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a b s t r a c t

To simulate lead-acid battery (LAB) charging has never been an easy task due to the influences of: (1)
secondary reactions that involve gas evolution and recombination and grid corrosion, (2) prior end-of-
discharge (EOD) and rest conditions; and (3) complexity caused by charging algorithm. In this work,
successful results have been obtained with considerations of internal oxygen cycle and gas phase in the
valve-regulated lead-acid (VRLA) cells. The success is first attributed to the satisfactory validation of a
eywords:
alve-regulated lead-acid (VRLA) battery
athematical models

harging efficiency

mathematical model that has been able to simulate discharge regimes with various rates consistently.
The model has been subsequently used to simulate a galvanostatic charge regime performed at C/10. The
results give a better understanding of the role each electrode played in the polarization, the nature of the
polarization (constituted by reaction kinetics and mass transport), and the charging efficiency. We were
able to extrapolate the simulation results to rates beyond what the model has been validated for, and the

t, con
B ma
results are still consisten
rate specified by most LA

. Introduction

Mathematical model and simulation remain under-utilized by
he battery industry, not only because of the complexity involved
n the model development, but also due to the lack of accurate
rediction for practical application. Accurate battery model and
imulation provides insightful information beyond what laboratory
esting can, and such knowledge can be applied to an extended
ange of operating conditions that may not be feasible from lab-
ratory testing. Therefore, the potential presented by modeling
nd simulation is attractive, especially at times when interests
n battery engineering, energy storage, power management, and
ybridization of power sources are growing.

Many mathematical models on lead-acid batteries (LAB) have
een published in the literature [1–17] for simulation from a single
lectrode to a complete pack. The modeling capabilities have been
mproved almost as fast as the computing power that enables them.
o date, many programming languages and platforms are available
or developing battery model on a personal computer from scratch.

he value of using model simulation to improve battery value chain
emains to be validated by the industry. One of the vital issues is
he accuracy and degree of fidelity a model can deliver, with an
mplication of how confident one can vest on such predictions.

∗ Corresponding author. Tel.: +1 808 956 2339; fax: +1 808 956 2336.
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firming some experimental observations, notably the maximum charging
nufacturers.

© 2010 Elsevier B.V. All rights reserved.

As exemplified among the work in the citations, most of the LAB
mathematical models have focused on battery discharge behavior;
thus, only eight among the 17 in the citations presented validation
in charge regime [6,9–13,15,17]. However, none of these refer-
ences, or any other in the literature as far as we know, has shown
simulation of charge regimes in a valve-regulated lead-acid (VRLA)
cell after it undergoes discharge regimes that may differ over a
wide range of rates (such as C/20 to 10C). It is important to note
that it is more complicated to simulate the charge regime than
the discharge for three reasons. First, secondary reactions includ-
ing oxygen and hydrogen evolution, oxygen reduction (i.e., gas
recombination), and grid corrosion, cannot be neglected in charge,
and they affect the battery voltage, charging efficiency, and life
expectancy. Secondly, the initial condition in the charge regime
is influenced by the end-of-discharge (EOD) and rest conditions.
Thirdly, the LAB charge regime is often composed of more than a
single step; typically, it comprises constant current (CC) and con-
stant voltage (CV) regimes, with additional CC trickle charging. The
complexity requires a model to handle a set of more complicated
boundary conditions and parameters that were not encountered in
a typical discharge regime.

Recently, we have investigated the Peukert’s law beyond the
context of empirical observations using a mathematical model [18].

In that work we offered a comprehensive understanding of the
Peukert’s behavior in LAB, which appeared highly sensitive to local
conditions the electrodes experience. We showed that a conven-
tional LAB mathematical model with refinement on only three
rate-dependent parameters (accessible active surface area, tortuos-

dx.doi.org/10.1016/j.jpowsour.2010.07.089
http://www.sciencedirect.com/science/journal/03787753
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ty exponent, and maximum capacity density of the active material)
s able to produce accurate results, without tweaking other empiri-
al parameters in the model. We demonstrated that it is important
o consider these rate-dependent parameters with other critical
arameters in the model in accordance with experimental data
rovided by the manufacturer or published in the literature.

