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a b s t r a c t

Measurements show that the dynamic charge acceptance (DCA) of flooded SLI lead-acid batteries during
micro-cycling in conventional and micro-hybrid vehicles is strongly dependent on the short-term history,
such as previous charge or discharge, current rate, lowest state of charge in the last 24 h and more. Factors
of 10 have been reported. Inhomogeneous current distribution, especially as a result of acid stratification,
has been suggested to explain the DCA variability.
eywords:
ead-acid battery
ynamic charge acceptance
cid stratification
urrent distribution

This hypothesis was investigated by simulation of a two-dimensional macrohomogeneous model. It
provides a spatial resolution of three elements in horizontal direction in each electrode and three elements
in vertical direction. For an existing set of parameters, different current profiles were analyzed with regard
to the current distribution during charging and discharging.

In these simulations, a strong impact of the short-term history on current, charge and acid density
distribution was found as well as a strong influence of micro-cycles on both charge distribution and acid
patially resolved model stratification.

. Introduction

In micro-hybrid1 automotive applications, lead-acid batteries
re typically used in partial state of charge (PSOC) operation. This
mplies micro-cycling and very few full charges. As a consequence,
atteries suffer from sulphation of the lower part of the electrodes
s a main ageing mechanism [1,2]. Another effect of PSOC operation
s a strongly varying dynamic charge acceptance (DCA) depend-
ng on the short-term history, which is the focus of this paper. We
efine DCA as the amount of charge that is actually charged to the
attery during regenerative braking phases of a driving cycle, e.g.
EDC, divided by the amount of charge that could be provided by

he generator. Factors of five between different short-term history
onditions have been shown by Sauer [3] and unpublished results
f the authors exhibit even a factor of 10. Short-term history in this
ontext means e.g. if the battery was charged or discharged before
he regenerative braking phase, if it was deeply discharged within

he last days, which charge and discharge current rate were applied
nd so on. “Short-term” means a time span of up to 2 or 3 days,
aybe even a week.

∗ Corresponding author. Tel.: +49 241 8096935; fax: +49 241 8092203.
E-mail address: batteries@isea.rwth-aachen.de (J. Kowal).

1 Microhybrid means the minimum stage of hybridisation with stop start function
nd minimum regenerative braking.

378-7753/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2008.12.016
© 2008 Elsevier B.V. All rights reserved.

In a previous paper [4], some investigations of the effect of short-
term history on DCA have been reported. Inhomogeneous current
distribution as a result of acid stratification and the assumption
that freshly discharged active material has a higher charge accep-
tance than active material that was discharged a longer time ago
have been suggested as an explanation for this behaviour. If charg-
ing takes place in another location than the previous discharge, the
freshly discharged material is not available for charging and conse-
quently the charge acceptance is low. In this paper, this hypothesis
is investigated in simulations with a spatially resolved physic-
ochemical model, where high rate micro-cycles were simulated
after different preconditions to analyse the influence of various
parameters such as current rate, SOC preconditioning and initial
acid stratification. We only consider conventional flooded batteries
without carbon additives. Recently, many authors have reported
that carbon additives are beneficial for the charge acceptance of
lead-acid batteries [5–8], but as the mechanism is explained in
many different ways and not completely understood yet, it is hard
to include it in a model.

Many simulation models of lead-acid batteries have been devel-
oped and described in the literature. In this paper, we concentrate
on the macrohomogeneous modelling approach for porous elec-

trodes developed by Newman and Tiedemann [9] to describe the
discharge behaviour of lead-acid batteries. In this approach, which
is also called mesoscopic, the porous volume element is inter-
preted as a superposition of two continua that penetrate each
other. One continuum is the electrolyte and the other is the elec-

