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A resistive grid model  was used to study the current and ohmic overpotential distributions along the 
surface of  lead-ac id  battery electrodes. Analyses were made under two different regimes: the initial 
behaviour at high current densities and the response with time at low current densities. At high dis- 
charge currents the theoretical results show that the geometry of  the electrodes and the position of  
the lug play the most  important  role in controlling the magnitude of  ohmic losses. The best geometry 
is a square grid with the lug positioned at the upper centre of  the electrode. At  low discharge currents 
the model was used to follow the current distribution along the electrode surface as a function of  time. 
In this last study the appearance, for long discharge times, of  short-circuited concentration microcells 
localized in certain regions of  the electrode surface was noted. The other regions of  the electrode sup- 
ply the external discharge current and the excess current necessary to charge the internal microcell. 

1. Introduction 

One of the most widely used experimental methods for 
the characterization of lead-acid batteries is the record- 
ing of charge/discharge-time curves. Although useful 
practical information, particularly comparative, can 
be derived from these measurements they can not be 
quantitatively correlated with the local parameters 
that describe the phenomena taking place in the 
electrode materials and the electrolyte. Because of 
this, there has been great interest in developing 
theoretical models that can be treated mathemati- 
cally with the purpose of reproducing the response 
of the whole system from the predicted behaviour of 
local values [1-24]. In conjunction with selected 
experimental measurements, modelling can reduce 
considerably the time and investment needed to 
obtain the desired results. 

Two main basic approaches have been used for 
the mathematical description of the system: the 
macrohomogeneous model [1-15] and the resistive 
grid model [16-24]. In the first case, the electrode 
process is treated in terms of the kinetics and 
mechanism of the electrochemical reactions taking 
place in an electrolyte flooded porous structure. 
Current density and overpotential relationships are 
obtained as a function of pore size distribution, the 
electronic conductivity of the porous structure, 
the electrolyte conductivity inside the porous matrix 
and the transport properties of active reactants. In 
the resistive grid model actual size battery electrodes 
are divided into a discrete number of elements with 
independent physical and electrochemical properties. 
One element in the positive plate and the counterpart 
in the negative electrode, together with the electrolyte 
and separator between them, form an individual 
microcell whose electrochemical properties can be 
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determined independently as a function of the state 
of discharge and electrolyte composition. Current 
and overpotential distributions along the electrode 
surface are obtained connecting the elements in an 
electrical circuit, equivalent to a resistive grid 
network, and applying the Ohm and Kirchoff laws. 

Due to the complexity of the modelling processes it 
is customary to introduce simplifying assumptions 
that necessarily limit the validity of the final results. 
Recently, Morimoto et al. [23] pointed out the limita- 
tions of previous treatments and reported interesting 
results using a less restrictive resistive grid model com- 
plemented with some simple experimental measure- 
ments. They were able to obtain the potential and 
current distributions on the electrodes which makes 
it possible, in principle, to predict the performance 
of any cell design. 

In view of these results, it was considered worth- 
while to use the model presented by Morimoto et 

al. [23] to analyze lead-acid cells with different 
electrode dimensions, grid configurations and lug 
size and position in order to predict the best geom- 
etry for the system and also to gain a deeper 
understanding of the problem of stratification of 
the electrolyte. 

2. Theoretical model 

Although described in the literature the essential 
aspects of the model of Morimoto et al. [23] will be 
presented for consistency. The diagram of Fig. 1 
shows a set of positive and negative electrodes and 
illustrates the coordinate system used in the model. 
The analysis is made in terms of J, the current density 
between the electrodes and ipx, ipy, inx and iny , the 
linear current densities (current per unit width) 
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Fig. 1. Diagram of a lead-acid cell, illustrating the 
coordinate system and the discretization used in 
the finite difference method. 

