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Low-temperature charging behaviour of lead—acid cells
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The effect of temperature on the charging behaviour of lead—acid cells was studied at a depth of
discharge of ~20% of their reserve capacity. As expected the charge acceptance rates dropped
markedly at temperatures below 0° C. The ability to charge at these temperatures was limited by a
precipitous increase in polarization at the negative plates which occurred immediately upon starting
the charge. At — 18° C the charge acceptance rates fell within a range of 20 to 40% of that observed
at 25°C. The highest rates at —18°C were favoured where the charge followed a high-rate,
low-temperature discharge, with a minimum time and temperature for the open circuit stand. We
speculate that this is due to factors such as a small PbSO, crystal size and a non-equilibrium electro-
Iyte concentration in the pores of the plates. Direct evidence for this is lacking, however, because of
the need for in situ determination of the physical structure of the plates in the discharged condition.

1. Introduction

In automotive application, the alternator charges
the lead-acid battery at a set voltage with an
upper current limit [1]. As full state of charge is
reached, the counter e.m.f. of the battery rises to
the voltage setting, thereby diminishing the
charging current. However, at ambient winter
temperatures ( < 0° C) the counter e.m.f. rises at
a faster rate than at warmer temperatures, so
that the charging current may diminish before
full state of charge is reached.

In electrochemical terms, the battery has
a greater tendency to become polarized dur-
ing charging current flow as the temperature
is decreased. The polarization behaviour is
governed by the individual polarization charac-
teristics of the positive and negative plates
within the battery cell elements. (In this paper,
polarization refers to the measured departure
from open circuit voltage during the charge.) The
use of a higher voltage setting to force current
beyond the polarization limit could cause adverse
side effects, such as gassing at the plates.

The present work is concerned with the moni-
toring of charge input at temperatures between
the extremes of 25°C and — 18°C, in order to
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observe the changing pattern in positive and
negative plate polarization as a function of
charging temperature. Charge input was also
monitored at a fixed low temperature (— 18° C),
following variations in the discharge rate (cur-
rent) and temperature, as well as open circuit
stand time and temperature between discharge
and charge. These variations provide different
mass transport conditions for the charge and
therefore provide further insight to the reasons
for lower charge acceptance rates as the tem-
perature decreases.

2. Experimental details

All testing was carried out on single cell elements
of a nominal reserve capacity of 75 min, whose
plates (five positives, four negatives) were
11.0 x 13.7cm. For all the tests the cells in the
fully charged condition were discharged for
405 Amin (to a depth of ~20% of the reserve
capacity), either at a low rate (25 A for 16.2 min)
or a high rate (two 30-s, 405-A discharges with
an intervening 2min rest). Charging was per-
formed at a setting of 2.64 V, with a maximum
current setting of 25A. The ‘external sensing’
feature of the Hewlett—Packard 6268B power
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supply was used to eliminate the effect of ohmic
losses in the charging circuit.

The positive and negative plate polariz-
ations during charge were obtained against a
Hg/Hg,SO, reference electrode. The reference
electrode capillary was positioned between the
innermost positive plate and the separator bag
containing the adjacent negative plate. Its tip
was located at the plate centre, although a few
measurements were made on a cell with multiple
reference electrodes, where the capillary tips
were positioned either within the upper third, at
the centre, or within the lower third section of
the plates. It was found, however, that the polar-
ization measurements on charge did not vary sig-
nificantly as a function of capillary tip location.
As expected, the sum of the positive and nega-
tive plate polarizations equalled the measured
cell polarization.

Cell current and all voltages were monitored
by a Fluke 2240B data logger, where readings
were obtained every 3-5s for the first 3min of
charge and about every 2min thereafter. The
gas evolution rate on charge was monitored
through 3.2mm i.d. polypropylene tube extend-
ing through the cell top, using a standard
Matheson mass flowmeter.

Temperature was measured by a Cr—Al ther-
mocouple placed between the innermost plates
of the cells. The temperatures stated in this work
are those registered at the start of a charge or
discharge. It is to be noted that, from a starting
temperature of —18°C, the temperature rise
during a discharge at 25 A or during a charge
was only about 2°C. However, from an initial
temperature of —18°C the temperature rise
was as much as 15° C during discharge at 405 A.
The time required for a cell to re-equilibrate
to —18°C following such a discharge was
50 min.