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:batteries@isea.rwth-aachen.de
dx.doi.org/10.1016/j.jpowsour.2008.12.016
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rode matrix. All physical variables are described by a spatially
ontinuous function, so that reactions at the phase boundary can
e described as a homogeneous reaction in the electrode vol-
me. Newman and Tiedemann only simulated large discharge
urrents, Sunu [10] extended the approach for small discharge
urrents and Gu et al. [11] extended the modelling approach for
est and charge. Bernardi et al. [12] proposed a two-dimensional
odel. Alavyoon et al. [13] investigated free convection and strat-

fication of electrolyte with measurement and simulation. Gu et
l. [14] further improved the modelling approach including all
spects of the previous approaches. In all these models, acid
ovement due to gassing is neglected. Sauer [15–17] proposed a

ew approach including all relevant mechanisms of acid move-
ent: diffusion, buoyancy, gravity, gassing and ion production

nd consumption, but with simplified and decoupled equations
o reduce the calculation time. Decoupling was realised mainly
y neglecting time dependencies within one time step of slowly
hanging variables. The model of Sauer is used here to inves-
igate local charge, acid density and current distribution during

icro-cycling.
Models to simulate the current distribution in lead-acid bat-

eries have also been proposed by several authors: Ball et al. [18]
imulated the current density in a positive grid with finite elements
ethod. Král et al. [19] simulated the current distribution in a flat

lectrode and Křivák et al. [20] simulated the current distribution
n a cylindrical cell, both using an equivalent circuit. Boovaraga-
an and Subramanian [21] simulated the current distribution over
planar electrode in order to find an optimum current profile for
aximum mass utilization.

. Simulation model

The simulation model is based on a resistance network, which
s solved in each time step (see Section 2.1). All voltage sources
nd resistors are calculated in each time step according to the
resent conditions such as temperature, current, acid concentra-
ion, or ageing. Electrolyte concentration is calculated on the basis
f the physical laws on diffusion, generation and use of sulphate
ons during charging and discharging, gravity and electrolyte mix-
ng by gassing (see Section 2.2). The resolution of the electrical

odel is fixed to three vertical layers and three horizontal lay-
rs in each electrode (Fig. 1, lower picture) while the acid model
orks with a much finer resolution (Fig. 1, upper picture). In fact,

he model is a two-dimensional model and the geometry of the
ell is reduced to one single pair of positive and negative plates
acing each other. It is assumed that all other pairs of electrodes
ave similar conditions due to symmetry reasons. Furthermore,
s in most previous publications [9–12,14], it is assumed that
he current distribution is homogeneous along the width of the
lectrodes.2

Fig. 1 also gives the dimensions of the simulated battery. As can
e seen, the size of the visualization of the elements is not repre-
entative for the real dimensions. Variations of the battery design

nfluence the simulation results [17], but the general conclusions
re valid independently from the design.

The limited resolution of the model is chosen as a compromise
etween computing speed and accuracy of the model. A detailed

2 This is true only in first order approximation. In reality there are inhomogeneities
long the electrode due to asymmetric grids and the position of the current collec-
or, which was demonstrated by several authors [19,22,23]. Also recent unpublished

easurements by the authors show inhomogeneous current distribution along the
lectrodes. However, the general conclusions that can be obtained from the sim-
lation without current distribution along the electrodes are valid as well for real
attery operation.
Fig. 1. Spatial resolution for acid density (top) and for current and SOC distribution
(bottom). The black lines in the acid density grid indicate the location of the elec-
trodes. Real dimensions for a flooded 12◦V 60 Ah battery are given. This battery is
simulated.

temperature model is included as well. This model cannot reflect
the dynamic charge acceptance completely due to a missing hard-
ening crystal approach3 [24], but current distribution and acid
density within the cell are represented correctly.The most impor-
tant parts of the simulation model are described here in detail. Also
ageing processes such as corrosion and sulphation are represented
in this model, but as they only take place very slowly and only have
very little influence during the simulations presented here, they are
not illustrated here apart from resistances in Fig. 2.

It is possible to simulate flooded, gel and AGM batteries with
this model. Significant differences are mentioned in the description
for completeness, but simulations presented in this paper are only
performed on the flooded battery with dimensions given in Fig. 1.