within the positive and negative plates. To solve the 
differential equations arising from the application of 
Ohm and Kirchoff laws to the cell in Fig. 1 a finite 
difference method, also illustrated in Fig. 1, is used. 
In the present case the final equations are [23]: 

ipx(i + 1 , j )  - i p x ( i , j  ) 
Ax 

+ ipy(i,j + 1) - - ipy( i , j )  
Ay 

- ] ( i , j )  = 0  
(1) 

inx(i+ 1, j )  -- inx(i,j) 
Ax 

iny(i,j + 1) - iny(i,j ) 
-4 Ay  

+ J ( i , j )  = 0 

• - 2 [ V p ( i , j ) -  Vp(i- 1,j)] 
tPX = [rp(i,j) + rp( i -  1,j)]Ax 

• - 2 [ V p ( i , j ) -  Vp(i , j -  1)] 

tpy = [rp(i,j) + rp( i , j -  1)Ay 

• -2[Vn(i,j) - Vn(i- 1,j)] 

• --2[Vn(i,j ) -- Vn(i , j -  1)] 
tnY [rn(i,j) + rn(i,j - 1)lAy 

(2) 

where Vp(i,j) and Vn(i,j) are the potentials 
and rp (i, j ) and rn (i, j ) are the effective resistances (see 
below) of the positive and negative electrodes, 
respectively. 

The equation correlating J( i , j )  with Vp(i,j) 
and V~(i,j) is obtained from experimental polariza- 
tion data using small electrodes (see below) and 
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an n-order polynomial of the form: 

J( i , j )  = a(O) + a(l)(Vp(i , j)  - Vn(i,j)) 
(3) 

+ . . .  + a(n)[Vp(i,j) - Vn(i,j)l n 

When a A x B grid mesh is used for electrode map- 
ping, substitution of Equations 2 and 3 into Equation 
1 gives 2 x A x B non linear equations expressed in 
terms of Vp(i,j ), V~(i,j ), rp(i,j ), rn(i,j ), A x  and Ay. 

2.1. Boundary conditions 

On the edge of the electrode, the current component 
normal to the edge is zero except on the lug. In the 
finite difference approach this means that V(L , j )  = 
V ( M , j ) ,  where L is the last i segment (left and 
right) inside the plate and M the corresponding neigh- 
bour outside the plate. A similar reasoning can be 
applied to the upper and lower edges. 

For a constant discharge current (I0), the terminal 
voltage on the lug in the positive plate (Vp) is related 
to I0 through the expression: 

w 2(Vp - Vp)(i, r ) )  I 0 
~-~ (--~p ~- ~p (~, ~ ) ) ) ~  : A x (4) 
i=0 

where w = W / A x  (W = lug width), Vp(i, T) and 
rp (i, T) are the voltage and resistance of the top finite 
elements, respectively, and rp is the sheet resistance of 
the lug material (see below). The negative plate was 
treated in a similar way. For the purpose of per- 
forming calculations the terminal voltage of the lug 
of the negative plate (Vn) can be set equal to zero. 

2.2. Resistances of the plates 

The sheet resistances rp(i,j) and rn(i,j ) are the 
average resistances per unit length of unit width of 
the segments of the positive and negative plates, 
respectively, and are given by: 

rp(i,j) = 1/Crp(i,j)tp ] 

rn(i,J) 1/crn(i,j)tn ~ (5) 

where ap(i , j )  and an(i , j )  are the specific conduc- 
tances of the positive and negative plates and t v and 
t n the corresponding thicknesses. 

3. Experimental details 

Several kinds of experiments were performed to 
solve the mathematical model [23]. These include the 
following determinations: 

(i) The electrode potential-current density relation- 
ship for different microcells with the positive and the 
negative electrodes in several states of discharge and 
electrolyte concentration. The cell voltage-current 
density characteristics can be obtained combining 
the above measurements and incorporating the 
ohmic loss due to the electrolyte and separator in 
the real cell. 

(ii) The electrolyte concentration (density) between 
the electrodes for different segments in the real cell 
in several states of discharge. 
(iii) The values of rp and rn are calculated from the 
experimentally measured conductivities of the grid 
and active materials. For this purpose the electrode 
plate is assumed to be composed of a fiat sheet of 
the grid material over which a uniform layer of the 
active paste is deposited. The thicknesses of the grid 
material and the paste layers are calculated as one 
half of the total volume measured for each material 
divided by the electrode area. The presence of dia- 
gonal elements in the grid is considered by increasing 
the sheet thickness in the corresponding spatial 
domain. 

