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Abstract

Gelled-electrolyte and fooded-glectrelyre [ead/acid batteries are cycled pecording (o3 new schedule tharis based on panial-state-of-charge
operation. With this stralegy. the energy delivery af gelled-elecrolyle batteries inereasss threefold, compared with 1hat expeciod endst
wadicional eveling procedures. In addicon, overcherge b5 reduced by an oeder of magninade. This peovides charging efficiencies of up to
90.5%, Under the same dory, Booded-electrolyte batteries <! rrematarely dus 1o degradation of active-ralenial at the batsm af the posilive
plates, Thas limdtation is indueed by increased active-material ysilization as 3 result of seid seratifization. The pheromenan is lermed Nocalized
PCLY, and is explained in terms of the uniform theary af PCL thet kas been developed by CSIRO.

Krywordr: Leadfacid bameries; Gelled-elecernline: Acid siratifieaton; Pertial-stare-al-charpe: Cycle 1ife; Presmamurs cagacity bt

L. Introduction

The lead/acid battery was the first rechargeable baliery 1o
be commercialized and is still the mosteommonly ussd. Pres-
ent applications include: starting, lighting and ignition {(SLI)
of automobiles; telecommunications; stationary back-up
power; molive power; remole arca power supply {RAPS)
gystems; portable power. The batteries are generally parpese-
built for each dury in crder to sasfy specihc perfarmance
requirements,

The first lead/acid hatteries employed a flooded-¢lectro-
lyte design. This technology remained the only one available
until the early 1960s, when the German battery company,
Sopnenschein  AG, placed  valve-regulated  lead/facid
{¥RLA) technology on the market. The Sonnenschein bat-
tery sccommeodates the acid in a gel that is formed by mixing
the electrolyte solution with fine panticles of silicon dioxide
(gelted-electrolyte design). In 1972, the Gales Rubber
Company commercialized a sacond type of VRLA battery,
i.e., one that contains the electrolyte in absorplive glass-
micrafibre separaters { AGM design).

YRLA batteries are variously referred 1o a5 'mainlenances
free', ‘sealed’, ‘recombinant-elecmolyte’, "starved-glectro-
Iyie’, or ‘immaobilized-elecoolye” systems. They have
ceriain advantages and disadvanmges relative Lo thelr
flooded-electralyte counterparts [1]. For example, YRLA
batieries do nOE require water maintenance or spesial veatl-
lation, are easily transported. emit negligible acid fumes, can
be operated horizontally, and require less space due 19 multi-
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stacking. On the other hand, VRLA baiterics requise very
careful charging and their performance at elevaied tempera-
tures is questionahle.

Both Aooded-electrolyte [2-5] and AGM batteries [7.8]
can sulfer from acid strutification. In simple terms, this phe-
nomenoncan be defined a3 *a build-up of higher strength acid
at (ke bottom of the banery'. Stratfication occurs because
sulfuric acid has a high density and, when formed during the
charging process, can sink (o the battom of the battery con-
tminer. This behavious results in a decrease in battery capacity
due to uneven wtilization of the active material [ 2-5]. Mare-
aver, if the resulting concentration gradient is allowed 1o
remain for extended periods, premature failure of the batery
can ocour [2-T].

Acid stratification in AGM batieries can be minimized
through proper cell design [9). For instance. the e of high
quality glass mat and short plate heights can each provide a
significant reduction in stratification. It is also important 10
schieve the comect level of acid fll within the glass mat
Cwersaiuration of the AGM separators can render the batiery
mare susceptible 10 acid strutification, and once stratification
has ocewrred, it is very difficult to remove.

The problem of acid stratification in fooded-electrolyie
balteries ean be ameliomted by providing sufficient over-
charge during the charging procedure. Indeed, this technique
is usually performed on a regular basis through a so-called
‘equalization charge". The gas produced during this period
mixes the electrolyle and equalizes the acid concentration
withineach cell. Unfartunately, the additicnal overchargecon
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increase the corrosion of the posilive grids and, thereby, can
shorten significantly the life of the battery.

As part of 4 continuing ressarch programme iato advanced
VRLA technology, CSIRO has been secking means (o
improve the manufacture and operation of gelled-clectralyte
batteries. This paper describes preliminary results from a
new operating strategy for gelled-slectrolyts baneries. The
strategy capitalizes on the main advanage of the bauery
technelogy, ie., ils resistance to acid stratification.

2, Experimental

Batieries of both flaoded- and gelled-clectrolyle design are
eyeled under a partial-stute-of-charge profile (Fig. 1), The
schedule is comprised of three regimes. Regime 1 consists af
an initial discharge at the Cy/5 rate for 3 h 1o o nominal 40%
state-of-charge (S0C).