2.1. Equivalent electric circuit diagram

Each process in the battery cell and each pathway for electrons
or ions are represented by a resistor. Additionally, the sources for the
electrochemical equilibrium voltage are included in the equivalent

circuit diagram. The complete network is shown in Fig. 2, the mean-
ing and dependencies of the circuit elements are given in Table 1.
All voltage sources and resistors are recalculated in each time step
based on the local conditions of current flow, potential, acid concen-

3 The hardening crystals approach represents the effect that lead-acid batteries
show a better charge acceptance after a previous discharge than after a previous
pause. It is assumed that sulphate crystals unite with time, thus growing to less and
larger crystals, which are harder to dissolve again.
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Fig. 2. Resistance network of the simulation model divided into positive

ration, state of charge and temperature. The Kirchhoff equations
esulting from the equivalent electric circuit diagram are used for
olving the differential equations.
.2. Assumed process for the main reaction

The relationship between overvoltage and current flow within
he main reaction is described by the well known Butler–Volmer
quation. However, other than in other models it is used here in

able 1
eaning of the different resistances in the equivalent circuit diagram (Fig. 2).

GGP/RGGN Resistance of the positive/negative grid along the heigh
grid corrosion)

KP/RKN Resistance of the corrosion layer of the positive/negativ
resistance is zero, it is only added for symmetry

MP/RMN Resistance of active material of the positive/negative ac
RK Pathway for corrosion current, resistance calculated acc
GP/RGN Pathway for gassing current at the positive/negative ele

electrode potential, temperature, active surface and aci
DP/RDN Pathway for main reaction current at positive/negative

from the Butler–Volmer equation (depending on poten
RP/URN Electrochemical voltage source of positive/negative elec
EP/REN Resistance of the electrolyte within the porous positive
EF Resistance of the electrolyte in the free electrolyte volu

concentration and temperature)
ES Resistance of the electrolyte in the separator between t

of the separator and temperature)
EV Vertical resistance of the electrolyte in the free electroly

temperature)
O2 Pathway for the gas recombination current (only used i

of gas that diffuses from the positive to the negative ele
egative grid, positive and negative active mass, electrolyte and separator.

its original full version, which takes into account separate ion con-
centrations as the limiting factor for the anodic and the cathodic
reaction on both electrodes. This also links the Pb2+ ion concentra-
tion with the current/voltage relation. The assumption behind this

approach is that the reaction mechanism is a dissolution and crys-
tallisation process, which means that the Pb2+ ion concentration is
not constant, but depends on several parameters such as potential
and state of charge. Eqs. (2.1) and (2.2) give the full description of
the Butler–Volmer equation for the positive electrode and for the

t of the electrode (depending on the remaining grid thickness taking into account

e electrode (depending on the corrosion process), for the negative electrode, the

tive mass (depending on porosity, state of charge and temperature)
ordingly
ctrode, resistance calculated according to gassing reaction (depending on
d concentration)
electrode, leading to a charge or discharge of the electrode, resistance calculated
tial, temperature, active surface, and acid and Pb2+ concentration)
trode, depending on acid concentration and temperature

/negative electrode (depending on porosity, acid concentration and temperature)
me between the positive and the negative electrode (depending on acid

he positive and the negative electrode (depending on acid concentration, porosity

te volume between the electrodes (depending on acid concentration and

n VRLA batteries) in the negative electrode, resistance calculated from the amount
ctrode
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t+
0 is the Hittorf number (typical value: 0.7).
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egative electrode respectively [17]:

+
MR = i+0 A+

active

[(
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c0
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exp
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˛+ · n · F
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−
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c0
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)�H2SO4

exp

(
˛− · n · F

R · T
· �−

act

)
−
(

c−
Pb2+

c0
Pb2+

)

here Aactive is the active mass surface that takes part in the reac-
ion, i.e. that is not covered by lead sulphate, as a function of local
orosity [11]:

active = 3(1 − εmax) V · �2/3

r0
− � · r2

PbSO4
(SOC) NPbSO4

(SOC) V (2.3)

max is the maximum active mass surface (of a fully charged bat-
ery), εmax is the porosity of a fully charged battery, V is the volume
f the element, rPbSO4

is the average radius, NPbSO4
is the number

f sulphate crystals per volume and r0 is the radius of PbO2 or Pb
rystals of a fully charged battery.