3. Results
3.1. Effect of temperature on charge

We first varied the charging temperature, keep-
ing the previous discharge conditions and the
open-circuit stand time constant. The procedure
for each test was

(i) Overnight (~ 16h) open circuit stand in
fully charged condition at — 18°C.

(ii) Discharge at 405A (two 30-s discharge
intervals with an intervening rest of 2 min).

(iii) Overnight (~ 16 h) open-circuit stand at
the indicated charging temperature.

(iv) Charge at 2.64 V/25 A maximum current.
The current input, charge input, cell polarization
and gassing rates at the various charging tem-
peratures are shown in Figs 1—4, respectively.

The broken line in Fig. 2 represents full charge
input, based on the capacity that was drawn
from the cell in the previous discharge
(405 A min). For the charge at 25°C the input
exceeds this value because of the side reaction
of gassing* (Fig. 4). With a decrease in charg-
ing temperature the cell polarization increases
(Fig. 3), so that the charging current is diminished
(Fig. 1). Positive and negative plate components
of the cell polarization are shown later.

3.2. Effect of previous discharge rate (current)
and temperature on charge at — 18° C

Results comparing the charge input at —18°C
(from Fig. 2) to the charge input at that tem-
perature, when we varied the temperature and
rate of the previous discharge, are shown in
Fig. 5. Here it is seen that the higher charge
input rates are obtained following decreasing
discharge temperature and increasing discharge
rate.

3.3. Effect of open-circuit stand time and
temperature on charge at — 18°C

Fig. 6 shows the influence of open-circuit stand
time between a low-temperature discharge and
charge. The shortest time shown was the time
required for the cell to re-equilibrate to —18°C
following the discharge. A decrease in charge
acceptance rate is observed with increasing
open-circuit stand time.

Fig. 7 shows that a yet further decrease in
charge acceptance rate is obtained if the tem-
perature of the cell is simply allowed to increase
between the discharge and charge. Curve a,

* Under field conditions, this gassing would not occur
because the alternator setting is temperature compensated.
However, to avoid an additional variable in the testing, a
setting of 2.64 V was used for all charging temperatures. This
corresponds to a typical setting for the alternator at —18°C.
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Fig. 1. Current input for a 2.64V/25A
charge at various temperatures. Charge

was preceded by 405A discharge at
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which was obtained after an overnight open
circuit stand at — 18°C is to be compared to a
lower charge input rate (curve b), when the tem-
perature of the cell had been allowed (following
the discharge) to increase to room temperature
(~ 25° C) before the overnight open circuit stand
at — 18°C. Curve ¢, which was obtained after a
one-week open circuit stand at — 18°C, is to be
compared to a lower charge input rate (curve d),
when the temperature of the cell was allowed

60 —18°C, plus an overnight stand at the

indicated charging temperature.

(following the discharge) to increase to room
temperature and then stand for 6 days before an
overnight stand at — 18°C.

3.4. Plate polarization measurements

The positive and negative plate components of
the cell polarization (Fig. 4) as a function of
charging temperature are shown in Fig. 8 (for
25°Cand 10°C) and in Fig. 9 (for 0°C, - 10°C
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and — 18°C). The plate polarization curves for
a 25°C charge are similar to those reported in
the literature [2]. Here, the positive plates
account for most of the cell polarization up to
the point where the polarization at the negative
plates increases, which indicates that they are
becoming fully charged. With the tapering of the
charging current the positive plate polarization
decays, but this happens at a slow rate, presum-
ably because of the slowness of obtaining an
equilibrium concentration of electrolyte within
the porous plate structure. The profile observed
at 10° C is similar, although there is an increase
in both positive and negative plate polarization.
With the further lowering of charge temperature,

go Fig. 3. Cell polarization for con-
ditions stated in Fig. 1.

Fig. 9 shows that the abrupt jump in polarization,
which diminishes the charge, occurs at the nega-
tive plates.

