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One-dimensional modeling was carried-out to predict the capacity loss of a 12V automotive lead-acid
battery due to ageing. The model not only accounted for electrochemical kinetics and ionic mass transfer
in a battery cell, but also considered the anodic corrosion of lead in sulfuric acid. In order to validate the
modeling, modeling results were compared with the measurement data of the cycling behaviors of the
lead-acid batteries having nominal capacity of 68 Ah that are mounted on the automobiles manufactured
by Hyundai Motor Company. The cycling was performed under the protocol of the constant-current dis-

fg ;v_oarczﬁ battery charge and the constant-voltage charge. The discharge rate of C/3 was used. The range of state of charge

Acei was between 1 and 0.85. The voltage was kept constant at the gassing voltage until the charge current
geing . . . .

Model tapered to 10 mA. The retention capacity of the battery was measured with C/3 discharge rate before the

beginning of cycling and after every 40 cycles of cycling. The modeling results were in good agreement
with the measurement data.

Finite element method
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1. Introduction

The capacity of a lead-acid battery decreases with cycling due to
the so-called ageing. The major ageing processes are known to be
anodic corrosion, active mass degradation, irreversible formation of
lead sulfate in the active mass, short-circuit and loss of water [1,2].
For the optimal design of the vehicle electric system, it is important
to have a reliable modeling tool to quantify the ageing effects on
the capacity loss of the automotive battery [3].

There have been many previous efforts on the ageing mecha-
nisms and the expected lifetime of the lead-acid batteries. Lander
elucidated the thermodynamics and kinetics of the corrosion pro-
cess of lead in sulfuric acid in detail at potentials near the reversible
PbO,/PbSO,4 potential [4]. Ruetschi studied the influence of crystal
structure and inter-particle contact on the capacity of PbO, elec-
trode [5] and reviewed the ageing mechanisms and service life
of lead-acid batteries [1]. Culpin and Rand reviewed the failure
mechanisms of lead-acid batteries [6]. Armenta-Deu and Donaire
investigated the kinetic aspects of the ageing factors for lead-acid
batteries [7]. Nakamura et al. showed that the decline in the per-
formance of valve-regulated lead-acid (VRLA) batteries is due not
only to positive-plate degradation, but also to other causes that

* Corresponding author. Tel.: +82 31 219 2388; fax: +82 31 219 1612.
E-mail address: cbshin@ajou.ac.kr (C.B. Shin).

0378-7753/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpowsour.2008.12.091

include negative-plate deterioration and poor separator-plate con-
tact [8]. Cooper and Moseley reported the “premature capacity loss”
(PCL) modes of the VRLA batteries. They referred a high resistance
arising in the vicinity of the interface between the active material
and the surface of the grid of the positive-plate as ‘PCL-1," a soft-
ening of the positive active mass as ‘PCL-2,” and sulphation of the
negative-plate in the case of high rate partial-state-of-charge duty
as ‘PCL-3’ [9]. Wenzl et al. described the requirements for making
lifetime predictions [10]. Sauer et al. presented several aspects of
charging regimes and charge acceptance to reveal significant fac-
tors influencing lifetime and reliable battery operation [11]. Thele
et al. proposed a model of the charge acceptance of lead-acid bat-
teries including overcharging effects [12]. Schiffer et al. presented
a comprehensive lifetime model of lead-acid batteries accounting
for the impacts of operating conditions, system sizing and battery
technology [2].

In this work, one-dimensional modeling was carried-out to pre-
dict the capacity loss of a 12 V automotive lead-acid battery due to
ageing. The model accounted for the distributions of electrode and
electrolyte potentials, electrochemical reaction rates, electrolyte
concentration, and porosity in a battery cell, as well as the anodic
corrosion of lead in sulfuric acid. In order to validate the modeling,
modeling results were compared with the measurement data of the
cycling behaviors of the lead-acid batteries having nominal capac-
ity of 68 Ah that are mounted on the automobiles manufactured by
Hyundai Motor Company.
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Nomenclature

ai volumetric change per mole of the material con-
verted (m3 mol-1)

a, coefficient accounting for volumetric ion production
or consumption

A specific active surface area of electrode (m~1!)

c acid concentration (mol m—3)

Cref reference concentration (molm=3)

Deff effective diffusivity (m?s—1)

F Faraday’s constant (96,487 Cmol~1)

io exchange current density (Am=2)

j transfer current density (Am—3)

Jeorr corrosion rate (Am—2)

3% exchange current density of corrosion reaction
(Am—2)

Jloss loss rate of active material (Am~2)

k electrical conductivity of corrosion layer (Am~1)