.3. Acid distribution–diffusion, acid stratification, gassing

In contrast to other battery technologies, the electrolyte of lead-
cid batteries, sulphuric acid takes part in the main reaction. It is
onsumed during discharging and produced and released from the
ctive masses during charging. Hence, acid concentration changes
uring charging and discharging. The average acid concentration

n the battery cell is directly related to the state of charge of the
attery. However, there are significant gradients within the cell
aused by consumption and release of sulphuric acid in the bulk
ctive material. Concentration gradients can be observed in hori-
ontal direction throughout the pores of the active material and in
ertical direction, known as acid stratification.

The simulation model only considers cells in upright position.
ypical differences in the physics of acid distribution in VRLA and
ooded batteries are taken into account.

The acid concentration in a one-dimensional approach is shown
n the following equations for the electrolyte inside the positive
ctive mass (2.4), the electrolyte inside the negative active mass
2.5) and the electrolyte in the free electrolyte or the separator
etween the electrodes (2.6):

· ∂cH2SO4

∂t
= −cH2SO4 · ∂ε

∂t
+ ∂

∂x

(
εex · D · ∂cH2SO4

∂x

)

+ 3 − 2t0+
2F

· iMR + 1 − t0+
F

· igas (2.4)

· ∂cH2SO4

∂t
= −cH2SO4 · ∂ε

∂t
+ ∂

∂x

(
εex · D · ∂cH2SO4

∂x

)

+ 1 − 2t0+
2F

· iMR + 1 − t0+
F

· igas (2.5)

· ∂cH2SO4

∂t
= εex · D · ∂2cH2SO4

∂x2
(2.6)

or a two-dimensional approach, some additional assumption is

ecessary, especially concerning gravity effects and gassing. Fur-
hermore, for the implementation some simplifications of the

athematics are necessary.
The following sections describe how the acid distribution within

he cell is modelled.
exp

(
− (1 − ˛−) · n · F

R · T
· �−

act

)]
(2.2)

2.3.1. Basic model and electrochemical reactions
Active masses are converted from PbO2 or Pb to PbSO4 during

discharging by using sulphate ions from the electrolyte (Eq. (2.7)).
This results in a depletion of sulphate ions during discharging and in
an enrichment of sulphate ions during charging. Concentration gra-
dients are directly correlated with density gradients, which result
in acid stratification caused by gravity forces (Eq. (2.9)) and concen-
tration gradients result in diffusion forces (Eq. (2.12)). Gravity forces
result in a vertical density gradient within the battery cell, diffusion
tends to homogenise the concentration gradients. The model gen-
erally assumes a fully homogenised electrolyte concentration after
infinitely long times. This implies that sulphuric acid is treated as
a single phase liquid which has no tendency on its own to build up
any concentration or density gradients. However levelling out all
concentration gradients takes very long times, especially in verti-
cal directions and in tall cells. Another factor influencing the local
acid concentration is gassing: gas bubbles result in a mixing and
thus a homogenisation of the electrolyte (Eq. (2.17)). In the case of
gel or AGM batteries, the contributions of concentration changes
due to both gassing and buoyancy/gravity are assumed to be zero.4

For the modelling the following assumptions are made:

• Sulphuric acid is dissociated by 100% in the first step
(H2SO4 → H+ + HSO4

−).
• The second dissociation step does not occur.
• The proton concentration caused by the dissociation of water

(H2O → H+ + OH−) is neglected.
• Sulphuric acid is assumed as a single phase liquid with no ten-

dency to separate into water and concentrated sulphuric acid.