In this work, we use the same mathematical model as reported
n Refs. [17,18], and incorporate additional equations to address
xygen recombination cycle, to simulate the discharge and charge
egimes of a VRLA battery (12 V, 10 Ah) and the fidelity of the sim-
lation is compared with experimental data. We illustrate that
harge regimes could be simulated accurately when the battery
oes through discharge regimes at various rates. In the first illus-
ration, a charge regime of a simple galvanostatic mode performed
t C/10 is demonstrated. In the second example, simulations of
alvanostatic charges at various rates are presented to show the
delity of the simulation achieved beyond the validated range of
peration. The impacts of charge rate on battery charging efficiency
nd life expectancy are discussed.

. Experimental

A battery manufacturer provides the experimental data used in
his paper in order to develop a modeling tool that can be used
or battery design. The data come from the test of a VRLA battery
12 V, 10 Ah) that has been discharged at 25 ◦C using various rates
f discharge (C/20, C/5, C, 3C, 6C, and 10C). Data related to the rest
eriod (duration unknown), if any, and the temperature excursion

n the battery are not available. After each discharge, a galvanostatic
harge at C/10 was applied to the battery at the same temperature.
he charge duration was imposed to recharge 130% of the capac-
ty that was extracted from the prior discharge. The extent of the
echarge was designed to collect data in the oxygen recombination
egime for model validation.

The battery manufacturer also provided the critical parameters
o facilitate the electrochemical LAB model development. These
arameters include the geometry of the electrodes, separator, cell,
nd monoblock, electrical resistance of the grid, porosity of the elec-
rode matrices, headspace in each cell for gas accumulation, initial
oncentration and volume of the sulfuric acid, exchange current
ensity of the oxygen recombination, acid conductivity, and other
elevant information that is needed for the model.

The mathematical model used in this work is modified from the
ne that was recently published [17,18]. To simulate the charge
egime, some additional features are required in the model. Two
ntegration variables need to take into account the gas volume
ontained in electrodes and separator, and the current density con-
umed by the oxygen recombination cycle. These two integration
ariables are then used in four ordinary differential equations defin-
ng the partial pressure of oxygen, the number of moles of oxygen,
he overall gas volume, and the pressure within the cell (see Eqs.
18)–(21) from Ref. [6]). The battery is treated as a close and isother-

al system with uniform pressure.

. Results and discussion

Through careful analysis of the experimental data and use of a
efined model with three rate-dependent parameters [18]; prop-
rly taking into considerations the surface area, tortuosity, and
aximum capacity, we were able to obtain satisfactory results for
he VRLA battery in a wide range of discharge regimes, from C/20 to
0C, as shown in Fig. 1. We have previously shown [18] that without
roper refinement of the three rate-dependent parameters, it is not
ossible to use the same set of parameters provided by the manu-
acturer to simulate discharge regimes over a wide range of rates
Fig. 1. Comparison of the simulated (solid curve) and experimentally measured
(dashed curve) discharge curves at various rates.

accurately. The successful demonstration in Fig. 1 confirms that
the refinement with the accessible active area, morphology (tortu-
osity), and capacity density of the electrodes allows us to simulate
VRLA cells over a significant range of rates. This capability may be
extended to different battery types, sizes, and even temperatures
(unpublished results).

It is important to note that the refinement of these rate-
dependent parameters is by no means a trial-and-error process.
On the contrary, the three rate-dependent parameters are used to
characterize changes related to only one physical phenomenon –
a proper account of electrochemically active surface area at the
electrode–electrolyte interface which changes with electrode uti-
lization coefficient (EUC) for various discharge rates. The active
surface area has been considered dependent of EUC in prior lead-
acid cell models [1]. However, it has been considered independent
of the discharge rate in all models published so far, which is not
in agreement with experimental data obtained by scanning elec-
tron microscopy and surface area analysis. In fact, Wales and Simon
[19,20] demonstrated that the surface area of the active material
increases as discharge current density increases, for both elec-
trodes.

