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Abstract

Experimental recombinant valve-regulated lead/acid batteries failed after 250 to 350 deep cycles. The failure was attributed
to the negative electrode which showed loss of capacity. When the cells were converted to operation in the flooded mode,
they delivered up to 1400 deep cycles. The failure mechanism is assumed to be sulfation due to insufficient recharge. A simple
model for the partial currents during recharge is used to analyse the role of recombination and hydrogen and oxygen evolution
in the failure mechanism. It is concluded that, at high recombination efficiencies, hydrogen evolution prevents the complete

recharge of the negative plate, thus limiting the cycle life.
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1. Introduction

The development of lead/acid batteries in the last
decade is aimed at a number of new large-scale ap-
plications.

Among the most urgent of these are batteries for
motive power, like electrical vehicles and similar traction
needs. These applications require daily deep cycling.
To be cost competitive, such batteries have to deliver
a high amount of Wh per US § during their lifetime.

In terms of batteries this means a large number of
deep cycles, preferably 500 to 1000, before failure [1].
A high power capability and a fair energy/weight ratio
is also required.

Attractive performance can be obtained in flooded
tubular systems [2] and also in special flat plate systems
[3,4], but there appears to be a general consensus to
concentrate development on the recombinant valve-
regulated lead/acid (VRLA) batteries, because they
offer convenient maintenance-free operation and in-
creased safety.

The main problem with these batteries appears to
be the less satisfactory cycle life and unpredictable
premature failure of the positive plate [5].

Flat plate (pasted) batteries are easier to produce
than tubular batteries but, compared with these, exhibit
very limited cycle life. It has been shown that this is
due, to a large extent, to the degradation of the structure
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of the positive plate [6,7]. Cycle life can, however, be
dramatically improved by exerting a high elastic pressure
on the positive mass [3,4,6,8-11]. This can be achieved
by modifying the traditional separator technology, by
retaining the advantages of the flooded construction
with free-flowing electrolyte [3,4].

Another possibility is to take advantage of the re-
siliency and elastic properties of the absorptive glass
mat separator. This material can, by compression to
50 to 60% of its initial thickness, exert an elastic pressure
of up to 100 kPa on the positive mass [11].

Using this technique, cycle lives of 1200 to 1400 deep
cycles have been obtained with a total delivered energy
of 140 000 to 200 000 Wh per kg positive mass [4].

The demand for maintenance-free operation is met
by utilizing oxygen reduction (recombination) at the
negative electrode during recharge and overcharge. This
requires gas channels in the separator for transporting
oxygen evolved at the positive to the negative plate.
This is the case when the glass mat separator is not
completely saturated with acid (starved electrolyte)
[12-14].

It seems to be obvious to combine long cycle life
with recombination using the compressed glass mat
separator in the starved electrolyte mode.

A programme was initiated by the Danish Department
of Energy to implement this technology in the Danish
lead/acid battery industry, aiming at only small changes
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in the existing production procedures. For this reason,
work was based on positive and negative plates from
Danish manufacturers. Further emphasis was placed
on batteries suitable for use in the current Danish
development of small electric vehicles [15].

2. Experimental

Cells were built with one positive and two negative
plates in acrylic vessels, sealed with silicone resin and
secured by bolts and nuts.

Provisions were made for throughfeeds for current
and voltage connections. The cells were further provided
with a Hg,SO,/H,SO, reference electrode and a ven-
tilation tube fitted with a low-pressure self-sealing vent.

Inner dimensions of the cells were height: 90 mm,
width: 70 mm and thickness: 10-15 mm, adjusted to
obtain the desired pressure on the plate packet.

Cured and formed plates were of commercial origin,
negatives as well as positives machine-pasted on low
antimony (2.5 wt.%) grids. The plates were very uniform
in thickness and weight. The plates were cut to size
retaining the lug for soldering connection wires (plat-
inum for the positive, lead for the negative).

