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Abstract

A detailed evaluation 1s made of the performance of a wade range of lead/acid battery
technologies operating under both simulated and field conditions encountered mn remote-
area power-supply (RAPS) duty Laboratory studies indicate thai the most promsing
designs of battery are (1) flat-plate, flooded-electrolyte, with thuck plates and low-antimony
positive gnds, (n) tubular-plate, flooded-electrolyte, with granular oxade (in) flat~/tubular-
plate, gelled-electrolyte For the first two technologies, tins prediction has been reabized
by the placement and successful operation of battenes it RAPS field sites Battery failure
1s associated mamnly with degradation of the positive plate, namely, breakdown /shedding
of active matenal, together with the development of inter-plate short circuits, corrosion/
growth of gnids, wreversible sulphation (including penetration of separators) Information
acquired from the research programme 1s bemng used to design advanced RAPS batteres
The latter are currently under assessment, both in the laboratory and i RAPS installations

Introduction

Remote-area power-supply (RAPS) systems provide electrical power to
1solated homesteads and communities that are demed access t0 a mains gnd.
Such facihties also find apphication m localities serviced by a utility electricity
network, but where the required connection and mamtenance costs are
prohibitive The mtroduction of RAPS systems that mcorporate renewable
energy sources assists 1in the conservation of fossil fuels and helps to protect
the environment (e.g, through alleviation of the Greenhouse Effect).

Renewable energy for RAPS systerns 1s generally obtained from pho-
tovoltaic (PV) arrays and wind generators. Lead/acid batteries are commonly
used to store and delver the electrical energy denived from these sources
The relatively short service hfe expernienced with present-technology batteries
18, however, a major mmpedunent to the future advancement of RAPS systems.
This hrutation 1s mposed by the complex nature and the ngours of the
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charge /discharge regnmes encountered m RAPS operation, and the consequent
difficulty m ensuring that the batteries operate under conditions conducive
to maxmmum hfe performance

A research programme 1s bemng conducted 1 the CSIRO laboratories to
obtain a thorough understanding of the extent to which present battery
designs meet the requirements of RAPS service The work mvolves a detailed
assessment of a range of batteries under both simulated and field RAPS
duties From the data collected, strategies are bemg devised to overcome
the observed shortcomings 1n battery design, manufacture, and performance,
thereby stimulating and accelerating the development of purpose-built RAPS
battertes.

Simulation of RAPS service

Simulated RAPS duty profiles have been formulated using msolation
levels and load data recorded at RAPS sites around Australia [1, 2]. The
denved profiles are termed ‘7-day” or *1-day’, the periods relate to the nmmber
of days that elapse before the battery 1s returned to a full state-of-charge
{SOC) Battenes subjected to these profiles are mamtamed at a constant
temperature of 26 °C

The 7-day profile imposes a gradual decrease in SOC to approxumately
32% over a period of seven days. On average, the battery 15 requred to
deliver about 45% of 1ts nominal capacity per day (note, the accompanymg
solar energy mput results in a higher net SOC) By contrast, battenes are
cycled to 26% SOC on the 1-day profile In addition, the ‘work’ performed
per day by the battery 1s equivalent to approximately 100% of the normnal
capacity Thus, the 1-day profile exerts a more strenuous charge/discharge
regime on a battery than the 7-day profile. The C/5 capacities of batteres
under both regimes are determined every four weeks Battery failure 1s
arbitrarily taken as the point at which the C/5 capacity has fallen to 75%
of the nominal value

As yet, relatively few batteries have been evaluated on the 1-day profile
Hence, the following discussion is hmited to data obtained under the 7.day
profile.

Performance of batteries under simulated RAPS service

The results for hatteries operated under the 7-day profile are summarized
it Fig 1 It can be seen that flat-plate, flooded-electrolyte battenes, with
varying levels of antimony (0—5 wt % Sb) 1n the posttive gnd, display widely
differmng cycle hves This finding 1s not consistent with the firmly held behef
for motive-power (1 e , heavy duty) applications that imncrease in gnd antimony
content extends cycle hfe [3]. Thus, the relatively good performance of the
antimony-free battery 1s not readily explained It should be noted, however,
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Fig 1 Performance of batteries under 7-day RAPS profile Thickness (mm) and antimony
content (wt.%) of positive grids as shown

that both the longest serving battery {with a low antimony gnd) and the
antimony-free umt have thick positive plates It appears, therefore, that plate
thickness 15 a design parameter that i1s at least as important as gnd antimony
content 1 determimng battery cycle hife under RAPS duty.