The following sections describe in brief the basics of the imple-
mentation of the different parts of the model. In all parts of the
model, the change in the number of moles of H2SO4 in each volume
elements is calculated instead of concentration gradients c = N/V to
simplify the model equation because V is assumed to be constant
within one time step.

2.3.2. Ion source and sink
Caused by the main reaction current, sulphate ions are released

to the electrolyte (ion source during charging) or taken from the
electrolyte (ion sink during discharging). Therefore the local acid
concentration and the acid density change with the main reaction
current iMR and the gassing current igas according to Eq. (2.7):

∂N

∂t

∣∣∣∣
source/sink

= 3 − 2t0+
2F

iMR + 1 − t0+
F

igas (positive electrode)

∂N
∣∣∣∣ = 2t0+ − 1

iMR + t0+ − 1
igas (negative electrode)
4 In reality (small) concentration gradients due to gravity also occur in AGM bat-
teries, which is strongly dependent on the quality of the glass mat. In low quality
mats, the capillary forces are too small to counteract the gravity forces. However,
this effect is hard to represent in a model and typically neglectable.
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Fig. 3. Electrolyte mixing due to buoyancy.

.3.3. Buoyancy/gravity
If a certain electrolyte volume with density �j, e.g. created in a

ore during charging, moves within an infinite surrounding fluid
ith density �j+1, e.g. the remaining electrolyte, it is assumed that

he velocity of the small volume can be calculated according to Eq.
2.8). The velocity depends on a geometry parameter b, the viscosity
of the electrolyte and the density difference:

= 8gb2

�
(�j − �j+1) ∀ �j > �j+1 (2.8)

t is assumed that the velocity remains unchanged within one time
tep. The number of moles N that moves from element j to element
+ 1, which is directly above element j, can be calculated according
o Eq. (2.9):

∂Nj

∂t

∣∣∣∣
buoyancy

= 1
2

(
vj−1

hj−1
Nj−1 − vj−1

hj
Nj

)
+ 1

2

(
vj

hj+1
Nj+1 − vj

hj
Nj

)

(2.9)

here h is the height of the volume. Fig. 3 illustrates the electrolyte
ovement due to buoyancy: in the left picture, three volume ele-
ents on top of each other are shown at time t. Element j − 1 has

he largest number of moles and element j + 1 has the smallest
umber. Due to buoyancy, some moles move from element j − 1
o element j, which results in a new average concentration in the
pper half of element j − 1 and the lower half of element j. The
xchange between j and j + 1 works similarly. Then, a new concen-
ration for each element is calculated, which is then used in time
tep t + 1.

.3.4. Diffusion
Diffusion is based on Fick’s second law:

∂c

∂t
= D∇2c (2.10)

here c = N/V is the electrolyte concentration, which is the number
f moles of H2SO4 per volume element V and D is the diffusion coef-
cient of H2SO4. To decouple the equation, in the implementation
he volume V of a volume element is assumed to be constant within
ne time step, so that Eq. (2.10) can be written as:

1
V

∂N

∂t
= D∇2

(
N

V

)
(2.11)
he volume can change due to water loss (above the electrodes) or
hanges in the porosity of the active masses (inside the electrodes).
s this is a very slow process compared to the change of the number
f moles, the error to consider V as constant during one time step
s very small.
Sources 191 (2009) 42–50

For the two-dimensional case, Eq. (2.11) becomes Eq. (2.12):

1
V

∂N

∂t
= D

(
∂2(N/V)

∂x2
+ ∂2(N/V)

∂y2

)
(2.12)

2.3.5. Gassing
Gassing causes a mixing of the electrolyte. It is assumed that

each gas bubble with a certain volume causes mixing of the elec-
trolyte in volume elements above the current element. Only the
overall gas volume is of relevance in this model. Hydrogen evolu-
tion is assumed to occur close to the negative electrode and oxygen
evolution close to the positive electrode.