Regime 2 involves recharging at the 0.6 Co/f5 rate for 2.5
h to 70% SOC, then discharging at the €5/ 5 rate for 15 ho
40% S0OC {note, from this point onwards, 2 ‘cycle” is defined
as a discharge to 40% SOC followsd by a charge (o 70%).
The sequence §s continued for 2 weeks (ie., 84 cycles), or
until the battery voltage drops to 1.75 V/cell. The banery is
then subjected to regime 3 (note, regime 2 terminates with
the battery at a nominal S0C of 40%).

Repime 3 comprises the following: (i) a Cy/5 rate dis-
charge to 1.75 Weell; (ii) a resteration charge af the Cy/5
rute until a pre-set voltage is reached (2.4 V/cell for gelled-
electrolyte batteries: 2,55 V/eell for Aooded-clectralyte
units), then consiant-voltage charging for 9 h; (ili} a Cy/35
rate discharge to 1.75 V/eell, and (iv) repeat af step (1i). If
the eapocity recorded during the second discharge is lower
than 75% of the initial value, the battery is considered to have
failed and is removed from the test. If the capacity of the
banery is above 75%, it is returned to the start of the iext
ssquence.

Equipment designed and manufactured in the CSIRO [ab-
cratories was used for batery cyeling. The batteries were
tested in an air-conditioned room maintained a1 20 °C+2.
Capacities are quoted at the G5 mte unless stated
caherwise.
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3. Resulls and discursion

3.1, Elecieolyte stratification nnder partial-siafe-af-charge
operation

Gelled-elecrolyte (6 V, 143 Ah) and Aooded-electrolyle
batteries {6 V, 115 Ah) were cycled under the parial-state-
of-charge profile. The specific gravity {sp. gr.) of the acid in
the flooded-electrolyle bansres wos measured at wo-day
intervals during regime 2. Results for a rypical iwo-week
period are presented in Fig. 2. The data are expressed as the
difference (ASG) between the density (in points) of the
elecirolyie at the bottom and the top of the banery at 70%
SOC {nate, the ASG values at 40% SOC followed a similar
trend (o those abtained ot 70% SOC),

Druring the cycling period, the ASG of the Aooded-¢lectro-
lyte bastery increased from 60 to 130 peinis. This deman-
strates that £ gnificant strati ication of the electrolyte solution
pecurs during the twe-wezkly eycling peried. (Mo, the .50
value of 60 poinis at the commencement of the given pwe-
weekly cycling period indicates that stratification was not
entirely removed by the previous equalization charge.)

The gellad-electrolyte and Aooded-clecmalyte batteries lost
5 and 15%, mspectively, of their initial capacities during
tegime 2 of the partial-state-of-charge schedule. This decline
in perfermance can be attriboted 1o self-discharge, chaging
inefficiencies, acid stratification, or to a combination of all
three.

Self-discharge processes are expected to decrease the
capacity of the gelled-electrolyte battery by approximately |
10 2% during regime 2, i.e., by 2 1o 4% per month [10]. The
carresponding decrease for the fooded-electralyle battery
would be 310 5%, or & to 10% per month [11]. The latter
battery contains antimony that is known to increase the rate
of sell-discharge.

Losses die to charging inefficiencies are also possible,
Meverntheless, these are considered to be negligible as the
conversion of lead sulfate to lead dioaide 21 S0Cs < 30%
has an efficiency very close (o 100%. Therefore, the addi-
tdonal loss of eapacity that occurred in the baiteries dunng
regime 2, iz, the difference between the tetal capasity loss
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Fig. 2 Differmes |n electodyte sp, gr. (4.55) besween oo and top of
Apoded-elarimiyie battery cyeled under pantial-sise-of changs hashnont.
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and the capacity loss due o self-dischasge, can be antribuied
to acid stratificaiion. In the above tesis. a ASG value of 130
points in the fooded-elecrolyle baitery resulied in a 10 1o
12% capacity loss. Similar tesults have been obtained by
ather aisthors. Far example, Sunu and Burrows [2] showed
that a A5G of 100 points reduced the capacity of a flooded-
electrolyte battery by sbout 10%, while Shimpo et al. (4]
faund that a ASG of 180 points yielded a 10% loss. The
decrease in capacity with increasing elecwrolyte sratification
has been atributed [2-5] 1o non-uniform wtiliztion of the
active material. That is, active material in contact with the
stronger acid at the bottom of the battery is discharged
preferentinlly.

The voltage at the end of both the charge peried (TOCY)
and the discharge perod (EQDY) during regime 2 of
the partial-state-of-charge schedule was recarded. Data for
a typical two-week period are presenied in Figs.3 and 4
for fooded-electrolyte and gelled-clectrolyte batteries,
respectively. ;

The TOCY of the flooded-electrolyts battery increased by
~ 500 eV during the 34 cycles of regime & Coacomitantly,
the EODY decreased by =200 mV. Shimpo etal. [4] have
performed similar experiments and observed equivalent
changes in TOCV and EODV. The variations were related
dizecty 1o the degree of acid strutification that developed in
the basery.