Battery mamtenance 1s alsc a major 1ssue in RAPS applications Given
that access to the systems 1s often difficult and that users are generally
mexperienced mn battery management, 1t 1s desirable to keep the frequency
of water additions to a mimmum The rate of water consumption generally
decreases with decrease 1n the antimony content of the positive gnd (Fig
2}, and smce low-antimony batteries have exhibited rehable performance
under smmulated RAPS service (see above), there are good prospects that
water-maintenance requirements can be reduced to a tolerable level durmg
field service

Autopsies of flat-plate, flooded-electrolyte nnts revealed that losses m
capacity were mainly related to degradation of the positive plates (Fig. 3(a))
In particular, softeming/shedding of the active matenal and corrosion/growth
of the grids had taken place and, in extreme cases, had given rise to mter-
plate short circuuts The latter developed across the lower parts of the negative
and posttive plates following build-up of conductive debris m the base of
the contamer, and/or along the plates’ edges as a consequence of ‘mossing’
— the formation of volummmous deposits at the negative plates through
reduction of dispersed positive active matenial during chargimmg Short cireurts
were also found to result from ‘leading-through’ of the separators. In many
mstances, the positive plates were held together solely by pressure from the
adjacent negative plates and separators The use of envelope separation
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Fig 2 Progressive water consumption of flat-plate, flooded-electrolyte battenes under 7-day
RAPS profile

reduced significantly the shedding of positive active matenal and therefore
the mcidence of mternal short-circuits In a further development, the man-
ufacturer of the batteries ytelding the best performance (type (f), Fig 1)
has mumimized the possibihity of mossmg by covering the edges and upper
parts of the negative plates with plastic guards Degradation processes were
generally more acute in battenes with thin positive plates. This remforces
the earher observation that thick plates are requured 1if battenes are to
withstand adequately the stresses mposed by heavy charge/discharge duty
Tubular-plate, flooded-electrolyte batteries possess features that promise
good performance under RAPS duty [3] To date, batteries have lived up to
this expectation and, except for a few trivial quality-control problems, all
units have giwven trouble-free operation (Fig 1) Corrosive attack of the gnds
has not been exceptional and has proceeded 1n a umiform manner (Fig 3(b)).
A lowenng of the antimony content from the traditional level of ~ 10 wt %
to 3 wt % (due to advances i grnid-fabncation procedures) 1s found to cause
a 75% reduction in water consumption under the 7-day profile
Valve-regulated batteries (VRBs) do not require water additions during
their normal service Iife and are therefore particularly attractive for unattended
RAPS sites where access 1s difficult and/or expensive In these batteries, the
electrolyte 1s munobilized by using erther an absorptive glass-microfibre
separator or a gelled electrolyte With such arrangements, oxygen hberated
at the positive plate during charging diffuses readily to the negative plate
where it reacts to form lead sulphate and water, thus minirmzing water loss
The performance of ‘maintenance-free’ VRBs, using glass-microfibre sepa-
ration, has been disappomtmg (Fig 1). The faillure mode 1s associated with
heavy and wreversible sulphation of the positive plates From thus observation
it has become clear that the use of glass-macrofibre VEBs in RAPS duties
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Fig 3 Electron mucrographs of polished cross-sections of positive plates from cycled batteries
(a) flat-plate, flooded-electrolyte, (b} tubular-plate, flooded-electrolyte, (¢} flat-plate, gelled-
electrolyte — all under simulated RAPS duty, (d) flat-plate, flooded-electrolyte under RAPS
field duty Magnfication bar= 1000 um

requires dedicated charging procedures By contrast, the service of gelled-
electrolyte umts 1s, to date, matching that of the best flat-plate, flooded-
electrolyte units. Examination after ended penods of service shows that the
gnds have undergone extensive corrosion with subsequent isolation of the
plate matenal (Fig 3(c)) Relable operation of gelled-electrolyte batteries
under RAPS operation at elevated temperatures (e g., 4050 °C) has yet to
be proved. In addition, careful regulation of the charging regime 15 required
to avoid overcharging If left unabated, the latter will cause drying out of
the gel and, thereby, premature fallure of the battery.

In summary, the results of laboratory studies using simulated RAPS duty
profiles have indicated that certamn designs of both flat-plate and tubular-
plate, flooded-electrolyte battenes, as well as gelled-electrolyte battenes, are
promusing candidates for RAPS applications
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Performance of batteries in RAPS installations

In addition to the shove extensive laboratory programme, the service
of battenes in three stand-alone RAPS mstailations 1s bemg monitored Each
site 15 equipped with a data-loggmg umt that records all aspects of system
operation. In concert with laboratory studies, the cniterion for battery failure
18 759% of the nommal C/5 capacity Naturally, battery temperature does not
remamn constant i field service and, under the prevailing conditions, may
expenence extremes of around 0 °C and 45 °C

The RAPS site at Talbot, Victona, 1s a small faruly home with a very
low average power consumption The energy 1s provided mamly by a PV
array (144 Wp), with a diesel generator i reserve. The battery bank comprises
four, low antimony {1 7 wt_.% Sb), flat-plate, flooded-electrolyte, 12 V battertes
{100 A h, C/5 rate) connected 1 parallel. A fifth unt allows a battery to
be exchanged, i rotation, every three weeks The C/5 capacity of each
exchanged battery 1s determuned m the laboratory The system is equipped
with an mverter to provide 240 V ac¢

All batteries in the imtial bank failed after 121 weeks of service. Failure
was due to intensive corrosion and growth of the positive grids, combined
with general degradation of the accompanymmg active material (Fig 3(d)).
In all cases, the positive plates had bulged and expanded withm the plane
of the plates to such an extent that fracture had taken place at the top of
the grids. This was so severe in three of the batteries that short-circmts had
developed between the negative busbar and the fractured top members of
the positive gnds The positive matenal was generally very soft and ‘muddy’;
it was held together only by the separator envelopes Similar modes of falure
under RAPS conditions have been observed by other workers [4].