The gassing current at positive (2.13) and negative electrode
(2.14) is calculated according to the Butler–Volmer equation:

i+gas = i+0,gas · A+
max

(
ε(SOC) − εmin

εmax − εmin

)	1

exp
(

˛gas · n · F

R · T
· �+

gas

)
(2.13)

i−gas = i−0,gas · A−
max

(
ε(SOC) − εmin

εmax − εmin

)	1

exp

(
− (1 − ˛gas) · n · F

R · T
· �−

gas

)
(2.14)

Gassing is a very complex process with strong dependencies on
local conditions, such as the size of the gas bubbles, their free
path through the electrolyte, pore size and more. Since these local
conditions cannot be represented and parameterised sufficiently, a
semi-empirical approach is chosen with one single fit parameter f
(Eq. (2.17)) that can be obtained from measurements.

For the acid movement, first of all the volume of the gas is cal-
culated (Eq. (2.15)), which depends on the gassing current igas. The
gas volume accumulates with increasing height y in the cell:

∂Vgas(y)
dt

= R · T

n · F · p(y)

∫ y

hbelow

igas(y′) dy′ (2.15)

R = 8.314 J K−1 mol−1 is the gas constant, n = 2 is the number of
electrons, F = 96,485 C mol−1 is Faraday’s constant and T is the abso-
lute temperature in the volume element. Furthermore, the volume
depends on the pressure (Eq. (2.16)) in the volume element:

p(y) = pambient +
∫ upper electrolyte level

y

�(y′)g dy′ (2.16)

The resulting change in the number of moles due to gassing is cal-
culated according to Eq. (2.17):

∂N

∂t

∣∣∣∣
gassing

= f
N

V

∂Vgas

∂t
(2.17)

where f is an experimental factor that describes the efficiency of
electrolyte mixing by gas bubbles.

Please note that gassing has no mixing effect in the electrolyte
volume below the electrodes. Furthermore the mixing process is
most efficient in the upper part as all gas generated along the elec-
trode height is accumulated here.

2.3.6. Calculation of the acid distribution
The overall acid distribution is calculated from the superposition

of the effects described above (Eq. (2.18)):
∂N

∂t
= ∂N

∂t

∣∣∣∣
diffusion

+ ∂N

∂t

∣∣∣∣
buoyancy

+ ∂N

∂t

∣∣∣∣
gassing

+ ∂N

∂t

∣∣∣∣
source/sink

(2.18)
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Fig. 4. SOC during simulation: blue curve, three full cycles for generation of acid stratification (optional); cyan, red; green curve, SOC preconditioning. Green: 100% → 70%,
red: 100% → 40% → 70%, cyan: 100% → 0% → 70%. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

2

t
n

Table 2
variations for the micro-cycle simulations.

SOC preconditioning Current rate for preconditioning Acid stratification

3. Simulation results

F
s

Fig. 5. Legend for acid density.
.3.7. Change of electrolyte volume
The volume of the electrolyte needs to be calculated at any time

o assure a correct calculation of the acid concentration. While the
umber of moles of sulphuric acid can be easily calculated from the

ig. 6. Impact of SOC preconditioning; acid density (upper row) and SOC distribution in %
tratification and 4I20 for preconditioning.
100% → 70% I20 Without
100% → 40% → 70% 4I20 With (after three full cycles)
100% → 0% → 70% 20I20

Ah balance, the overall volume of the electrolyte changes according
to six processes:

1. Loss of water due to gassing (in VRLA batteries only when the
valve opens).

2. Change of specific volume with acid concentration.
3. Change of volume in the cell due to loss of pore volume during

discharging (conversion of Pb and PbO2 to PbSO4).
4. Change of electrolyte volume with temperature.
5. Refilling of deionised water.
6. Varying gas volume in the pores.

The effective electrolyte volume of the elements in the elec-
trodes depends on the local porosity and therefore on the local state
of charge.
The model described above was used to investigate the impact of
several parameters on acid density, charge and current distribution
during micro-cycles in flooded SLI batteries.

