide a suitable approximation of inter-
nal battery temperature. Therefore, during experimentation, the
temperature at the terminals will be employed to represent inter-
nal temperature for comparison with computer simulation results.
Furthermore, the much safer alternative of external thermocou-
ple readings prevents the need for thermocouple probes into the
unstable battery cells.

As shown in Fig. 7, the battery casing remains at a relatively
constant near room temperature throughout the discharge pro-
cess. However, since the terminal temperature does not provide
Fig. 8. Transient non-adiabatic temperature modeling comparison during the first
10 min of 60 A discharge.
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Fig. 9. Battery testing station.

Table 1
Battery data sheet.

Property Value

Type CMF68L
Terminals SAE Post
Nominal voltage 12.36 V
CCA 600 A
Life cycle 4400 cycles
Reserve capacity 110 min
Charge acceptance 21 A

−1

p
H
t
f
t
b
t

5 h capacity 54 A h
Total weight 18.7 kg
Vibration test Ok
Electrolyte specific gravity 1.26 ± 0.01

Closer examination of Fig. 7 shows only slight variations of a cou-
le of degree Kelvin at the center of each of the cell components.
owever, each of the cells experiences a significant deviation near
he internal wall of the protective casing. Separation of the casing
rom the cells reveals a distinctive gradient for each of the bat-
ery components. The decrease in temperature towards the outer
oundaries will result in a drop in reaction rate at those posi-
ions compared to the maximum temperature experienced at the

Fig. 10. Start-up behavior of temperature: (l
urces 195 (2010) 7102–7114

cell center. Therefore, the acid concentration will have a small but
present gradient with the highest concentration experienced near
the middle of the cell. Additionally, the outermost cells lower tem-
peratures will cause a larger concentration gradient across the cell
due to a decrease in particle collision. An additional side effect to
the lower temperature is a slower discharge rate causing a higher
voltage for the boundary cells.

The MATLAB simulation derives cell temperature as the aver-
age temperature during operation and is calculated due the change
in heat transfer rate over time. For this approach, the entire cell
including the electrodes and electrolyte reservoir are considered
one control volume. Therefore the heat generation is applied across
the entire cell equally. The temperature derived from this method
is reinserted into the initial loop used to calculate reaction rate
and terminal voltage. The finite element analysis applied material
properties to the various components while the heat generation is
applied in a similar manner to the MATLAB model.

Fig. 8 illustrates the change in temperature under 60 A discharge
load for MATLAB and finite element analysis. The MATLAB simula-
tion provides an average temperature across the cell comparable to
that found using 3D finite element thermal profile. The initial tem-
perature after only a few seconds is set prior to the simulations at
300 K, therefore the temperature is nearly identical. For the other
three comparisons the MATLAB simulations shows a slightly higher
temperature than that of 3D profile. The largest discrepancy occurs
the longest period after the initial load is applied varying almost
three degrees Kelvin. However, since battery performance changes
only after significant temperature change, the small difference is
acceptable.

Additionally, the comparison provides assurance that the non-
adiabatic model provides a better representation of temperature
change than the adiabatic case, as heat transfer with the exter-
nal environment is considered for both MATLAB and finite element
simulations.

4.4. Comparison with experimental data

The objective of the experimental setup is to assemble a test-
ing environment capable of recreating battery working conditions

allowing for data extraction from the important areas. A photo-
graph of the experimental setup is provided in Fig. 9 illustrating
the battery testing station during operation. The battery is placed
inside the thermal chamber on the shaker platform and mounted
by a wedge apparatus to ensure stabilization during vibration test-

eft) experiment and (right) modeling.
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ig. 11. Reference at 300 K at 100% SOC. Solid: experiment and dashed: modeling.

ng as well as simple removal after the experiments are complete.
he thermocouple wires, multimeter extensions, and battery cables
re fed through a small opening in the thermal chamber floor
nd securely fastened to the appropriate area of the battery as
hown.