The positive and negative plate polarization
traces for the spectrum of charge inputs shown
in Figs 5-7 were all qualitatively similar to the
profile shown for the — 18° C charge in Fig. 9c.
Differences, however, in the specific values of the
distribution of polarization between the positive
and negative plates could be correlated to vari-
ations in the charge input. Plate polarization
profiles for the highest charge input and the
lowest charge input are shown in Fig. 10. Plate
polarizations for the intermediate charge inputs
fell between these extremes. To demonstrate this

Gassing Rate (cm3 min'1)

-180C
30
Time (minutes)

Fig. 4. Gassing rates for conditions stated
in Fig. 1.
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are variables. Between discharge and
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200 trend, Fig. 11 shows the charge input versus a
resistance value, obtained by dividing the plate
polarization by the current at 40s into the
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50 Fig. 7. Charge input at — 18°C, following: (a) 405 A dis-
charge at — 18°C, plus overnight open circuit stand at
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Fig. 6. Charge input following (a) 25 A and (b) 405 A dis-
charges at — 18°C, where open-circuit stand time between
discharge and charge is a variable.

cell temperature to 25°C over a ~ 5h interval before over-
night open circuit stand at — 18°C; (cj 405 A discharge at
— 18°C, plus open circuit stand for one week at — 18°C; (d)
405 A discharge at — 18° C, plus open circuit stand for 6 days
at 25°C plus overnight open circuit stand at — 18°C.
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Fig. 8. Current and polarization profiles for charges at (a) 25°C and (b) 10° C, under conditions specified in Fig. 1.
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Fig. 9. Current and polarization profiles for charges at (a) 0°C, (b) —10°C, and (c) — 18°C, under conditions specified in
Fig. 1.
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Fig. 10. Charging profiles for (a) highest charge input (Fig. 6) and (b) lowest charge input (Fig. 7) that was obtained at
—18°C.
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Fig. 12. Plate responses to charging current pulses (15s) at — 10°C, following (a) 25 A discharge at 25° C, plus overnight
stand at — 10°C, or (b) 405 A discharge at — 18°C, plus overnight stand at —10°C. (Time between pulses was 30 min).

3.5. Constant current charging

A complication during charging at a set voltage
is that current varies with charging time. To
obtain a more straightforward dependence of
plate polarization on current, the build-up and
decay of plate polarization was measured with
the application of constant current charging
pulses. These pulses were applied at the 20%
depth of discharge, following either of two dis-
charge conditions; namely (i) 25A at 25°C,
followed by overnight stand at the charging tem-
perature, or (ii) 405 A at — 18°C, followed by

overnight stand at the charging temperature.
The pulses were applied at 0, —5, — 10 and
—18°C, but for brevity, only pulses at — 10°C
are shown in Fig. 12. At each temperature it was
observed that all of the negative plate polariz-
ation builds and decays within the first few
seconds of switching on or off the current,
whereas that for the positive plate builds and
decays more slowly.

The relationship between applied current and
the magnitude of plate polarization (the dif-
ference between open circuit voltage and voltage
at end of pulse) at the end of the current pulses is
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shown in Fig. 13. These results (a) reaffirm that
the negative plate polarization is highly sensitive
to both charging temperature and the conditions
of previous discharge, and (b) show that no gain
in charge acceptance rate would be expected
through positive plate modification, because a
potentially higher charge current would lead to
an exponential increase in negative plate polar-
ization at the onset of charge.

4. Discussion

This work has shown a spectrum of charge input
rates at low temperature depending on the con-
ditions (rate and temperature) of the previous
discharge.

During the discharge the electrolyte in the
pores of the plates becomes dituted as sparingly
soluble PbSQ, is precipitated in the pores and on
the surface of the plates. For the recharge the
PbSO, must first dissolve, therefore higher
charge rates would be expected under conditions
where the PbSQ, crystal size is the smallest. This
could explain why the highest charge rates at
—18°C were obtained following a high-rate,
low-temperature discharge, since PbSQO, crystal
size at negative plates has been reported [3, 4] to
decrease in proportion to increasing discharge
current and decreasing discharge temperature.
The highest charge rates also followed the

specified for Fig. 12b.

shortest times and lowest temperatures for the
open-circuit stand between discharge and
charge. This could be because with a short
open-circuit stand at minimum temperature,
the PbSO, does not have an opportunity to
recrystallize to bring about a decrease in its
surface area. Another consideration is that a
higher solubility of PbSO, in the pores of the
plates would be favoured immediately following
a discharge, i.e. before the electrolyte in the
pores has had time to equilibrate with the bulk
electrolyte.

