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Studies of current and potential distributions on lead-acid batteries
I. Discharge of automotive flooded positive plates
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Abstract

The distributions of current and potential on the automotive positive plate have been studied. In the early stage of the discharge, the
distributions of the current density, potential, and polarization resistance are uniform. In the later stage, however, the polarization resistance
of the active mass increases very rapidly at the bottom and on the top of the plate. It causes the polarization to become very high and makes
the current drop rapidly in these regions. It is also found that at the beginning of the 3 C discharge, the higher current density appears in the
lower part rather than in the upper part of the plate, which is different from the conventional viewpoint. This may be due to the improper
formation and overcharge of the plate.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Over the decade, R&D has focused on the valve-regulated
lead-acid batteries, not on flooded lead-acid batteries. Up to
now the flood lead-acid batteries are primarily used for auto-
motive starting–lighting–ignition (SLI). It is well known that
except for the cold-cranking ability (CCA), the performance
of the automotive batteries is mainly limited by the positive
plate such as grid corrosion and the softening of the active
mass, etc.[1–4]. The research work of the positive plate in-
volves mainly the plate manufacture and the grid design. The
grid design work is often connected with the grid resistance
simulation to minimize resistance losses[5–8]. The use of
anti-corroded alloys for the grid causes the plate to be thin-
ner, which has reduced the weight and has greatly improved
the starting performance of the automotive battery[9]. On
the other hand, the manufacturing technology of the posi-
tive plate has also been widely studied. Involved have been
the lead paste production parameters, such as the content of
the oxide, H2SO4, water, and the additive and the density
of the paste[10,11]. A proper curing process improves both
the initial structure of the active mass and the interface be-
tween the grid and the active mass and therefore the life of
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the battery[12]. In order to ensure the dry-charged perfor-
mance of the automotive battery, it is necessary to boost the
electrolyte temperature properly or/and use multi-step cur-
rent in the formation of the plate, to increase the content of
PbO2 in the positive active mass[13–16].

Since the positive potential drops more quickly than the
negative potential during the discharge of the battery (ex-
cept the discharge at low temperature), the study so far has
concentrated more on the positive grid design optimizing,
the simulated tests and calculation of the current and po-
tential distributions of positive plates[17,18]. There is only
little work on the practical measurement of the current and
potential distributions[19,20]. In this paper, these distribu-
tions have been tested on the surface of the positive plate
of automotive flooded batteries. It is shown that there exists
great discrepancy between the simulated test or predicted
work and the practical results of the measurements.

2. Experimental

The testing plate was a commercial automotive posi-
tive plate produced by Jin Fengfan Storage Battery Co.
Ltd. The grid used was the conventional orthogonal de-
sign and was shown inFig. 1. It had a dimension of
14.3 cm(W) × 12.5 cm(H) × 0.16 cm(T). The thickness of
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Fig. 1. Picture of automotive positive grid.

the pasted positive plate was 0.2 cm. There was about 122 g
active mass on each plate, which had a capacity of 12 Ah at
the 20 h discharge.

The container used in the experiments had an internal di-
mension of 14.5 cm(W)×9.0 cm(L)×15 cm(H). The width
of the container and the height of the H2SO4 electrolyte were
the same as the dimensions of the positive plate, to ensure
the ion flowing between negative and positive plates, which
was parallel to each other.Fig. 2a shows the installation of
the plates, in which one positive plate was placed between
two negative plates. The distance between the positive and
negative plates was about 4.2 cm, not typically for practi-
cal batteries but this had allowed the reference electrodes
to be placed between the plates. That is because the local
current density on the surface of the positive plate was mea-
sured via the IR voltage drop between points A and B in the
H2SO4 electrolyte through a couple of Hg/Hg2SO4/H2SO4
(1.285 specific gravity) reference electrodes. The distance
between points A and B, perpendicular to the plates, was
3 cm and the outside diameter of the reference electrode tip
was about 0.15–0.2 cm. The potential reported in this paper
was measured against the reference electrode above. The IR
voltage drop and the electrode potentials were recorded by
a HP 34970A Data Acquisition/Switch Unit connected to
a PC computer. The experiments were conducted at room
temperature (18± 2 ◦C).