The main characteristics of the electrodes used in 
the experimental part of this work were as follows: 

1/2 Thickness of the 
positive grid 

1/2 Thickness of the 
negative grid 

1/2 Thickness of the active 
positive material 

1/2 Thickness of the active 
negative material 

Conductivity of the 
metallic grid 

Conductivity of the active 
positive material 

Conductivity of the active 
negative material 

Resistance of the 
positive electrode 

Resistance of the 
negative electrode 

Resistance of the lugs 1.790 × 10-4 f~ 

The values of the conductivities are of the same order 
of magnitude as those reported in the literature [19, 
20, 23] for both positive and negative materials. 

Figure 2 illustrates the dimensional details of the 
grid used in the plates. A particular aspect to be 
noted is the presence of distributed diagonal ele- 
ments. Each electrode, positive and negative, was 
divided into a 10 (x-axis) by 20 (v-axis) mesh grid. 
The resulting 400 nonlinear equations were solved, 
taking into account the boundary conditions, using the 
Powell hybrid method which is a modification of the 
Newton-Raphson classical method [25-27]. Compu- 
tational routines were implemented from the NAG 
Fortran Library (Mark 13), The Numerical Group 
Ltd., Oxford (1988). 

The simulation of the discharge of the electrodes 
was done at high and low current densities. In each 
case, particular experimental results were needed. 

0.019 cm 

0.020 cm 

0.067 cm 

0.065 cm 

3.386 x 104Scm -1 

1.727 x 102Scm -1 

1.815 x 103 Scm -1 

1.558 x 10 3f~ 

1.266 x 10 .3 f2 

3.1. High current densities 

Overpotential and current distributions over the elec- 
trode surfaces were determined for a current density 
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\ Fig. 2. Characteristics of the grid of the elec- 
trodes used to obtain the experimental re- 
sults: width 14.45cm, height 9.7cm, lug 
width 1.2cm and lug height 1.0cm. The lug 
is in the left (right) upper corner of the posi- 
tive (negative) electrode. 

of 300 m A c m  -2 under conditions of full charge. This 
corresponds to a practical situation in which the electro- 
lyte (H2SO 4 solution) density is 1.270 gcm -3, rp (i, j ) = 
1.56 x 10-3 f~, rn(i,j) = 1.27 x 10-3 f~, r(lug) : 1.79 
×10-4f~ and I 0 = 42.05A. The values of the resi- 
stances were calculated from conductivity data 
obtained for the materials of the grid and active paste 
using a four probe method. 

Experimental data of  J( i , j )  against [Vp( i , j ) -  
V~ (i, j )] were obtained through polarization measure- 
ments using 0.64 cm 2 samples of  negative and positive 
electrodes in a conventional half-cell setup containing 
H2SO4 solution ( d =  1.270gcm-3). An excess of 
electrolyte was present in order to avoid concentration 
changes. The auxiliary electrodes were large area 
(20 cm 2) lead foils positioned parallel to both faces of 
the working electrode. Potentials were measured using 
a reversible hydrogen reference electrode. 

Measurements were made by applying a constant 
current in the range 0-200 mA cm -2 and recording 
the steady state potential. To prevent changes in the 
state of  discharge the working electrode was 
recharged back to the initial state after each current 
step. The resistance of the electrolyte was measured 
using a general method [28] and the value obtained 
was 0.121 f~ cm 2. This was used to evaluate the ohmic 
drop at each current density. 

3.2. Low current densities 

In the low current density regimes the objective was to 
evaluate the effect of  time, and the consequent strati- 
fication of  the electrolyte, on the current and potential 
distributions. 

The electrolyte density was mapped experimentally, 
for different discharge states, using a complete cell 
consisting of  five positive and six negative electrodes 
discharging at 5 mAcro -2 for 7 h. Interplate spacing 
was 2mm and top, bot tom and sides of  the plates 
were at 1 cm from the container vessel walls. Samples 

of the electrolyte were collected through capillary 
glass tubing placed at various vertical positions 
between the separator and the positive electrode. 
Densities were taken as the mean value of  four inde- 
pendent experiments. Standard deviation of the data 
were 4- 0.005 g cm -3. 

The polarization characteristics at each point on the 
electrodes were obtained experimentally, using the same 
setup and procedure described above, for samples with 
states of  discharge of 0, 25, 50 and 75% and for electro- 
lyte densities of 1.10, 1.15, 1.20, 1.25 and 1.30gcm -3. 