The thermocouple and multi-meter measurements from the
attery and the current sensor readings from the supply cable are
elayed to the computer which is then organized by the LabView
rogram created to automate the setup. Data is logged as an Excel
le for future viewing and model comparison. The lead acid bat-
eries, model CMF68L, under observation are provided by Songwoo
SA Corporation. The batteries in question provide 600 Cold Crank-

ng Amps, CCA, and have a 60 Ampere-hour capacity. Additional
pecifications are provided by the manufacturer are outlined in
able 1.

In order to validate the temperature change from the vari-

us sources of heat generation, thermocouples were placed on
he battery terminals and casing. Reference data and compari-
on of experimental results to simulation outputs revealed the
ositive terminal as the most accurate representation of inter-
al temperature. Initially, temperatures were gathered during the

Fig. 12. Ambient temperature effects on terminal voltage comparison
Fig. 13. Step response for discharge at 300 K.

first 5 min of discharge when the greatest increase in temperature
occurs. Experimental results for discharge currents ranging from
20 A to 100 A is provided in Fig. 10. MATLAB modeling of the same
discharge currents is directly below the experimental results for
comparison.

The temperature response of the MATLAB modeling is compa-
rable to the readings of the strategically placed thermocouples,
varying only a few degrees at high discharge currents. Addition-
ally, the effect of heat transfer is evident as the slope of increasing
temperature lessens as discharge continues for both experimental
and modeling results. Therefore, non-adiabatic simulation provides
a better representation of transient temperature.

4.4.1. Static and dynamic responses of terminal voltage
An example comparison of the discharge performance under the

various loads at room temperature is provided in Fig. 11. Since sig-
nificant heat generation only occurs under high loads, experiments
involving discharge currents within the low, medium, and high
ranges will be performed for comparison. The comparison provided
above shows close representation by the MATLAB model of battery
performance for 45 A, 60 A, and 75 A discharge at room tempera-
ture. Slight discrepancies appear for the initial voltage drop, but

only vary 50 mV during the first quarter hour of discharge. There is
a more significant difference near the end of discharge as the inter-
nal resistance grows causing a sudden drop in terminal voltage. The
model shows similar effects from the increase in resistance but less

during 45 A discharge. (Left) experiment and (right) modeling.
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Fig. 14. Pulse discharge response (50 A).
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rastic. This is due to the model’s dependence on acid concentra-
ion. As the experimental results illustrate the quick descent, the
imulation is structured so that when concentration is calculated
o be zero at the positive electrode the run stops, before the final
rop occurs.

As experienced during the simulation of battery performance,
ignificant change in discharge performance only occurs at extreme
emperatures. The initial testing under mild conditions with

inimal effects results in a reassessment of strategy focusing
ore intensively on the extreme temperatures and varied load

esponses. The remainder of the comparison of experimental
esults includes the reference state at 300 K, and the boundaries
f the operating temperature range provided by the manufacturer
f 273 K and 353 K (0 ◦C and 80 ◦C) to avoid freezing of the elec-
rolyte. The batteries are subjected to a range of currents until
ear the end of discharge avoiding the final voltage drop. A com-
arison of experimental and simulation results are provided for
5 A discharge current at 273 K, 300 K, and 353 K, shown in Fig. 12.
s illustrated above, decrease in temperature has negative effects
n the battery voltage showing a slight decrease in initial volt-
ge and significantly lower discharge time. There is about a 5 min
ifference in total discharge time between 273 K and 300 K, and
early 6 min between 300 K and 353 K. The initial voltages of the
lots above differ slightly due to the approximations of the ini-
ial voltage drop. However, the responses reveal similar slopes and
oltage near the end of discharge. In full, the modeling shows close
pproximation of battery performance and the various tempera-
ures.