The locations of measurement points on the positive
plate are shown inFig. 2b. We measured the IR drop with
equi-interval from the bottom to the top of the positive plate
(every 0.5 cm in height). When three couples of reference
electrodes with 2.5 cm in spacing were moved from the
bottom to the top twice, we could acquire 156 potential
differences and 156 electrode potentials on the surface of
the positive plate. The scan time of the reference electrode

Fig. 2. An experimental scheme. (a) Installation of plates; (b) locations
of measurement points.

was 40 s from the bottom to the top. During one discharge,
only the data of 78 points were obtained. The other half
data were measured again after the positive plate was fully
recharged. Therefore, from two scans, we could get the
current and potential distributions of six channels on the
surface of the automotive positive plate.

The dry-charged positive plate was discharged at 36 A
after it was immersed into the H2SO4 solution for 20 min
at room temperature. In the charge of the positive plate, the
overcharge was always performed for 4–5 h at a constant
voltage of 2.50 V. Then the wet-charged plate was discharged
at 36 A (3 C rate) or 7.5 A (0.625 C rate).

3. Results and discussion

3.1. Resistance distribution of grid

In order to obtain the resistance distribution of the auto-
motive positive grid, we caused the current of 1 A to flow
through the grid lug and another point on the grid and
accurately measured the voltage drop between these two
points.Fig. 3 shows the resistance distribution of the pos-
itive grid. It is found that the resistance becomes higher
and higher with the increase of the distance away from the
grid lug. The greatest resistance occurs in the diagonal re-
gion of the lug. However, the resistance around the grid
frame becomes small. This is because the big frame in-
creases the conductivity. The highest resistance is only about
4 m	.
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Fig. 3. The resistance distribution of the grid inFig. 1.

3.2. Distributions of current density and potential at high
discharge rate (3 C)

Since the electrolyte is excessive under the experiment
conditions, the H2SO4 concentration changes little during
the discharge of the positive plate and so does the electrolyte
resistance. In order to obtain the current density distribution
on the positive plate, we assume that the electrolyte resis-
tance up and down the battery is uniform during the scan of
the reference electrodes from the bottom to top of the posi-
tive plate. So the IR drop between points A and B inFig. 2a
is proportional to the current flowing through the electrolyte
and the sum of the IR drop with 156 data obtained in two
scans is proportional to the current flowing on each side of
the plate. Therefore, the current density at any point on the
plate can be calculated on the basis of the discharge current,
the area of the plate and each IR drop in the electrolyte.
When the automotive positive plate was discharged at 36 A
(3 C rate), the current at each side of the plate was 18 A.
At this time, the current density through points A and B in
Fig. 2a can be expressed by

ik = 18Ik

1.146
∑

kIk

(1)

whereIk is the current intensity in the area of 1.146 cm2 on
the positive plate andik denotes the current density at this
point.

Since great changes took place in the positive potential in
the early stage of the discharge at the high discharge rate,
the distributions of the current density and the potential were
measured on the surface of the automotive positive plate af-
ter the discharge of 1 min. As shown inFigs. 4 and 5, re-
spectively, the distribution of the current density is uniform
for the most parts of the surface of the positive plate, ex-

Fig. 4. The distribution of current density on automotive positive plate
during discharge of 36 A (3 C rate). Discharge time: 1 min.

cept for the bottom and the top where a little lower current
density appears. The similar phenomenon is observed in the
potential distribution ofFig. 5. The higher polarization oc-
curs at the bottom and on the top of the positive plate. As
the positive plate was discharged, the distributions of the
current density and the potential were measured after a dis-
charge time of 4 and 5.8 min, respectively. It is obvious that
the discharge time of this positive plate is much longer than
that of the practical automotive batteries. This is because
there is too much electrolyte under the experiment condi-
tions. Therefore, the complete discharge leads to a H2SO4
concentration decrease of only about 1%.Figs. 6 and 7show
the distributions of the current density and potential at the

Fig. 5. The potential distribution on automotive positive plate during
discharge of 36 A (3 C rate). Discharge time: 1 min.
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Fig. 6. The distribution of current density on automotive positive plate
during discharge of 36 A (3 C rate). Discharge time: 5.8 min.

end of the discharge. At this time, the current density de-
creases at the bottom and especially on the top, while it
increases in the middle of the plate. It is clear that the uti-
lization of the active mass in the middle is higher than that
at the bottom and on the top. At the end of the discharge,
Fig. 7shows that the positive potential drops quickly on the
whole plate and its distribution is quite non-uniform. The
potential at the bottom and on the top becomes very low.
The highest polarization occurs on the top of the plate. The
quick drop of the potential in these regions will result in the
end of the discharge.

Fig. 7. The potential distribution on automotive positive plate during
discharge of 36 A (3 C rate). Discharge time: 5.8 min.