Plate specifications were:

(i) positives: 65 mm X 75 mm X 2 mm; active mass (PbO,):
26-28 g, and estimated (/5 capacity: 3 Ah.

(ii) negatives: two plates of 60 mm X 68 mm X 1.4 mm;
active mass (Pb): 2X 14 g, and ratio Pb/PbO,: 1.23.

The absorptive glass mat used for the separator was
a commercial product, intended for VRLA batteries
(Binzer) with the following specifications: thickness (non
compressed): 2 mm; porosity (non compressed): 95%,
and weight: 250 g/m>

Pore size for this type of separator is estimated at
20 to 30 um measured perpendicular to the sheet [16].

Compressed with 70 kPa, the thickness is reduced
to about 50% of the initial value. Separator sheets
were cut to size 70 mm X 80 mm fitting tight into the
vessel. No separate sludge space was allowed for. Sul-
furic acid of sp. gr 1.28 (molality 6.25 mol/kg) was
added in the desired amount.

Cycling was done with in-house built automatic equip-
ment, controlled by an AT-PC. Discharge was always
with constant current. Three specific currents were
used: 48, 24 and 2.4 A per kg positive mass termed
C/2.5, C/5 and C/50. C/50 to an endpoint of 1.0 V was
only used for diagnostic purposes on cells approaching
failure.

For C/5 discharges, 1.7 V was used as endpoint
throughout. The C/2.5 discharges were either deep
discharges to endpoint 1.5 V or limited discharges to
50 Ah per kg positive mass, corresponding to a depth-
of-discharge of about 60% of the initial capacity.

Results are given as Ah per kg positive mass or as
final voltage in the capacity limited discharges.

Charge was divided into two segments. The first
segment was, as a rule, composed of a galvanostatic
part until a preset cell voltage, followed by a poten-
tiostatic part at that voltage until one of the change-
over criteria to the next segment was met. The second
segment had the same structure, but with different
values for current and voltage. The change-over criteria
could be time, minimum current, charge or charge
factor.

Before the next discharge a currentless pause of at
least one hour was inserted.

The equipment could be programmed to a sequence
of two different discharge/charge profiles, eg., 10 C/2.5
discharges followed by 3 C/5 discharges.

Water decomposition was followed by weighing the
cells and, when cells were operated in the flooded
mode, water was added for about each 50th cycle.

3. Results

Fig. 1 shows the cycling behaviour of cell 9020 until
cycle 400. This cell was built with 5 sheets of glass
mat on each side of the positive, compressed to 5 mm
interelectrode distance exerting a pressure of 70 to
80 kPa.

The cell was-filled with 51 cm® acid of 1.28 sp. gr.
corresponding stoichiometrically to 250 Ah per kg pos-
itive mass.

The cell was operated in the starved electrolyte
condition, the filling of the separator pores estimated
at 85%.

Discharge was 10 C/2.5 cycles to 1.5 V followed by
3 C/5 cycles to 1.7 V. Charge was 30 A per kg positive
mass to 2.35 V until the current dropped to 5 A per
kg positive mass followed by 5 A per kg positive mass
to 2.40 V until a charge factor of 130% for the C/2.5
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Fig. 1. Cycling of cell 9020 in the recombination mode. 10 C/2.5+
3 (/5 discharges to 1.5 and 1.7 V, respectively. Capacities in Ah
per kg positive mass.
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Fig. 2. Cycling of cell 9023 in the recombination mode. 20 C/2.5
discharges to 50 Ah per kg positive mass+3 C/5 discharges to
L7 V. Only final voltage at 50 Ah per kg positive mass is shown
(C/2.5 current).

and 110% for the C/5 discharges was reached. The
total charge time was 4 to 6 h.

Fig. 1 demonstrates that this cell has a limited cycle
life, much below expectations. Degradation is obvious
from cycle 200 and at cycle 380 when the limit of
50 Ah per kg positive mass is met. The cell delivered
only 30000 Ah per kg positive mass before failure.