Pictured below in Fig. 13 is the 10 A step input current on the
ight vertical axis and the response of the experimental and mod-
ling voltage on the left hand vertical axis. Comparison of the 10 A
nd 20 A load steps to the modeling results shows a good relation-
hip. However, the modeling during the 30 A load shows as much
s .02 V discrepancy from the experimental data. Most notably, the
nitial voltage drop caused by the increase in load is greater for the

odeling response while the voltage at the end of the 20 A step is
lightly lower causing a compound effect. Additionally, the mag-
itude of the voltage drop is calculated by the product of the load
urrent and the battery internal resistance therefore both values
ust be constant and accurate to provide a proper representation.
et, the increase in current is gradual and not instantaneous, and
he internal resistance is approximated.

The response of a pulse profile pictured in Fig. 14 compares
xperimental and modeling results for two 50 A pulses, each fol-
owed by a period of rest of the same length. The simulation closely
represents the experimental results only differing 40 mV during the
second pulse.

4.5. Temperature responses

Thermal imaging emerged as the best and safest alternative for
internal temperature measurement. The COMPIX PC2000 thermal
imaging camera is capable of snapshots every 20 s and detecting
radiation in the infrared spectrum to determine temperature across
its field of view, FOV.

Observation of thermal effects with the use of the thermal imag-
ing camera provides proof that the positive terminal provides the
best comparison for MATLAB simulation results for the internal bat-
tery temperature only varying a few degrees. However, since the
thermal imaging results show a distinct temperature gradient the
most useful comparison is with three-dimensional finite element
modeling as shown in previous section. The three-dimensional FE
analysis is a transient model as heat generation changes throughout
the charge and discharge processes as function of overpotentials
and temperature coefficients at the electrodes. As a result, snap-
shots from the ANSYS and ProE analysis are taken at instances
consistent with the discharge time captured by the thermal cam-
era. Temperature distribution from the modeling and experimental
testing are compared below extracting results from the initial equi-
librium state.

Over the duration of discharge, the magnitude of overpoten-
tial steadily decreases resulting in a noticeable decrease in slope
of transient temperature. Additionally, the incorporation of heat
transfer effects causes decrease in temperature as the external
environment and battery work to achieve thermal equilibrium.
Therefore, the first 6 min of discharge shows the greatest change
in cell temperature validated by the analysis illustrated in Fig. 15.
The comparison in the figure shows temperature distribution con-
sistent with thermal imaging results. In both cases, the highest
temperatures nearing 310 K after 180 s occur in the center of the
battery at the top of the electrodes near the current collectors and
decrease slightly in the cells near the boundaries of the outer cas-
ing. Elevated temperature in this area is a result of greater current
flow through the metallic components connected to each terminal
which are removed for easier view of the battery cells. The variation

between the terminal temperature and internal cell temperature is
a result of the contact surface area between the electrical cable con-
nectors and the terminals. In Fig. 16, the center cells show a 310 K
temperature while the outer cells experience temperatures near
300 K.
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Fig. 15. Thermal imaging and FE analysis comparison at 60 A discharge.

Fig. 16. Temperature comparison 600 s after 60 A load.
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. Conclusions

This paper outlines the communication of a mathematical model
nd finite element analysis seeking to fully represent the per-
ormance of a six cell maintenance-free lead acid battery for
mplementation into existing vehicle models. Following modeling
esults, experimental data is obtained to establish validity of the
imulations. Close attention is paid to the thermal effects of the
arious components and electrochemical processes present in the
attery cells that determine quality of performance.