Fig. 8. The distribution of the current density and positive potential in
channel 2 at different discharge times. Discharge current: 36 A.

Fig. 8 shows the distribution of the current density and
positive potential in channel 2 inFig. 2b. Although the pos-
itive plate is discharged at 36 A (3 C rate), the voltage drop
up and down the plate is less than 30 mV after a discharge
time of 1 min. It implies that the conductivity of the grid is
not a main factor in limiting the discharge of the positive
plate and the utilization of the positive active mass.Fig. 8
also shows that the active mass located on the top of the
plate limits the discharge of the plate.

It is normally believed that the active mass near the lug
or on the top is discharged earlier than that in the lower
parts of the plate. ButFig. 8 shows that the current density
in the lower part is higher than that in the upper part of the
plate, except at the bottom and on the top, when the plate
is discharged for 1 min. It indicates that low polarization
occurs in the lower part while high polarization appears in
the upper part. Since more active mass in the lower part is
discharged during the initial period, the current in the upper
part is higher than that in the lower part at the end of the
discharge (Fig. 8).

3.3. Distributions of current density and potential at
medium discharge rate (0.625 C)

Fig. 9 shows the dependence of the positive potential on
the height of the automotive plate at different times at the
medium discharge rate (0.625 C). It is found that the distribu-
tion of the potential is uniform up and down the plate in the
initial period of the discharge and it becomes non-uniform
only near the end of the discharge. The highest polariza-
tion still appears at the bottom and on the top of the plate.
Fig. 10 shows the current density distribution of the posi-
tive plate after different discharge times. The change in the
current density at the beginning of the discharge is similar
to that in Fig. 8. The current density in the lower part is
higher than that in the upper part of the plate. The position
of the current maximum shifts towards the upper part of the
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Fig. 9. The positive potential vs. height of the automotive plate in channel
2 during discharge of 7.5 A (0.625 C rate).

plate, while the current at the bottom and on the top always
decreases gradually with the discharge. It is clear that more
active mass is utilized in the middle part of the plate than at
the bottom and on the top.

3.4. Resistance distribution at high discharge rate (3 C)

In order to analyze the polarization at the bottom and on
the top of the plate at discharge rates of 3 C (Figs. 5 and 7),
the open circuit potential of the fully charged positive plate
was measured and it was 1.156 V. When a positive plate
is discharged, the polarization resistance can be defined by
the ratio of the electrode polarization to the current density.
The polarization is mainly caused by the concentration dif-
ference, the charge transfer and the resistance of the grid
and active mass. Therefore, the potential at any point on the
positive plate,U, can be expressed by

U = U0 − ηconc− ηct − iRgrid − iRgrid/AM − iRAM (2)

Fig. 10. The current density vs. height of the automotive plate in channel
2 during discharge of 7.5 A (0.625 C rate).

and then during the discharge, the increment of its polariza-
tion is equal to

−�U = �ηconc+ �ηct + i(Rgrid + Rgrid/AM + RAM ) (3)

whereU0 denotes the open circuit potential,i the current
density at this point,ηconc the electrode polarization caused
by concentration difference,ηct the electrode polarization
caused by charge transfer,RAM the polarization resistance
of the active mass,Rgrid the polarization resistance caused
by the grid andRgrid/AM the interface resistance between
the grid and the active mass. The unit of the polarization
resistance here should be expressed by	 cm2.

Fig. 11 shows the polarization resistance distribution on
automotive positive plate after different discharge times. Al-
though the positive plate is discharged at 36 A, the polar-
ization resistance is only about 1	 cm2 in the central part
of the plate at the discharge time of 1 min (Fig. 11a), while
the polarization resistance is near 2	 cm2 at the bottom and
on the top. When the plate has been discharged for 4 min,
the majority of polarization resistance is less than 2	 cm2.
However, at this time, the polarization resistance rises to
2–4	 cm2 at the bottom and on the top (Fig. 11b). At the
end of the discharge, the polarization resistance in the cen-
tral part of the plate does not change very much, but it in-
creases sharply at the bottom and on the top of the plate,
especially on the top and far away from the lug. The polar-
ization resistance reaches 4–10	 cm2 in different regions
(Fig. 11c).