(lower row) immediately after the preconditioning; simulation without initial acid
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ig. 7. Impact of current rate during preconditioning; acid density (upper row) an
ithout initial acid stratification and SOC preconditioning 100% → 0% → 70%.

.1. Simulation profile

In order to identify the influence of short-term history parame-
ers on acid and SOC distribution, such as charge/discharge history,
urrent rate and initial acid stratification, different profiles (Fig. 4)

ere used consisting of a SOC preconditioning followed by a pause

f 1 h and 1000 micro-cycles with±20I20, each charge and discharge
tep has a duration of 36 s. The different parameters are given in
able 2. All combinations were simulated, which gives a total of 18
imulations.

ig. 8. Impact of initial acid stratification; acid density (upper row) and SOC distribution i
tratification and SOC preconditioning 100% → 0% → 70%.
distribution in % (lower row) immediately after the preconditioning; simulation

3.2. Acid density and SOC distribution

In the following, the impact of SOC preconditioning, current rate
during preconditioning, initial acid stratification and micro-cycles
is illustrated based on exemplary simulations. Fig. 5 illustrates the

color coding for acid density that is used in all figures.

3.2.1. SOC preconditioning
Fig. 6 shows exemplarily acid density (upper row) and charge

distribution (lower row) immediately after SOC preconditioning for

n % (lower row) immediately after the preconditioning; simulation with initial acid
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Fig. 9. Impact of micro-cycling; acid density (upper row) and SOC distribution in % (lower row) immediately after the preconditioning (left), after 10 cycles (middle) and
after 1000 cycles (right); simulation without initial acid stratification and SOC preconditioning 100% → 0% → 70% with 20I20. (The low SOC in the middle part of the negative
electrode after 1000 micro cycles is not in good agreement with post-mortem analyses, which show a strong sulphation of the lower part of the negative electrode. Nevertheless,
it can be seen that micro cycles lead to strong inhomogeneities in the charge distribution.)
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ig. 10. Current distribution during 50th micro-cycle (left) and 900th micro-cycle
best case).

he three cases: discharge from 100% to 70% (left), discharge from
00% to 40% and charge to 70% (middle) and discharge from 100%
o 0% and charge to 70% (right). Both charge and discharge were
one with a current rate of 4I20; the simulation was started with-
ut initial acid stratification. It can be seen that both acid density
nd charge distribution are more inhomogeneous after charging
middle and right) than after discharging (left). Gradients rise with
epth of discharge and change from vertical to horizontal direction

n the case of charge distribution. Similar findings result from the
ther simulations.

.2.2. Current during preconditioning
Fig. 7 shows exemplarily acid density (upper row) and charge

istribution (lower row) immediately after SOC preconditioning
ischarge from 100% to 0% and charge to 70% for the three differ-
nt current rates. The simulation was started without initial acid

tratification. It can be seen that inhomogeneity of both acid den-
ity and charge distribution grows with current rate. The charge
istribution gradient changes from vertical to horizontal direction
ith increasing current rate. Similar findings result from the other

imulations.
) after SOC preconditioning 100% → 70% with I20 without initial acid stratification

3.2.3. Initial acid stratification
Fig. 8 shows exemplarily acid density (upper row) and charge

distribution (lower row) immediately after SOC preconditioning
discharge from 100% to 0% and charge to 70% for the three differ-
ent current rates. In contrast to Fig. 7, the simulation was started
with initial acid stratification under the same conditions in all
other respects. In comparison with Fig. 7, the same qualitative
impact of current rate can be observed, but with significantly larger
gradients.

3.2.4. Micro-cycles
Fig. 9 shows exemplarily acid density (upper row) and charge

distribution (lower row) immediately after SOC preconditioning, in
the 10th micro-cycle and in the 1000th micro-cycle after discharge
from 100% to 0% and charge to 70% with 20I20. During the micro-
cycles, acid stratification is gradually removed and after 1000 cycles,

acid density is nearly homogeneous in the battery. By contrast,
charge distribution becomes more and more inhomogeneous. This
is because the upper part of the electrodes is charged much more
than the lower part due to an inhomogeneous current distribution
caused by initial inhomogeneities (see Section 3.3).
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ig. 11. Current distribution during 50th micro-cycle (left) and 900th micro-cycle (ri
worst case).