4. Results and discussion 

4.1. High discharge currents 

The main objective of the theoretical analyses made 
for high discharge currents is to establish the magni- 
tude of  ohmic losses and the current density distri- 
bution on the electrodes of a lead-acid battery. As 
explained above, the dependence of the potential 
difference with the current density was determined 
experimentally and the results, corrected for ohmic 
drop, are presented in Fig. 3. Values from this curve 
needed in the simulation, for current densities up to 
350 m A cm  -2, were obtained by either interpolation 
or extrapolation after fitting the experimental data 
with a 3rd order polynomial (cf. Equation 3). 

The high current analyses were made for several 
electrode dimensions, grid configurations and lug 
size and position in order to determine the effect of  
different geometries on ohmic losses. The following 
situations were considered: 

Case 1: Grid size of  width 14.45 cm and height 9.7 cm; 
lug size of  width 1.2 cm and height 1.0 cm. Lug posi- 
tion: left upper corner of  the positive electrode and 
right upper corner of  the negative electrode (cf. 
Fig. 1). The grid is provided with diagonal elements. 
Case 1 corresponds to the actual samples used to 
obtain the experimental data. 
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Fig. 3. Polarization plots (iR corrected) for the 
discrete microcells: (a) as a function of the 
state of discharge (SOD, indicated on the 
curves), d= 1.25gcm 3 and (b) as a function 
of electrolyte density (numbers indicated in 
the curves, in gcm-3), SOD = 25%. 

The theoretical results for the overpotential distri- 
bution on the positive and negative electrodes are pre- 
sented in Figs 4(a) and 4(b), respectively. Equipotential 
lines show that the maximum ohmic drops are 120 and 
96 mV for the positive and negative electrodes, respec- 
tively. These values are in good agreement with those 
presented previously for other electrode systems studied 
under similar discharge conditions [19, 23], which gives 
support to the approximations introduced in the 
present work. 

Ohmic losses are smaller in the negative electrode, 
which is a consequence of the higher conductivity of  
the negative active material. This is a confirmation 
that the current flowing through the electrode is 
conducted by both the grid and the active material, 
particularly in the case of  the negative electrode. 

Case 2." This is the same as Case 1 but without diagonal 
elements in the grid. The maximum ohmic drop is only 
5 mV above the value obtained in the previous case. 
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Fig. 4. Equipotential curves for the positive (a) and negative (b) electrodes for initial conditions. The grids are those shown in Fig. 2 and the 
current density is 300 mA cm -2. Numbers are in volts. 

Thus, it may be concluded that the presence of  diagonal 
elements in the grid, placed as shown in Fig. 2, contri- 
butes very little toward the reduction of  ohmic losses. 

Case 3: This is the same as Case 2 but the grid dimen- 
sions, while keeping the same total area, are width 
l l . 2 1 c m  and height l l . 5cm.  The results for this 
case are presented in Fig. 5(a). The maximum ohmic 
loss is 125 mV, that is, essentially the same as in the 
two previous cases. However,  as a consequence of  
the symmetry of  the grid the equipotential lines are 
also more symmetrical along the electrode surface. 

Case 4." This is the same as Case 2 but with a marked 
asymmetry  in the grid dimensions of  width 7.225 cm 

and height 19.4cm. As shown in Fig. 5(b) this has a 
strong effect toward increasing ohmic losses. 

Case 5: This is the same as Case 3 but with the lug width 
increased to 1.445 cm. The maximum ohmic loss was 
reduced only 5 mV, so the effect may be considered 
very small. 

Case 6." Here the situation is similar to Case 1 but the lug 
is positioned at the upper centre of  the plates. The results 
are presented in Fig. 5(c) and show a dramatic (over 
40%) reduction of ohmic losses. This result confirms 
the conclusions of  a previously published mathematical 
model [19] stressing the importance of the lug position 
on the homogeneity of  the ohmic potential distribution. 
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Fig. 5. Equipotential curves for positive electrodes discharging under the initial conditions at 300 mA cm -2. Diagrams (a) to (c) correspond to 
Cases 3, 4 and 6, respectively (see text). Numbers are in volts. 