Jeeff effective diffusion conductivity of the liquid phase
(Am1)

kefo effective diffusion conductivity of the liquid phase
due to diffusion (Am~1)

M molecular weight of corrosion product (kg mol-1)

Qmax theoretical electrode capacity (Cm—3)

R universal gas constant (8.3143 Jmol~1 K-1)

SOC state of charge of electrodes

t time (s)

T absolute temperature (K)

Ucorr equilibrium potential of corrosion reaction (V)

Greek letters

ol anodic transfer coefficient
o cathodic transfer coefficient
dccorr  transfer coefficient of corrosion reaction
¢ film thickness (m)
£ porosity of electrode
n electrode overpotential (V)
Ncorr overpotential of corrosion reaction (V)
K electrolyte conductivity (Sm~1)
density (kgm~3)
oeff effective conductivity of the solid matrix (Sm~1)
¢ potential (V)
Subscripts
1 liquid phase
N cycle number
S solid phase

2. Mathematical model

A schematic diagram of the lead-acid cell is shown in Fig. 1. The
cell is composed of a current collecting grid at the center of the neg-
ative electrode, a negative Pb electrode, a reservoir of electrolyte, a
porous separator, a positive PbO, electrode, and a current collecting
grid at the center of the positive electrode. In this work, the model
considers the variations of the electrical potentials of the solid
matrix of electrodes and the electrolyte, the acid concentration, the
electrochemical kinetics, the state of charge of electrodes, and the
electrode porosity. The governing equations expressing the above
phenomena are listed in the following. The details of the model
descriptions can be found in the references [13-15].(Conservation
of charge in solid phase of electrode)

V- (cfTVps) —Aj =0 (1)

(Conservation of charge in liquid phase of electrode)

V- (kVe) + V- [kETV(In )] +Aj = 0 (2)
(Tonic species conservation)
B(SC) _ off A]

o =V.(D Vc)+a2ﬁ (3)
(Butler-Volmer equation for an electrochemical reaction)
. c o F ocF
=0 (g5) o () -o (&) @
(Variation of SOC)
a(s0C) Vi

=4 5
B Qmax ®)

(Variation of porosity)
oe Aj
ot “2F =0 ©

where ¢s is the potential of solid phase, ¢, is the potential of lig-
uid phase, o*ff is the effective conductivity of the solid matrix, A
is the specific electroactive area, j is the transfer current density,
k¢ is the effective conductivity of the liquid phase, k& is the effec-
tive conductivity of the liquid phase due to diffusion, c is the acid
concentration, ¢ is the porosity, t is the time, Dff is the effective
diffusivity, a, is the coefficient accounting for volumetric ion pro-
duction or consumption, Fis the Faraday constant, iy is the exchange
current density, ¢, is the reference concentration, ¢, is the anodic
transfer coefficient, o is the cathodic transfer coefficient, R is the
universal gas constant, T is the absolute temperature, 7 is the elec-
trode overpotential, SOC is the state of charge of electrodes, Qmax is
the theoretical electrode capacity, a; is the volumetric change per
mole of the material converted.

Although there are many processes associated with the ageing of
lead-acid batteries as mentioned in the introduction, the model pre-
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Fig. 1. Schematic diagram of a lead-acid cell.
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sented in this work does not aim to include all processes which may
cause the ageing of lead-acid batteries. The anodic corrosion of elec-
trode and the loss of active material are the two ageing mechanisms
that are considered in the model, because the automotive lead-acid
batteries in passenger car used are usually ageing by anodic corro-
sion[1].In order to accommodate corrosion, itis used as the concept
of a corrosion layer with lower conductivity, which grows over the
lifetime of the battery [2]. The corrosion layer thickness is given by

aaf}N jcorr’NXM
a PF

(7)

where d¢|y is the film thickness after N cycles, jcorr|n i the cor-
rosion rate after N cycles, and M and p are the molecular weight
and density of corrosion product, respectively. The corrosion rate is
assumed to follow the anodic Tafel kinetics as

. . o F
Jeorr = —jgorr€XP ( CE;” rlcorr) (8)
Neorr = Ps — @1 — Ucorr — JR¢ (9)

where j&.;, ¢c.corr, Ncorr, and Ucorr are the exchange current density,
transfer coefficient, overpotential, and equilibrium potential of cor-
rosion reaction, respectively. Electrical resistance of corrosion layer
after N cycles, R¢|y, is related to the film thickness after N cycles by

- Oy (10)

where k is the electrical conductivity of corrosion layer. The loss rate
of active material after N cycles is assumed to be proportional to
the corrosion rate and the proportionality constant of this relation
is treated as a fitting parameter to be determined by the compari-
son of the modeling results with the experimental data. Then, the
electrode capacity loss is given by

t
Qloss:/ Ajlossdt (11)
0

where jjoss is the loss rate of active material. The electrode capac-
ity after N cycles is updated by