Fig. 2 shows results from cell 9023. This cell was
built similar to ceil 9020. Discharge sequence was 10
discharges limited to 50 Ah per kg positive mass followed
by 3 C/5 discharges to 1.7 V. The results are presented
as final voltage at 50 Ah per kg positive mass. The
constant endpoints — 1.7 V — for the inserted C/5
are omitted. (The high endpoint voltage after the
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C/5 discharges is remarkable, but not discussed in the
present context.) This cell delivered only 260 cycles or
about 20 000 Ah per kg positive mass before failure.

To investigate the quality of the plates used and the
effect of the pressure exerted by the separator, cell
9015 was built with the same plates, as a flooded cell
and with a separator configuration similar to that de-
scribed in Ref. [3], which allowed the acid to circulate,
and prevented recombination. The pressure was ad-
justed to the same value as used in the cells 9020 and
9023. The cycling history is shown in Fig. 3.

Except for a short interruption at cycle 1080, due
to a corroded positive lead terminal, the cell delivered
1400 cycles and 85 000 Ah per kg positive mass before
failure. This demonstrates the capability of the plates
used and the pressurized concept.

Apparently, this long cycle life could not be obtained
using the glass mat separator in the starved electrolyte
mode.

The reason for the premature failure of the cells
9020 and 9023 was diagnosed considering the over-
voltages (derived from the single electrode potentials
against the reference electrode) depicted in Fig. 4 for
cell 9020 at cycle 160, where the cell worked satisfac-
torily, compared with cycle 303, where degradation is
obvious. Both cycles were C/2.5 to 1.5 V endpoint. It
is very clear that at cycle 160 the positive is capacity
limiting, whereas the negative has a sufficient capacity
reserve. In cycle 303 the overvoltage of the negative
is much larger, and there is a depression of the positive
which may be due to a decrease in acid concentration.
(With the reference electrode used, the negative rest
potential is independent of acid concentration.) The
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Fig. 3. Cycling of cell 9015 with free acid (flooded mode) 20 C/2.5 discharges to 50 Ah per kg positive mass+3 C/5 discharges to 1.7 V.
Only final voltage at 50 Ah per kg positive mass is shown (C/2.5 current).
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Fig. 4. Overvoltages for positive and negative plates during C/2.5
discharge of cell 9020 at cycles 160 and 303. (—--) negative, (—)
positive plate. Cycle numbers indicated at curves.
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Fig. 5. Overvoltages for positive and negative plates during C/2.5
discharges of cell 9020 at cycle 394 (recombination) and cycle 490
(flooded mode). (- —-) negative, (—) positive plate. Cycle numbers
indicated at curves.

degradation of the negative is even more pronounced
in cycle 394 shown in Fig. 5. The same picture was
found for cell 9023.

The overvoltages during charging are shown in Fig.
6, which demonstrates that recombination works the
same way in both cycles.

The failure of the negatives in the cells 9020 and
9023 is apparently due to sulfation (this term is used
here to indicate that after charge the plate contains
PbSO, that is not recharged).

This failure mode has been discussed recently [17]
but it was considered as unimportant. However Sun
et al. [18] have demonstrated a correlation between
decreasing capacity and increasing PbSO, content in
the charged negative plate.