To confirm these hypotheses, a direct deter-
mination of the physical structure of the plates
prior to charging would be needed. This, how-
ever, would require the development of in situ
techniques. Any ex sifu investigation would not
be expected to provide a one-to-one correlation
to the condition of the plates in the cell environ-
ment, particularly if the PbSO, is undergoing
recrystallization. With the customary SEM
investigation, speculation also arises because of
the need to wash the plates. It has been shown [5]
that the washing procedure changes the distri-
bution of PbSQO, in the plates, and it is presumed
that the washing dissolves some of the PbSO,.

The charge input rates at low temperature,
although showing marked variation depending
on the previous discharge and open-circuit stand
conditions, were consistently limited by a
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precipitous increase in negative plate polarization
at the onset of charge. This could be due to
the PbSO, dissolution rate not keeping up
with the reduction of Pb?* to Pb, or to a slow-
ness in the diffusion rate of Pb?" to reduction
sites. More sophisticated techniques with well-
characterized lead electrodes would be required
to distinguish between these or other possibili-
ties as rate-controlling steps. Expander for-
mulations, although necessary to provide cold
temperature cranking ability, may have the
adverse side effect of inhibiting the charge at low
temperatures. Recent rotating ring-disc studies
[6] on smooth lead electrodes suggest that Pb?*
deposition sites can be blocked by the presence
of expander.

During the initial moments when the charging
current is passing through the plate interfaces,
the electrochemical oxidation and reduction
reactions are shunted out because of the build-
up of double-layer capacitance. Extensive treat-
ment of double-layer charging in battery plates
can be found elsewhere [7, 8].

The constant current transients in Fig. 12 sug-
gest that during the complete build-up of nega-
tive plate polarization the positive plates are

within the time-frame for double-layer charging.
This is indicated by the linear increase in positive
plate polarization during the 15-s pulses. The
double-layer capacity, Cy, in farads, calculated

from
S dr
Cdl = 1 <_df0>

where i = applied current (A), ¢t = time (s) and
o = polarization (V), is given in Table 1. The
values obtained are somewhat lower than litera-
ture values for positive plates (normalized with
respect to our positive plate dimensions), namely
2.7Fcm~? [7] and 5.8Fcm™* [8]. The latter
authors, however, evacuated their cells to
remove entrapped gases prior to the capacity
measurements, a procedure that we did not
use. They pointed out that entrapped gases
may lead to low values for the double-layer
capacity.

Double-layer charging for the negative plates
was not resolved in this work. It would fall well
within the minimum response time of the data
logger, since double-layer capacities for negative
plates are at least an order of magnitude smaller
than those for the positive plates [7, §].

Table 1. Double-layer capacities for positive plates calculated from constant current charging transients (a) following a 25 A,

25° C discharge, and (b) following a 405 A, — 18° C discharge

Temperature (°C) i(4) t(s) do (V) C(Fem™?2)?
(a) (b) (a) (b)
—18 8 15 0.050 0.053 2.0 1.9
6 15 0.037 0.040 2.0 1.9
4 15 0.025 0.026 2.0 1.9
2 15 0.015 0.013 1.7 1.9
—10 12 15 0.077 0.075 1.9 2.0
9 15 0.062 0.056 1.8 2.0
6 15 0.042 0.038 1.8 2.0
3 15 0.020 0.017 1.9 22
-5 16 15 0.101 0.095 2.0 2.1
12 ) 0.093 0.070 1.6 2.1
8 15 0.052 0.044 1.9 2.3
4 15 0.025 0.020 2.0 2.5
0 20 15 0.124 0.107 2.0 2.3
15 15 0.097 0.082 1.9 23
10 15 0.065 0.054 1.9 2.3
5 I8 0.030 0.025 21 2.5

2 Positive plate area in cell = 1206 cm?.
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