Major contributions of this paper are summarized as follows:

As expected, increase in current results in a higher reaction rate
along with a greater percentage of reactions occurring along
the electrode electrolyte interface. Reaction rates grow increas-
ingly uniform across each of the electrodes for both the charge
and discharge process as temperature rises due to increased
ionic conductivity and diffusivity. The small gradient aids in the
battery’s ability to hold charge. The effect of the temperature coef-
ficients outweigh any decrease in voltage that may be caused by
a decrease in gradient.
Significant change in voltage experienced at the terminals only
resulted from temperature change of at least 10 K. Therefore,
for the isothermal simulation, temperatures that varied 20 K
showed obvious change which was later verified through tests.
For the simulations incorporating transient heat generation, con-
siderable temperature increase for typical battery operation only
occurs at high discharge currents, 30 A and above. Consequently,
isolated short pulses in HEV or SLI applications will have result
in only slight temperature change.
Examining the different causes for heat generation reveals the
contribution of the reversible and irreversible processes. The
irreversible effects are constantly changing throughout battery
operation. As a result, the percentage of heat generation caused
by overpotentials is directly dependent on the current applied.
For currents below 30 A, the reversible effects are an order of
magnitude higher. However, both processes exhibit comparable
contributions to the overall heat generation of the system for
discharge current exceeding 70 A.
Temperature distribution from the finite element simulation is
consistent with thermal imaging data gathered revealing the
maximum temperature in the center of the cell slowly decreasing
towards the boundaries a total of 5 K under 60 A discharge. Simi-
lar temperature distribution arose regardless of load current, only
differing in magnitude.
The thermal effects became to focal point of the remaining
modeling and experimental testing. As for the modeling modi-
fications, the maximum electrolyte concentration approximated
by previous researchers did not hold true for the battery under
observation. Once the maximum specific gravity was obtained
from the manufacturer and the corresponding concentration
calculated. Following the correction, the results were largely
improved.

.1. Further tasks
Overall, the goals set prior to modeling and experimental efforts
ere achieved. The modeling and experimental data provide a full

epresentation for the specific lead acid battery under observation,
lso allowing for manipulation of battery parameters to simu-
ate other battery designs. However, the overall system has a few

[

[

[

urces 195 (2010) 7102–7114

minor shortcomings leaving room for additional testing. Namely,
the MATLAB simulation is capable of calculating the SOC as a func-
tion of the applied load of a certain amount of time, but reliable
approximation of battery SOC during tests is absent.
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Appendix A.

Parameter Value Reference

Initial specific surface area for Pb electrode
amaxPb (cm−1)

23,000 [3]

Initial specific surface area for PbO2

electrode amaxPbO2 (cm−1)
230,000 [3]

Initial exchange current density i0maxPb

(A cm−2)
4.96 × 10−6 [3]

Initial exchange current density i0maxPbO2

(A cm−2)
3.19 × 10−7 [3]

Pb electrode conductivity (S cm−1) 500 [7]
PbO2 electrode conductivity (S cm−1) 4.8 × 104 [7]
Initial cell temperature T (K) 298 –
Ambient temperature Ta (K) 298 –
Standard reduction potential EPb (V) −0.356 [6]
Standard reduction potential EPbO2

(V) 1.685 [6]
Cathodic charge transfer coefficient ˛Pb .45 [3]
Anodic charge transfer coefficient ˛Pb 1.55 [3]
Cathodic charge transfer coefficient ˛PbO2

.85 [3]
Anodic charge transfer coefficient ˛PbO2

1.15 [3]
Exponent for exchange current density �Pb 0 [3]
Exponent for exchange current density

�PbO2

0.3 [3]

Pb electrode size VPb (cm3) 49 –
Pb electrode size VPbO2

(cm3) 151.9 –
Mean ionic coefficient � + Fitted from data [1]
Specific heat capacity of electrolyte cv

(J (kg C)−1)
Fitted from data [1]

Temperature coefficient ∂EPb/∂T (V K−1) −1.15 × 10−3 [6]
Temperature coefficient ∂EPbO2/∂T (V K−1) 3.27 × 10−4 [6]
Thermal conductivity container k

(W m−1 C−1)
0.2 –

Thickness of container wall ε (m) 0.005 –
Maximum electrolyte density (kg L−1) 1.28 –
Maximum electrolyte concentration

[SO4H2]max (mol cm−3)
4.9 × 10−3 –
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