To offset the failure, a number of different charging
procedures was used, but with no effect. In cell 9015,
with free acid, the negatives were subjected to the same
pressure and cycling conditions and they did not show
any signs of sulfation. It was then concluded, that the
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Fig. 6. Qvervoltages for positive and negative plates during charge
of cell 9020 at cycles 160 and 303. (——-) negative, (—) positive
plate. Cycle numbers indicated at curves. Charge profile ‘TUT.
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Fig. 7. Accumulated weight loss in g per kg positive mass vs.
accumulated overcharge in Ah per kg positive mass for cell 9020
until cycle 900. Conversion to flooded mode at 8000 Ah per kg
positive mass overcharge.

failure might be due to the recombination process. To
prove this, the cells were converted to operation in the
flooded mode, by adding water at cycle 400 until the
separator was saturated with acid and a layer of 3 to
5 mm was present at top of the cell. The degree of
recombination was observed by following the weight
loss as a function of overcharge. This is shown in Fig.
7, where accumulated weight loss is shown as function
of accumulated overcharge. Until water was added,
recombination was virtually complete as demonstrated
by zero weight loss. When the separator was saturated,
the cell begins slowly to lose water by overcharge and
from cycle 500, corresponding to 9200 Ah per kg PbO,
accumulated overcharge, the water loss is proportional
to overcharge. The slope is about 80% of the stoi-
chiometric slope, showing that recombination is not
completely absent, but reduced to about 20%.

At cycle 490 the negative has regained its full capacity
as shown by the overvoltages depicted in Fig. 5. The
cycling performance when the cell was operated in the
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Fig. 8. Cycling of cell 9020 in the flooded mode. Discharge and
charge as in Fig. 1. Only capacities at the C/2.5 discharges are shown.

flooded mode, is shown in Fig. 8 demonstrating that
the cell performs satisfactorily at least to cycle 1400,
as did the cell with free acid (9015). Operated this
way cell 9020 delivered an accumulated capacity of
115000 Ah per kg positive mass.

4. A recharge model

The failure of the negative when operated in the
recombination mode is caused by an insufficient recharge
in each cycle, causing an increasing degree of sulfation.
When the surplus negative capacity, which is present
initially, is converted to PbSO, which remains uncon-
verted at the end of charge, the negative becomes
capacity limiting,.

There is an extensive literature treating the chemistry
of recombination on overcharge, viz., the processes
when both electrodes are fully charged and no PbSO,
is present, see Refs. [13,19]. However, no comprehensive
treatment of the role of recombination during recharge
has been published.

The problems during recharge can be illustrated by
considering the situation for the negative plate when
the positive plate is fully charged and all the oxygen
evolved at the positive is transported to the negative.
In this case, all current to the negative is used for
reduction of this oxygen since at the potential of the
negative during charging the overvoltage for reducing
oxygen is much more negative (about —2 V) than the
overvoltage for the other possible cathodic reaction:
lead deposition (—0.1 to —0.2 V). Thus, further charge
of the negative becomes impossible. Consequently in
this case, maintaining full capacity of the negative
requires that the negative is always fully recharged
before the positive.

In the flooded cell no such a situation can happen
because the charging of the two electrodes proceeds
independently.

The lack of balance between the two electrodes during
recharge originates from the parasitic currents con-
nected with hydrogen evolution at the negative and
oxygen evolution at the positive.

As long as both plates contain PbSO,, the reactions
and associated partial currents are:

(i) at the negative:

PbSO,=Pb ipp (1a)

H,O=H, iy (1b)

0,=H,0 i (1c)
(ii) at the positive:

PbSO = PbO, [ (2a)

H,0=0, io (2b)

The possible hydrogen oxidation at the positive is not
included, as this process only occurs at a very small
rate. If the total charging current is I, then:

I=ip,+iy+ig =ippe, tio 3

The charges added to the negative and positive elec-
trodes are respectively:

g.= [U=ia—ic) a (42)
0

q,= f([—io) dr (4b)
0]

where ¢ 1s the time on charge.

If:

f (i +ig) dr> f (io) dt &)

0 Q

then the negative is not completely recharged when
the positive is fully charged and sulfation may occur.
A similar relation was proposed previously [20].

In the recharge phase both plates work as mixed
electrodes with the electrochemical Egs. (1a)-(1¢) and
Egs. (2a)-(2b) proceeding in parallel as expressed in
Eq. (3). In this situation the partial currents are con-
trolled by the overvoltages of the corresponding re-
actions with the electrochemical rate constants as pa-
rameters. To a lesser degree also transport parameters
and the active electrode surface influence the currents.