The average error that represents the model accuracy for each
rate is 0.6% (74 mV), which is quite acceptable for many applications
and close to the results previously obtained with a flooded LAB [17].
At low rates, the simulation results are quite satisfactory. At high
rates, more deviation appears; especially near the EOD, which is
usually difficult to fit. Considering a battery module is composed of
plates in parallel and cells in series that are not exactly identical, it
is inevitable that the simulation accuracy will be compromised. The
slight variations among the plates and the cells shall cause an inter-
nal imbalance, making them reach different depths-of-discharge
(DOD) at the EOD. The measured battery voltage at the EOD is the
sum of these cells at different DODs, which makes the simulation
very challenging without accommodating specific characteristics
in each cell. Part of the simulation error also comes from the “coup
de fouet” phenomenon (see Ref. [21], p. 288) in the beginning of the
discharge regime, which was not taken into account in the model.

Fig. 2 shows the results obtained in the charge regime at C/10
with the same VRLA battery when it undergoes discharge regimes

(from left to right) at 10C, 6C, 3C, C, C/5, and C/20, respectively.
The average error for each charge is 0.6% (84 mV), which is sim-
ilar to what we received in the discharge regime and considered
acceptable for most applications. To yield such accurate simulation
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charging efficiency during the CC regime at C/10. Before 75% SOC,
the current is primarily used for the primary reactions. Above 75%
SOC, the oxygen evolution occurs at a significant rate and the charg-
ing efficiency starts to decrease. At 95% SOC, the charging efficiency
ig. 2. Comparison of the simulated (solid curve) and experimentally measured
dashed curve) charge curves at C/10 obtained after 10C, 6C, 3C, C, C/5, and C/20
ischarge regimes (from left to right).

light adjustments in the three parameters were made. For exam-
le, the capacity density of electrode active materials was allowed
o fluctuate around 2% of its original value, which is reasonable
nd within the range experimentally observed. The specific inter-
acial active area at the fully charged condition was allowed to vary
fter two high rates (C and 3C) discharge regimes, which could
e a consequence of a change in the rest period following these
egimes. It should be noted that the rest period has an impact on
he electrode active area, as reported by Yamaguchi et al. recently
22]. They showed that chemically formed lead sulfate crystals
ere different in appearance from the electrochemically formed

nes. Another adjustment was made on exchange current density
f oxygen recombination, which increases in the charge regime
onducted after high rate discharges (e.g., above 3C). Two possi-
le justifications may account for this adjustment. First, the battery
ay have lost a noticeable amount of water during charging, due

o the 130% charge factor applied. According to Berndt [23], con-
idering the worst scenario that there is no oxygen recombination,
he water loss (calculated from Eq. (65) in Ref. [17]) could account
or this current density increase, since the battery could have lost
bout 5% of the water contained in the electrolyte. However, it is
lso known that the maximum rate for the internal oxygen cycle
n AGM batteries is about C/10 [23], which is difficult to come up

ith the 5% water loss. A more likely explanation for the param-
ter adjustment comes from the change in the saturation of the
lectrolyte in the separator other than excessive water loss. Due
o this phenomenon, VRLA batteries may behave like flooded ones
n the first few cycles. Further investigations are needed to fully
nderstand the role each secondary reaction plays during the last
art of the LAB charge process.

Fig. 3 shows the progression of battery voltage versus time in
he C/10 charge regime between the experimental data and simu-
ation. The percentage of state-of-charge (SOC) was calculated for a
ew interesting points on the curve. The figure clearly shows the
xtent of charge the galvanostatic regime can achieve. The bat-
ery was 90% charged when it reached 14 V. Ideally, extrapolating
rom that result, to charge the battery fully in the galvanostatic

ode, current has to be maintained beyond 16.5 V. This condi-

ion is however difficult to reach in practical applications, since
xygen recombination cycle and other parasitic reactions may
ivert the current to prevent a full charge return. It is there-
ore quite inefficient to charge the battery beyond this point with
Fig. 3. Comparison of the simulated (solid curve) and experimentally measured
(dashed curve) charge curves at C/10 obtained after the C/20 discharge along with
the SOC evolution.

CC regime, since most current may be used in the secondary
reactions.