Changes in TOCY and EODV were also observed for the
gelled-clectrolyte battery during partial-siate-of-charge oper-
ation, The variations wers minimal, however, compared with
those recorded for the Aooded-electralyts unit, i, 150 and
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Fig. 4, Typical voltage daip for peibod-cdecmmiyne basery duriag rep-week
eyvcles () TOCY, and (&) EODV,

40mV for TOCY and EODV, respectively (see Fig. 4). The
small varintions are consistent with neglighle acid swratifi-
cation and support previous claims [10] that the technology
is quite immune to this problem.

In conclusion, aelled-electrolyte batteries are shown 10 be
resistant to elecrolyte stratificatlon, By contrast, electralyte
stratification in flooded-electrolyte units causes capacity lass
and greater rises in voltage during charging. The Latter =ffect
on voltage results [n poor charge efficiency. Finally, electro-
Iyte stratification can be quantified in wrms of shifis in both
TOCV and EODV during partial-state-of-charge operation.
In pafticular, measurements of EQODV and TOCY abtained
under pantjal-state-of-charge conditions may provide a wseful
‘non-destructive’ technique to assess the resistanceof VRLA
batteries to stratification. This is especially relevant o AGM
units, a8 they are known to be susceptible to this probleem.

3.2, Cyele life under partial-seate-of-charge aperation

An evaluntion was made of the performance of (wo types
of bauery that differed in design and intended application.
Oine banery contined gelled-electrolyte, used 3.5 mm thick
pasitive plates, and was designed for general-purpase duty.
The other bartery was a flooded-clectralyte wnit, had thick
pasitive plates (5.5 mm), and was built specifically for
deep-cycle use.

The endurance of both batterics under the partial-state-of-
chargs schedule is summarized in Fig. 5. The gellsd-clectre-
Iyte battery has completed 5500 cycles and is still operating
at 98% of its criginal capacity. This corresponds to a total
energy delivery af 235 950 Ah. {Note, the decrease in capa-
ity berween cycles 2500 and 4000 was related to 2 problem
with the cyeling equipment. After the fault was rectified, the
eapacity of the battery increased 1o ~ 100% of the criginal
value,}) By contast, the flooded-electrolyte bamery failed
after only 1796 cycles, or 61 962 Ah.

3.3, Gelled-electrolyre botrery
The cycle life and asseciated delivery of energy claimed

by manufacturers of gelled-electralyte bateries under tradi-
tional eycling conditions, i.e., a full recharge afler each dis-
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Fig. 5. Cycle life of batcrie opensed under paial-se-ofchargs dofy.
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charge, at varying depths-of-dischorge are givenin Fig. 6 and
Table |, respectively. The encrgy delivery under partinl-
stale-afcharge duty (235 950 Ah) iz approximatsly three
mes that obtained under traditional eyeling conditions to
60% depth-of-discharge, i.a., 40% SOC viz. 77 000 Ah. This
marked increnze in energy is not atiributahle to the moderate
depth-ol-dischargs of the pardal-state-of-charge profile, ie.,
§0%, a5 decreasing the depth-of-discharge from 100 to 20%
under traditional operating conditions will offer caly a
small increase In epergy delivery, ie, 20 500 Ah or 304
{Table 1).

Under normal charging schedulss, a valve-regulated bat-
tery receives approximately 105% of the energy delivered
during discharge, i.e.. the charging efficiency is ~%5%. By
contrast, a baiery operated under partial-state-charge condi-
ons is subjected to two full recharges every 84 cyeles, ie.,
every two weeks), Each recharge delivers 105% of the rated
capacity of the battery, or 7 Ah of overcharge. Hence, for
every B4 cycles or 3604 Ah of energy delivered, the baltery
receives only 14 Ah of overcharge. This corresponds o a
charge efficiency of #9.5%., (Notg, a batnery thathas delivered
J604 Ah under maditional conmol swategies will receive
= 105% ol 3604 Ah in overcharge, .., ~ 180 Ah,) In other
words, partial-state-of-charge operation can reduce over-
charge and related oxygen production by more than an onder
of mognitude, compared with waditional operating algo-
rithms. Clearly, therefore, refuced overcharge is responsible
for the greater delivery of encrgy under partial-state-of-
charge duty,

Positive-grid cormosion i3 a conamon failure mede in @
designs of lead/acid havery [11,12°, Although several fa
lars, ¢.g. temperaure and acid strength, enhance cormosis
the activity of oxypen near the grid is considered to exert
significant influence. Hence, any desrease in gassing dudn
charging will reducs the corrosive atack,