During most of the recharge, the electrode potentials
and thus the overpotentials for the parasitic reactions
are controlled by Eqgs. (la) and (2a) as their rate
constants are big compared with the rate constants for
hydrogen and oxygen evolution. Near the end of re-
charge, however, when only small amounts of PbSO,
are present, diffusion of Pb** becomes rate determining
[21,22]. This results (at constant current) in an increase
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in the single electrode potentials and the overpotentials
for Eqgs. (1b) and (2b).

Concerning the oxygen reduction current iy at the
negative electrode, the overpotential is that much neg-
ative, that it proceeds in the limiting current region
and all oxygen arriving to the negative is reduced. Thus,
this current is controlled by the transport conditions
mainly through the separator. If vy is the fraction of
oxygen transported to the negative, we have:

Ir="%Yio (6)
where vy is the recombination efficiency.

Egs. (1b) and (2b) have also large overvoltages: —0.4
to —0.6 V and 0.5 to 0.6 V, respectively. They work
in the Tafel region [23,24] where the current is ex-
ponentially dependent on overvoltage. The rate con-
stants are small in particular for hydrogen evolution.

In the following a crude linear approximation is used
for the currents iy and i, in the recharge region. It
is assumed that they are zero up to a certain degree
of recharge and then constitute a constant fraction of
the charge current. There is some justification for this
model in the practical observations that gas evolution
is near zero in the beginning and first becomes important
when a certain degree of charge is reached [25].

It is convenient to formulate the proposed model in
terms of the states of recharge, s, and s_ for the
positive and negative plate, respectively:

1

s_= 1/qd<fiPb dt) (72)

o

'3

S, = 1/qd(fil>b02 dt) (7b)

(o]

where g, is the capacity delivered during the preceding
discharge.

If s is the state of recharge where oxygen evolution
begins and B the fraction of current used for oxygen
evolution the model for the recharge of the positive
plate is:

5, <S8 Ippo, =1 (8a)
56<85, <1 ippo,=(1—B) (8b)
s.=1 ippo, =0 (8¢)

The corresponding parameters for hydrogen evolution
are sy and o It is a common observation [26] that
oxygen evolution starts before hydrogen evolution (the
rate constant for hydrogen evolution is much smaller)
thus sy > 5. Taking the current used for recombination
into consideration and at sufficient recombination ef-
ficiency, the model for the negative is:

s_<5¢o ipo=1 (9a)

ipy = (1= By} (9b)
s, =1;5y<s_<s* ipp=(1—a—By)l (%¢)

So<8§_ <Sy

where s* is the value of s_ when the positive is fully
charged.
If (a+7y)<1 then:

s.=1; s*<s_<1 ipp=01—a—y)I (9d)

however if (a++y)>1, then recharge of the negative
above s* is impossible.

Maodification of this model for the case of low or no
recombination is obvious.

The state of recharge can be found by integration
as functions of the charge factor, ¢, defined as:

c= 1/qd{ f I dt} (10)

Then for the positive:

5, <So 5, =cC (11a)

so<s, <1 s.={1-B)c+Pso (11b)

which gives the charge factor for s, =1:

.= 1o (12)
1-8

If the charge factor for s_=sy is ¢y, then for the
negative:

s_=c¢ (13a)
s-=(1=By)c+Byo  (13b)

5. <So

So<§5_ <Sy

ifs*<1; sp<s_<s* s =(1—a—By)(c—cuy)+su

(13c¢)
¢y can be found from:

Cry= Su—B¥So (14)
1By
If recombination is sufficiently small, the negative may

gct fully recharged before the positive. In this case,
we may get a charge factor, c_, for s_=1:

1—SH
+ —_
‘H 1—a— By

(15)

c_<c, c_=

If the positive is recharged at first, the critical value
for the state-of-charge of the negative may be found
from:

s*=sa+(1—a—By)(c, —cp) (16)

With complete recombination, y=1, the loss in negative
recharge in each cycle: 1—s* is:

A=1—g*= I—E’—B (1—54) (17)
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In the case of a+y<1, recharge of the negative can
continue beyond c¢,. The charge factor necessary to
obtain full recharge is then:

. 1-s*

c*=c, + ——1_0‘_7 (18)
As demonstrated below this charge factor may be
prohibitively large.