Figure 6(a) and (b) show examples of  the current 
density distributions corresponding to Cases 1 and 
6, respectively. For  the other cases the results were 
qualitatively similar. As expected, current densities 
are higher near the lug and non-uniform through- 
out the electrode. This means that a more pro- 
nounced consumption of active material should be 
expected near the lug, at least at the beginning of 
battery operation. 

Regarding electrode design, the results of  applying 
the model of  Morimoto  et al. [23] to Cases 1 to 4 
lead to the conclusion that the electrode geometry is 
very important  in determining the extent of  ohmic 
losses. The best geometry is that of  a square grid, 
although some asymmetry is acceptable. The contri- 
bution of diagonal elements is not significative 
enough to warrant  their inclusion in grid design. 
Cases 5 and 6 show that the size of  the lug does not 
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seem to be critical but, on the other hand, its position 
in the plate should be one of  the important  aspects to 
be taken into account in cell design. 

It is important to note that most of the above 
conclusions obtained using Morimoto's model were in 
agreement with results already presented in the 
literature [19-22]. The only apparent difference is the 
observation of  the secondary importance of  the dia- 
gonal elements. However this conclusion is a conse- 
quence of the particular grid design employed in the 
present work. It can be seen in Fig. 2 that the diagonal 
elements are not electrically connected to the lug, 
leaving a conductivity gap in a small region where a 
large iR drop is present in the electrode (Fig. 4). 

4.2. Low discharge currents 

At low discharge currents  and for. sufficiently long 
periods of  time the behaviour of  the battery is deter- 
mined by the changes in the electrolyte and active 
materials. During the discharge, water is produced 

Fig. 6 Current density distributions under the initial 
conditions at 300 m A c m  -2 for: (a) Case 1 and (b) Case 
6 (see text). 

and sulphuric acid consumed which results in a 
dilution of the electrolyte. Additionally, due to the 
action of convective forces and/or as a consequence 
of  high current densities flowing at the top of the 
cells, the electrolyte density varies along the vertical 
axis. Due to this stratification phenomenon [29] and 
to the changes in conductivity of  the active materials 
the current density distributions have a strong depen- 
dence on discharge time. Thus, theoretical calcu- 
lations were made as a function of  time for a battery 
discharging at a constant current of 5 m A c m  -2, 
which corresponds to I 0 = 0.7 A. 

According to the Morimoto model, after calculating 
the distribution of J(i , j )  between the electrodes for 
the initial conditions (battery fully charged and homo- 
geneously distributed electrolyte at d = 1.270 gcm -3) 
an amount  of  discharge Q(i,j) is calculated by add- 
ing J(i , j )  x At, where At is the time increment, to 
the initial situation. For  the new state of  discharge a 
new set of data is entered and new values of  potential 
and current density distribution are determined. This 
process is repeated until the terminal voltage decreases 
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Fig. 7. Electrolyte density as a function of discharge time at various vertical positions along the electrode. 

to the cut-off value of 1.75 V. In order to implement 
this procedure the following parameters are needed: 

(i) The electrolyte density at each point. Figure 7 
shows experimental results of the variation of electro- 
lyte density with time for different heights. From these 
curves the values needed in the simulations were 
obtained by a 4th order polynomial interpolation of 
density against time data and a 3rd order polynomial 
interpolation of density against height data. 

(ii) The resistance of the active materials at each point. 
These were calculated by assuming that the conducti- 
vity of the active material S(i , j )  changes with the 
state of discharge according to the expression [23]: 

S(i , j )  = S0(1 - Q(i, j ) /QT ) (6) 

where Q T is the theoretical capacity, calculated from 
the mass of active material at the given point, and So 
is the conductivity of the fully charged active material. 

(iii) The polarization characteristics of the electrode. 
Current-potential curves were obtained experimen- 
tally and some examples are shown in Fig. 3. As 
pointed out before these data were obtained for sam- 
ples in several state of discharge and electrolyte densi- 
ties. The data necessary for the simulations were 
interpolated at any current density from the current- 
potential curves using a 3rd order polynomial. Linear 
regressions were used to calculate data for any state of 
discharge and electrolyte density. 

In order to obtain the characteristics of the system 
for different states of discharge the looping time 
increment in the calculations was set at 1 min. 