QN+1 :QN_ Qloss|N (12)
3. Results and discussion

The solutions to the governing equations subject to the associ-
ated boundary conditions were obtained by using the finite element
method. In order to validate the modeling, modeling results were
compared with the measurement data of the cycling behaviors
of the lead-acid batteries having nominal capacity of 68 Ah that
are mounted on the automobiles manufactured by Hyundai Motor
Company. The cycling was performed under the protocol of the con-
stant current (CC) discharge and the constant voltage (CV) charge at
75 °C. The discharge rate of C/3 was used. The charging voltage was
kept constant at the gassing voltage until the charge current tapered
to 10 mA. The range of state of charge during cycling was between 1
and 0.85. The retention capacity (RC) of the battery was measured
with the discharge rate of C/3 until the voltage dropped to the cutoff
voltage of 10.5V at 25 °C before the beginning of cycling and after
every 40 cycles of cycling. After the deep discharge to measure the
RC, the battery was charged at 25 °C with the constant current of
50A till the voltage reached the gassing voltage followed by CV
charging until the charge current dropped to 10 mA. The discharge
and charge procedures are illustrated schematically in Fig. 2.

Figs. 3 and 4 present the variation of the voltage and current
of the battery during CC-CV charging after the RC measurements
before the beginning of cycling and after 40 and 80 cycles. Model-
ing results and experimental measurements are in good agreement.

RC Measurement Cycling
x1 x40
Gassing Gassing
S50A Voltage Voltage Current (A)
Voltage (V)

—\ _J\
Cr03 \1 / C/03 Time

SOC:0 S0C:0.85

Fig. 2. Schematic illustration of the RC measurement and the cycling of a lead-acid
battery.
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Fig. 3. Variation of voltage during CC-CV charging after the RC measurements.

As shown in Figs. 3 and 4, the model predicts a decrease in the
CC charging time and increase of the CV charging time with the
progress of cycling. The modeling results indicate that a gradual
decrease in total charging time occurs with cycling. As aresult of the
corrosion, the electrical resistance of the corrosion layer continues
to increase with cycling, which reduces the CC charging time due
to continuous increase of voltage drop in the corrosion layer. Fig. 5
presents the charge curves that show the decrease in the capacity
after the RC measurements. These include both CC and CV parts
of the charging. Fig. 6 shows the discharge curves during the RC
measurements. Due to the loss of active material, the SOC of the
electrode material decreased while the capacity loss increased with
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Fig. 4. Variation of current during CC-CV charging after the RC measurements.
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Fig. 5. Charge curves after the RC measurements.
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Fig. 6. Discharge curves during the RC measurements.

cycling. Apart from the capacity loss with continued cycling, the
voltage plateau of discharge curves continued to decrease, which
may be attributed to the continuous increase of the electrical resis-
tance of the corrosion layer as a result of corrosion. The modeling
results of Figs. 5 and 6 agree well with the measurement data.
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Fig. 7. Discharge curves during cycling at the range of SOC between 1 and 0.85 for
various cycles.
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Fig. 8. Variation of current during the CV charging from the SOC value of 0.85 until
the charge current drops to 10 mA for various cycles.

Discharge curves during cycling at the range of SOC between 1
and 0.85 are shown in Fig. 7. The voltage plateau decreased with
cycling due to ageing. Fig. 8 shows the charging curves during the
CV charging from the SOC value of 0.85 until the charge current
drops to 10 mA. With the progress of cycling, the capacity loss of the
battery was observed with cycling, which may be attributed to the
combined effects of the gradual increase of corrosion layer and loss
of active mass due to cycling and the detrimental stress imposed
by the deep discharge of the RC measurements. Modeling results
and experimental measurements are again in good agreement in
Figs. 7 and 8.

4. Conclusions

A mathematical procedure was developed to study the ageing of
a lead-acid battery. One-dimensional modeling was carried-out to
predict the capacity loss of a 12 V automotive lead-acid battery due
to ageing by using the finite element method. In order to validate
the modeling, modeling results were compared with the measure-
ment data of the cycling behaviors of the lead-acid batteries having
nominal capacity of 68 Ah. Modeling results on the discharge and
charge characteristics during cycling were in good agreement with
the experimental measurements. The model predicted the capacity
loss and the decrease of the voltage plateau of discharge curves with
continued cycling, which may be attributed to the increase of the
electrical resistance of the corrosion layer as a result of corrosion.
The modeling methodology presented in this study may contribute
to the optimal design of the battery management system of the
vehicle.
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