During the discharge of the automotive positive plate,
what we are interested in is the change of the potential,U,
in Eq. (2) or the polarization,−�U, in Eq. (3). In our ex-
periments, no real concentration polarization should be ob-
served because the plate is only 12.5 cm high and the H2SO4
specific gravity only decreases by about 0.01 g cm−3 dur-
ing the discharge.Fig. 8shows that the voltage drop up and
down the plate is less than 30 mV at the 3 C discharge, which
may be caused by the positive grid. Normally, the value of
the voltage drop of the grid changes little during the dis-
charge. So the change of the total polarization resistance in
Fig. 11c is not chiefly brought about by the grid resistance,
Rgrid. Since the interface between the grid and the active
mass is mainly formed during the curing, formation and the
charge–discharge cycles, its resistance,Rgrid/AM , changes
little during one discharge period. The charge transfer polar-
ization,ηct, depends on the current density, which is low at
the bottom and on the top of the plate inFigs. 4 and 6. There-
fore, �ηct should also have a low value and the very high
overpotential in the bottom and top part of the plate must be
attributed to the polarization resistance of the active mass
RAM . This RAM reflects the active mass aggregation. The
evolution of the polarization resistance inFig. 11 is there-
fore mainly caused by the electrical connection between the
particles of the active mass, too[21]. This non-uniform re-
sistance on the positive plate should be closely related to its
overcharge and its formation in the manufacturing process.
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Fig. 11. The polarization resistance distribution on automotive positive plate during the discharge of 36 A. Discharge time: (a) 1 min; (b) 4 min; (c) 5.8 min.

3.5. Discharge of dry-charged positive plate

The performance of the dry-charged plate is very im-
portant to the automotive lead-acid battery. It normally de-
pends on the positive plate if the negative plate is dried
under the proper condition. The performance of the pos-
itive plate is closely related to the manufacture such as
drying technology, the content of PbO2 in the active mass
and the soaking time and the temperature of the plate in
the electrolyte before the use. We have measured the dis-
tributions of the current density and potential at the be-
ginning, middle and end of the discharge after 20 min ac-
tivated dry-charged plate. The results are similar to those
obtained inFigs. 4–7, except for the overpotential.Fig. 12
shows the distribution of the positive potential at 36 A dis-
charge when the dry-charged positive plate was immersed

into the electrolyte for 20 min. For comparison, the data of
the wet-charge plate are also given inFig. 12. It is found
that the positive potential of the dry-charged plate decreases
by about 40 mV at the beginning of the discharge, as com-
pared with the wet-charge plate. Since the electrolyte is
superfluous in our experiments, it also improves the perfor-
mance of the dry-charged plate to some extent. Therefore,
the discharge time of the dry-charged plate is only about
30 s less than that of the wet-charge plate. But, in compari-
son with the wet-charge plate, its potential in the upper part
of the plate decreases a little more slowly than that in the
lower part of the plate. We also find that the homogene-
ity of dry-charged plates is poor and their discharge times
are quite different, which is caused by the formation of the
positive plate and its thermopassivation in the dry process
[22,23].
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Fig. 12. The distribution of positive potential of the dry-charged and
wet-charged plates during discharge of 36 A. Soaking time of the
dry-charged plate: 20 min.

4. Conclusions

The resistance of the grid with the conventional orthogo-
nal design increases with the extension of the distance away
from the grid lug, but the resistance around the grid de-
creases because of the big frame.

At the beginning of the 3 C discharge, the distributions of
the current density and potential are uniform on the automo-
tive positive plate. As the positive plate is discharged, the
polarization becomes increasingly higher at the bottom and
on the top of the plate. At this time, quite non-uniform dis-
tribution of the current density appears on the positive plate.
The current density at the bottom and on the top decreases
sharply while it increases in the middle part because the to-
tal current on the plate does not change. If the polarization
resistance is defined by the ratio of the polarization of the
positive plate to the current density, the distribution of the
polarization resistance can also be obtained during the dis-
charge. In the early stage of the discharge, the distribution
of the polarization resistance is uniform and only changes a
little. Yet, the polarization resistance at the bottom and on
the top increases greatly in the later stage of the discharge.
The termination of the discharge is due to the polarization
resistance evolution of the active mass at the bottom and on
the top of the plate.

Although the automotive flooded positive plate is dis-
charged at a high rate, the higher current density is observed
in the lower part rather than in the upper part of the plate.
It is different from the conventional viewpoint, which holds
that the current density in the upper part should be higher
than that in the lower part. This may be due to the improper
formation of the positive plate, which may result in the dif-
ferences of the electrical connection between active mass
and the interface resistance between the grid and the active
mass in different plate regions.

The performance of the dry-charged positive plate de-
pends on its manufacturing processes. At the 3 C discharge,
the polarization potential of the dry-charged plate increases
by at least 40 mV in comparison with the wet-charged
plate.
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