Gassing during charging has also been noted [11,12] 1
affect the performance of the positive plaie. The vigorou
evolution and movement of gas through the positive active
miulerial can disrupt and degrade the integral structare of th
positive plate, and thus accelerats Failure, Such degradation

. of the positive active-material during charging can now b

explained in terms of the 'uniform theory” of prematur

capacity loss (PCL) developed recently by CSIRO [ 13,14,

‘This concept describes PCL as: *a loss of electrical conduc-
tivity in the active mass that is caused by the progressiv.
expansion of the pesitive active-massduring eycling”. Hence
excessive gassing during charging could weaken the mechan-
ital integrity of the backbene lead dioxide structure, and leac
to isolation of active muterial, loss of electrical contact, anc
decrense in capacity,

34 Flooded-alecirolyte battery

The flooded-clectrolyte battery provided 1796 cycles
under partial-state-of-charge conditions (Fig. 5). This cor-
responded 10 3 total energy delivery of 61 962 Ah. Under
traditional operating conditions, the battery is expected to
deliver ~ 1200 cycles to 100% depth-of-discharge, ar
138 000 Ah. This two-fold decrense in performance is aturib-
uled 1o acid strotification (see Section 3.1, above).

TradiGonally, battery failire from acid stratificaton has
been attributed 1o sulfation of the negative plates [2.4,7]. A
full tear-down and analysis of the abowe battery revealed.
however, that the negative plates were in good condition and
that failure was related 1o the positive plates. The active mate-
rial at the bottom of the positive plates was in a poar condi-
tion: it had undergone significant expansion, was very soft,
lacked cohesion, and was poorly bondad 1o the grid. Towl
loss of the material from the plate was only prevented by the
presence of separator envelopes.

The degradation of the pasitive active-material and related
battery failure can be explained in terms of the uniform theory
of PCL [13,14]. As described above, PCL occurs when the
positive active-material undergoes a progressive increase in
volume, This increass resulls in a lozs of contoet and, hence,
electrical conductivity within the active mass. Further, PCL
is exacerbated by increnses in active-material utilization.
Stratificd batleries are known 10 experience higher active-
material utilization at the bottom of the plases than at the top,
due to the accumulation of strong acid in the lower regions
a5 a result of inadequate charging. For the Mooded-electrolyte
battery, it is therefore suggested that the deterioration of the
pasitive active-materinl at the bottom of the plates, and sub-
sequent failure, is aconsequence of inereated activesmalerial
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utilization and the ocruTence of PCL. We call this type of
capacity loss: ‘localized PCL.

The relationship between electrolytestratification and PCL
has been cxamined previously in our [aboratories [6]. Tt was
ahserved that batteries aperated under incomplete charging
canditions failed prematurely, but neither the positive nerthe
negative plates contnined appreciable levels of sulfate. In the
ahsenee of any obvious mode of failure {even though severs
de gradation of the active material at the botiom of plales was
noled), the eapacity loss was atributed 1o PCL in general.
While the dingnosis was indeed appropriate, it was not
mngnmdmmmnﬂmwmdmmemmmnf
the posiiive plates in 2 localized manner, rather than in a
homegeneous fashion throughout the plates.

4, Conclusions

{thas been shown that the ensrgy available over the lifetime
of gelled-electrolyte baneries can be increasad by a factor of
at least three through the use of advanced charging alge-
rithmis. Such strategies can alss provide charging efficiencics
a3 high as 99.5%. The method invelves cperating batteries
under partial-state-of-charge conditions. This procedure acts
1o reduce capacity losses that are associated with corrosion
and overcharge processes. Long-term operation under partial-
staze-of-charge conditions is possible with gelled-clectralytz
technology because the batteries are not susceplible to acid
stratification.

Flooded-electrolyte batteries have been shown to fail pre-
mamrely under partial-siate-af-chargs conditions. The poor
perfarmance has been attributed to acid stratification that
resulls in increased ncid concentration and, correspondingly,
greater nctive-material wilization in the lower regions of the
positive plotes.

The losses in copasity that oecur in lead/acid batteries due
to both acid stratification and excessive overcharge can now
be explained in terms of PCL. In particular, it has besn con-
cluded that PCL can oceur in localized regions within the
positive active-material: it does not necessarily ocour uni-

formly throvghout the plae. This phenomenon has been
termed “localized PCL".

Finally, the partial-staie-of-charge algorithm is being
developed further toincrease the energy available during each
discharge. At present, the operational strategy offers enly
06 of the availoble capacity of the baitery before o recharge
is required. Accordingly, SOC operating windows of 80 (o
20¥% and 30 to 209 are being investigated. With such devel-
opments, up to T0% of the capacity would be available during
a single discharge, This level of eapaciry delivery would mest
most operating requirements. The affect of partial-state-of-
charge cycling on long strings of gelled-¢lectrolyte batteries
is also being exomined.
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