There is a discontinuity in the simulated curve appeared after
12 h, contrary to the smooth curve from the experiment. This is
the result from the simulation of the oxygen evolution at the
positive electrode and recombination at the negative, respec-
tively. Such discrepancy between the simulation and experimental
results suggests that the charging process is more complex than
that comprised of the primary de-sulfation and secondary oxy-
gen recombination cycle at the electrodes. In addressing this issue,
for instance, Bernardi et al. [15], in their recent work proposed a
dissolution-transport mechanism at the negative electrode. It is
also plausible to include a thin proton-conducting surface layer on
the positive electrode [24] to buffer surface proton concentration
and modify the concentration profile near the electrode–electrolyte
interface, so the concentration change would not be so abrupt.

Fig. 4 allows a better representation on the evolution of SOC and
Fig. 4. State-of-charge (black) and charging efficiency (grey) with respect to charge
duration.
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the battery. The result suggests that the battery can withstand a
ig. 5. Electrical potentials (solid curve) and thermodynamic potentials (dashed
urve) of the positive and negative electrodes.

s already down to 50%. At the end-of-charge (EOC), the battery
eceived charge equals to 130% of what has been discharged. Such
C charging regime is therefore inefficient and impractical for real
se. This underscores the reason manufacturers often suggest the
se of CV charge regime near the onset of gas evolution to improve
harging efficiency and minimize gas evolution.

The model may determine polarization potential variations on
ach electrode to reflect the polarization contribution from each
eaction, primary or secondary, and the underlying kinetics. Fig. 5
hows the electrochemical (solid curves) and chemical (dashed
urves) potentials of each individual electrode calculated for the
harge regime. By convention, all potentials refer to the standard
ydrogen electrode (SHE). The voltage difference between the two
olid curves represents the cell voltage evolution in the charging
rocess. The disparities between the two sets of curves indicate that
he surface proton concentration on the electrode and the acid con-
entration in the liquid near the surface at the two electrodes are
rowing in magnitude through the charging process, respectively.
he potential drop due to ohmic resistance is quite negligible at this
ow charging rate; therefore, the disparities, depicting the increas-
ng concentration polarization by the reaction kinetics, especially
y oxygen evolution and recombination, become evident and com-
rehensible.

From 0% to 90% SOC, little oxygen was evolved and recom-
ined during this prime charging period. According to Bernardi et
l. [15], two major processes dictate the cell behavior during this
eriod: (1) variations of the accessible surface area on the elec-
rodes dictate the first. As PbSO4 transforms to more electronically
onductive active materials at the electrode surfaces, increasingly
ccessible surface area for the electrochemical reaction uncovers.
eanwhile, as the surface area of the PbSO4 particles diminishes

uring charge, the lead ion concentration is depleting in the charg-
ng process, since the dissolution rate of PbSO4 may fall behind
he charge rate; and (2) the effect of acid concentration dictates
he other process, which affects only the PbO2 positive electrode
otential response. Fig. 5 shows that changes in the PbO2 electrode
otential (solid curve) follow the variations in the thermodynamic
otential (dashed curve). The initial sharp rise in potential in the
ange of 0–5% SOC is due to the change in sulfuric acid concen-

ration. It is important to point out that the experimental results
n Fig. 3 also indicate an initial sharp rise in potential and the

odel predicts a similar initial potential rise attributed to the PbO2
lectrode.
Fig. 6. Simulated (a) voltage and (b) pressure curves at various rates in charge
regime.

After the onset of significant oxygen evolution at approximately
90% SOC, the cell voltage variation becomes more complex since it
is affected by four reactions as opposed to only two at low SOCs.
The simulation results show a rapid potential decrease at the nega-
tive electrode due to an increasing fraction of the current diverted
to oxygen recombination, while oxygen is being increasingly pro-
duced at the positive electrode, along with a rapid increase in
the gas pressure (not shown). Subsequently, a potential “rollover”
occurs at the negative electrode in response to the reduction in
oxygen partial pressure by the recombination.