The contents of the above equations are illustrated
in Figs. 9 to 11, where the states of recharge, s, and
s_, are depicted against the charge factor c¢. The
parameters «, B, v and s, and sy are chosen somewhat
at random in order to illustrate the important points
in the recharge theory. The oxygen-evolution parameters
are estimated from data in the literature [26,27], whereas
the hydrogen evolution is overestimated for a virgin
(not cycled) plate.

In Fig. 9, the recharge for the positive and for the
negative for complete recombination (y=1) and for
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plate at different degrees of recombination. (~—-) and (+) y=0;
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Fig. 11. Calculated state of recharge vs. charge factor for negative
plate at different hydrogen-evolution rates. a/si: (~—-) and (+)
0.1/0.8; (—) and (%) 0.125/0.7; (- ——) and (1) 0.15/0.6; (—) and
(*) 0.2/0.4. Other parameters: y=0.8; 55=0.3, p=0.2.

partial recombination (y=0.75) is shown. It is seen
that the positive attains full charge first. For y=1, the
negative can only be recharged to 90% of the preceding
discharge, whereas for y=0.75 full recharge can be
obtained, but only at an unpractical overcharge of 70%.

In Fig. 10, the effect of varying the recharge efficiency
is demonstrated. With the parameters used, reasonable
recharge is obtained for y<0.5.

Eq. (17), even if valid only for y=1, points to the
dominating influence of the hydrogen-evolution rate.
Fig. 11 shows how, for a reasonable value of recom-
bination: y=0.8, the hydrogen-evolution parameters
influence the recharge possibilities.

5. Discussion

It may be argued that the model used above for the
partial currents is too crude to describe the recharge
process. But simple qualitative arguments, independent
of the model, give, in limiting cases, the same results.

The model is intended for a systematic approach to
a description of the way the critical factors, hydrogen
evolution and recombination efficiency, influence the
recharge of the negative plate. When, as in sealed and
valve-regulated batteries, a high recombination effi-
ciency is desired even a small amount of hydrogen
evolution may cause insufficient recharge of the negative
plate.

As the accumulated loss of capacity is proportional
to the depth-of-discharge and the number of cycles,
this loss may be of minor importance in applications
where only shallow cycles or a few deep cycles are
required. However, if as in motive power applications
the demand is 1000 to 1500 deep cycles a recharge
efficiency above 99.9% is necessary.
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The decrease in negative capacity can be partially
counteracted by designing the cell with a large excess
of negative mass, which is mostly done to facilitate
recombination. But this is of little help as the insufficient
recharge leaves unconverted PbSO, which reduces the
amount of acid. As recombinant cells are often designed
with a minimum of acid, this loss may be critical
depressing the positive capacity and the cell voltage.

The rate of hydrogen evolution depends primarily
on the purity of the spongy lead in the negative.
Deposition of impurities as, e.g., antimony may increase
the hydrogen-evolution rate considerably. For this rea-
son, the grid alloy used for the positive plate is a critical
factor. If an antimony alloy is used, corrosion of the
positive grid during long-term cycling will liberate an-
timony, which eventually is deposited in the negative
plate [28-31]. This makes control of hydrogen evolution
extremely difficult.