Figure 8(a) shows the current density distribution at 
the beginning of discharge (t = 0) where there is no 
stratification of the electrolyte. The current distribu- 
tion is qualitatively the same as that observed for 
high current densities. After one hour of discharge 
at 5 mAcm -2 (Fig. 8(b)) there is an increase in the 
participation of the bottom of the cell and a large 
decrease of the contribution of the elements at the 
top. After two hours the middle region of the elec- 
trode starts to participate more effectively, reaching 
a maximum at about 3 h (Fig. 8(c)). For long times 
this contribution gradually diminishes and becomes 
negligible at about 5 h (Fig. 8(d)). 

These results show qualitative and quantitative 
differences when compared with those presented for 
up to 5 h by Morimoto et al. [23] for a similar model- 
ling approach of the battery operation under the same 
current density. Because of the large number of para- 
meters involved, it is difficult to identify the causes for 
the discrepancies. They could arise as a consequence 
of several small differences in the materials employed 
and consequently, in the experimental data, in parti- 
cular those of the polarization curves for the several 
states of discharge and electrolyte densities, and 
those of the stratification of the electrolyte as a func- 
tion of the electrode height and time. 

Figure 9(a) and (b) shows the current distribution 
profile for 6 and 7 h of battery operation. Here, it is 
important to note that for these long times of opera- 
tion the model predicts the existence of negative 
current densities in some regions of the electrode, 
which is equivalent to say that in these regions a 
charging process is taking place. 



1160 G. MAIA, E. A. TICIANELLI AND E. R. GONZALEZ 

0.0055 

~°E 0.0054, 

'~ 0.0052. 

~ 0.0050, 

0.0049 

(a) 

0006   

E 0.003 
m 

0 

(c) 

f ,  

\cW"" 

t 
Fig. 8. Current density distributions at 5 m A c m  -2 as a function of 

It must be pointed out that the values of  the 
charging current densities were calculated from the 
extrapolation of  [Vp( i , j ) -Vn( i , j ) ]  versus J(i,j) 
data obtained for the discharging process. The 
crucial point is that, for the charging microcells 
which are in a given state of  discharge in contact 
with the electrolyte in a given density, the program 
calculates a value of  the cell voltage higher than that 
of  the open circuit. This value is then used to 
calculate the charging current densities using the 
extrapolated data. 

The appearance of charging currents is a consequence 
of the stratification of the electrolyte which promotes the 
formation of short-circuited concentration microcells 
localized along the electrode surface. Thus, other 
regions of the electrode provide the current that flows 
through the external load plus the excess current neces- 
sary to charge the internal microcells. 

The electrolyte density changes along the vertical 
axis of  the cell as a consequence of  the action of  
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discharge time: (a) 0 h, (b) 1 h, (c) 3 h and (d) 5 h. 

convective forces and of  the uneven distribution of  
current densities. The convective effects are driven 
by external forces not controlled by the cell voltage 
(e.g. gravity) and constitute the major factor respon- 
sible for the appearance of the charging currents. 
The second effect is controlled by the cell voltage 
and, being self-regulated, does not contribute to the 
charging phenomenon. 

5. Conclusions 

The results of  applying a resistive grid model to study 
the current and ohmic overpotential distributions 
along the surface of  lead-acid battery electrodes can 
be summarized as follows: 

(i) It is confirmed that ohmic losses are smaller in the 
negative than in the positive electrode as a conse- 
quence of  the higher conductivity of  the negative 
active material. 
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Fig. 9. Same as in Fig. 8 for discharge times: (a) 6 h and (b) 7 h. 

(ii) The geometry of the electrode and the position of 
the lug play an important role in determining the mag- 
nitude of ohmic losses. Square grids present the better 
geometry, while the upper centre of the electrodes is 
the best position for the lug. 

(iii) For a continuous discharge at 5mAcro -2 the 
effect of the stratification of the electrolyte predomi- 
nates in determining the current density distribution. 

(iv) For long discharge times at low currents the results 
show the existence of short circuited concentration 
microcells on the electrode surface. Thus, other regions 
of the electrode must provide an excess current to 

charge these microcells. The existence of such concentra- 
tion microcells during the discharge of lead-acid battery 
have not been predicted in previous work and corre- 
spond to one of the most important observations of 
the present work. 
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