To demonstrate the model’s fidelity over a wide range of oper-
ating conditions, Fig. 6a shows simulation results of various charge
curves from C/10 to 10C. As expected, the higher the charging
rate, the higher the polarization. It is interesting to observe that
increasing the rate results in faster charge with the same efficiency,
provided that no mass loss occurs. Unfortunately, the pressure pro-
files in Fig. 6b demonstrate that too much increase in the rate may
result in open valve and gas venting, thus induce water loss in
charging rate up to 1C. Beyond 1C, such high charging rate could
drastically increase water loss. LAB manufacturers usually specify
a maximum current for the charge regime, as well as a maximum
voltage to avoid possible gas venting and cell aging processes to
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[
[11] A. Tenno, R. Tenno, T. Suntio, J. Power Sources 103 (2001) 42.
ig. 7. Sulfuric acid concentration profiles simulated by steps of 20% SOC at (a) C/10
nd (b) 10C in charge regime.

educe water loss and grid corrosion that can harm battery ser-
ice life. One should be cautioned that Fig. 6 has not been validated
xperimentally yet.

Additional utility that a mathematical model can offer is the
bility of deriving mass-transport related properties inside the bat-
ery. For example, one can simulate acid concentration profiles at
ifferent charging rates to study transport limitation. Fig. 7a and b

llustrates such profiles at C/10 and 10C, respectively. At C/10, acid
iffusion is fast so that an acid concentration gradient is hardly
bserved. At 10C, a significant acid concentration gradient could
e observed across a cell, illustrating the ionic transport limitation.
imilar phenomenon has already been simulated at high discharge
ates [17,18]. In the discharge regime, acid consumption and water
iberation in the positive electrode lead to a dilution in acid concen-
ration, which explains why a lower acid concentration is usually
bserved in the positive electrode than the negative electrode, as
xplained by Bode [21] (p. 78). In the charge regime, the oppo-
ite occurs; the acid liberated in the positive electrode, leading to
higher concentration than in the negative electrode. Experimen-
ally, high rates generate high concentration gradients between the
ositive electrode and the rest of the cell, until the diffusion equal-

zes them after few minutes or hours, depending on the duration
his rate has been applied.

[
[
[
[
[

Sources 196 (2011) 3414–3419

To refine this model, some additional work is still needed to
improve the model capability and fidelity. Simulation of the rest
period preceding the charge regime and the impact from the rest
on battery behavior are major issues that need to be addressed.
Moreover, the gas composition and pressure shall be measured
accurately to derive secondary reaction kinetics for model valida-
tion. Through such validation, the model should be able to predict
the amount of water loss in the charge regime. A more careful anal-
ysis of the experimental charge curve indicates that the primary
reactions are more complex than simple PbSO4 transformation.
Bernardi et al. [15] have recently shown that satisfactory simula-
tion results can be obtained by a dissolution-transport mechanism
in the negative electrode and a solid-state mechanism for the pos-
itive electrode. If such validation on charging curves was achieved
at various rates, the model would be ready for dealing with more
complex charging protocols in a common setting.

4. Conclusion

It is more complicated to simulate charge regimes than dis-
charge in LAB modeling. The complexity comes from the secondary
reactions involving gas evolution and recombination. The charge
regime in the LAB also comprises multi-steps (typically comprising
CC and CV), making the simulation challenging. The initial condi-
tion of the charge regime depends on the previous EOD conditions;
thus, the LAB model has to be modified substantially to include an
additional set of equations accommodating the above complexity.

In this work, we showed that a successful simulation of the LAB
charge regime can be conducted with high fidelity. It is a prereq-
uisite to acquire an accurate model that can consistently simulate
discharge over a substantial range of conditions. With proper mod-
ifications, this model can then be applied successfully to the charge
regime to yield accurate and high fidelity results. Simple galvano-
static charge at C/10 was illustrated with prior discharge regimes
performed from C/10 to 10C. The high fidelity in the simulation
gives an accurate account for the role played by each electrode
reaction in polarization, nature of the polarization (from reac-
tion kinetics and mass transport), and charging efficiency. We can
extend the simulation beyond the range the model has been vali-
dated for. The results comply with experimental observations up to
the maximum charging rate specified by most LAB manufacturers.
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