.3. Current distribution

In the following, only the micro-cycles are considered.
igs. 10 and 11 show the current distribution in the positive
lectrode5 in the 50th and 900th micro-cycle during charging and
ischarging for two different sets of conditions: SOC precondition-

ng 100% → 70% with I20 without initial acid stratification (Fig. 10)
nd SOC preconditioning 100% → 0% → 70% with 20I20 with acid
tratification (Fig. 11). The first set of conditions represents the best
ase of all simulations concerning inhomogeneities and the second
et represents the worst case. It can be seen that current distribution
nd especially location of charge and discharge depends strongly on
he conditions of the battery. Acid stratification, charging and large
urrents (Fig. 11) lead to large differences in the location of charging
nd discharging: while the discharging current in the 50th cycle is
ore or less equal in the upper, middle and lower part of the elec-

rodes, nearly half of the charging current goes to the upper part
f the electrodes. In the 900th cycle, the differences become even
orse and about one-third of the current goes to the lower part dur-

ng discharging, while only about one-fourth is charged back to the
ower part during the next charging step. In contrast to this, no ini-
ial acid stratification, discharging and small currents (Fig. 10) lead
o a more homogeneous location of charging and discharging cur-
ents. The impact of inhomogeneous current distribution between
harging and discharging can clearly be seen by the differences in
he charge distribution (see Fig. 9): the upper part of the electrodes
s almost fully charged after the micro-cycles, while the lower part is

ore discharged. However, in the 900th cycle, still about 40% of the
harging current goes to the upper part of the electrode, although
t cannot accept much more charge.

. Conclusion
Simulations have shown the impact of short-term history
arameters such as current rate, acid distribution, charge or dis-
harge history and micro-cycling on acid density and charge
istribution in flooded SLI batteries. It was found that large current
ates, large depth of discharge, charge history and initial acid strat-

5 The current distribution in the negative electrode is nearly the same.

[
[
[
[

fter SOC preconditioning 100% → 0% → 70% with 20 I20 with initial acid stratification

ification increase inhomogeneities in both acid density and charge
distribution. Micro-cycles homogenise acid density distribution,
but raise gradients in charge distribution. Initial inhomogeneities
before micro-cycling lead to an inhomogeneous current distri-
bution and local variation of charge balance, which increase the
inhomogeneous charge distribution. Even a slight deviation from
symmetry of local charge balances may, over thousands of micro-
cycles, lead to a material distribution in the electrodes that limits
the dynamic charge acceptance dramatically.
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19] P. Král, P. Křivák, M. Calábek, K. Micka, J. Power Sources 105 (2002) 35–44.
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22] M. Calábek, K. Micka, P. Bača, P. Křivák, J. Power Sources 85 (2000) 145–148.
23] V. Svoboda, H. Doering, J. Garche, J. Power Sources 144 (2005) 244–254.
24] M. Thele, J. Schiffer, E. Karden, E. Surewaard, D.U. Sauer, J. Power Sources 168

(2007) 31–39.


	Simulation of the current distribution in lead-acid batteries to investigate the dynamic charge acceptance in flooded SLI batteries
	Introduction
	Simulation model
	Equivalent electric circuit diagram
	Assumed process for the main reaction
	Acid distribution-diffusion, acid stratification, gassing
	Basic model and electrochemical reactions
	Ion source and sink
	Buoyancy/gravity
	Diffusion
	Gassing
	Calculation of the acid distribution
	Change of electrolyte volume


	Simulation results
	Simulation profile
	Acid density and SOC distribution
	SOC preconditioning
	Current during preconditioning
	Initial acid stratification
	Micro-cycles

	Current distribution

	Conclusion
	References