To get a quantitative estimate of this effect, Tafel
curves for hydrogen evolution on the negative plate of
cell 9020 after 1600 cycles were measured and compared
with hydrogen evolution on a not cycled plate. These
curves are shown in Fig. 12. Estimates of the rate
constants show that during cycling the rate constant
for hydrogen evolution has increased by a factor of at
least 100. This explains why continued operation of
the cell in the recombination mode was impossible.

Thus, due to grid corrosion the use of antimonial
grids for the positive electrode appears to be extremely
critical. A possible remedy may be the addition of
inhibitors for hydrogen evolution [31].

Lead—calcium alloys have been used for the negative
to suppress hydrogen evolution on this grid. These
alloys may be a possibility also for the positive grid,
but there is some uncertainty as to the reliability of
the positive plate with non-antimonial grids. Fortuitous
failure apparently occurs at some cycling conditions

,15~/_
Nys _
.05 _

1 1 | | 1 L I L } ‘

0
-1.2 -1 -B -6 -4 -.2 0 .2 .4 .B .8 1
In {Current/ (mA/cm@)}

{Overvoltage (vs. Pb)}/V.
w
(3]
1

Fig. 12. Tafel plots for hydrogen evolution on (~--) virgin and
(—) cycled negative plate in 1.28 sp. gr. H,SO,. Overvoltages/V
(relative to Pb rest potential) vs. In(current/mA cm™2).

[17,32] even if the addition of a tin coating appears
advantageous [33].

It is also reported that in combination with a com-
pressed absorptive glass mat separator these failures
are less frequent. Anyhow, VRLA batteries built this
way are reported to deliver up to 1000 cycles with an
80% depth-of-discharge [34,35].

6. Conclusions

From the literature one gets the impression that the
main reason for suppressing hydrogen evolution is the
need to avoid water loss in valve-regulated cells or to
prevent excessive internal pressure in sealed cells
[36,37]. This may apply to stand-by and shallow cycling
applications.

The present work points to the fact that hydrogen
evolution in combination with a high recombination
efficiency may cause loss of negative capacity and sul-
fation, thus impeding the possibility of obtaining a large
number of deep cycles.

In order to minimize hydrogen evolution, antimony-
free grids both for the positive and the negative are
recommended. However, deep cycling of batteries with
antimony-free positive grids may present problems for
the positive plate. Even with such grids a small amount
of hydrogen evolution or corrosion of the negative by
oxygen from the outside may still occur.

For these reasons it has been stated that ‘oxygen
recombination is clearly desirable to some extent, but
it is becoming clear that only a moderate level of
recombination may be optimal for these systems’ [38].

The present work supports this point of view, and
aims at providing an approach to choose the best balance
between projected cycle life, recombination efficiency
and measures to minimize hydrogen evolution.

List of symbols

c recharge factor, defined in Eq. (10)

c, recharge factor for full recharge of positive
plate, defined in Eq. (12)

c_ recharge factor for negative plate when fully
rechargeable, defined in Eq. (15)

c* recharge factor, when negative can be recharged
after full charge of positive, defined in Eq. (18)

CH recharge factor for negative when hydrogen
evolution begins

I charge current

iy partial current for hydrogen evolution at neg-
ative

ipo partial current for lead deposition

lpbo,  partial current for PbO, formation
io partial current for oxygen evolution at positive
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partial current for oxygen reduction at negative
charge delivered during preceding discharge

charge accepted by negative, defined in Eq. (4a)
charge accepted by positive, defined in Eq. (4b)
state of recharge of negative, defined in Eq.
(7a)

state of recharge of positive, defined in Eq.
(7b)

state of recharge of negative, when hydrogen
evolution begins

state of recharge of positive, when oxygen evo-
lution begins

state of recharge of negative, when positive is
fully charged, assumed that s_ <1; defined in
Eq. (16)

recharge time (s)

Greek letters

a proportionality factor for hydrogen evolution
at negative

B proportionality factor for oxygen evolution at
positive

y recombination efficiency
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