The RAPS system at Elphmmstone, Victoria, is significantly larger than
that at Talbot, with an average power consumption of approximately 1 kW
h/day. Power at both 12 Vdc¢ (6 battenes) and 24 Vdc /240 V ac. (16
batteries) power s available. Tubular-plate, flooded-electrolyte batteries uti-
hzimg granular oxide [5] are currently bemng evaluated the performance to
date 18 summanzed m Fig. 4. Battery capactties are determined using a
rotational schedule similar to that instigated at Talbot. The performance of
the battertes 18 most promising For the first 25 weeks of service, the capacities
were approxmmately equal to the nomnal value. After this pentod, however,
there was a general decline in the condition of the battery bank This comcided
with the onset of winter. Moreover, the msolation levels were well below
the average expected for that tume of year. The situation was further
exacerbated by problems with the battery charge regulator. Despite these
difficulties, most of the capaciy loss expenienced during the first winter of
operation was recovered i the followng spring/summer seasons. For example,
one battery registered a capacity that was just below the cut-off limit in rmd-
winter (36 weeks of service) but, over a year later, the performance returned
to almost the nomnal level This type of behawviour suggests that a ‘memory
effect’ is operative. Indeed, there 1s evidence [6] that the capacity of lead/
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Fig 4 Performance of tubular-plate batteries using granular oxide at Elphinstone RAPS site

acid batteries can be nfluenced by the previous charge/discharge history.

The RAPS facihity on French Island, Victona, provides power to a tounst
lodge [7]. The average lcad on the system is approximately 20 kW h/day,
but daly peak usages of 50 kW h have been experienced The energy 15
supplied by a PV array, a wind generator, and a diesel generator. The battery
bank consists of forty, 6 V, flat-plate, flooded-electrolyte battertes connected
m series, with an mverter to convert 240 V de. to 240 V a.c. The first
battery bank was retired in mid-1988, and suffered from failure modes similar
to those witnessed at Talbot, 1.e , severe degradation of the positive plates
The replacement batteries compnse a set of purpose-built, flat-plate, flooded-
electrolyte umts (see below). These have given trouble-free operation for
the past two years

The above failure modes exhibited by battenes undergoing service m
RAPS systems are very similar to those experienced dunng laboratory eval-
uatrons of performance This confirms that the 7-day test regime is an effective
simulation of RAPS field duty

Purpose-built batteries for RAPS applications

An mportant outcome of the research conducted at CSIRO 1s the
development of purpose-built RAPS batteries. This is achieved by combining
the results emanating from the above work programme with progress made
m other m-house projects that are aimed at improving vanous aspects of
lead/acid battery technology.

In collaboration with a battery manufacturer, CSIRQ 1s evaluating different
components and process parameters for flat-plate, floocded-electrolyte RAPS
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batteries [8] These include varous gnd alloy combinations, as well as two
extremes of curing conditions, namely, hgh-temperature /high-hurmidity and
low-termperature ugh-hurmmidity All other design vanables (e g., plate thick-
ness, paste density, etc ) are kept constant This 1s achieved by first pasting
(to a fixed thickness and weight) a range of positive and negative plates
that differ only m gnd alloy composition, 1 e, posittive 1 7 or 5 0 wt % Sb,
negative 17 or 55 wt % Sb, or lead—calcium. Samples of each type of plate
are then exposed to the different curing conditions Fmally, the plates are
assembled into batteries and subjected to the same formation procedure

The battertes are being evaluated under the 7-day RAPS profile. An mtial
sharp decline m capacity was exhibited by battenes using lead—calcium
negatives Remarkably, the situatton mmproved after about 12 weeks of
operation and the capacities are still well above the cut-off lim:t at the present
service hife of 64 weeks The best capacity performance has been exhibited
by batteries contaiming a high antimony content i both the posmive and
negative grnds after 80 weeks, the capacity 1s stable and very close to the
nomunal value This 15 encouraging as the batteries are of sumilar design to
the former type (a) units that falled withm 50 weeks (see Fig. 1) It 1s also
noteworthy that the high-antimony batteries are giving satisfactory field
performance in the RAPS system at French Island These results demonstrate
that sigmficant improvements 1n battery rehabihity can be achieved through
exercising more ngorcus control of the plate-processing stages

With all other parameters equal, water consumption was found (as
expected) to mcrease with mncrease in the antimony content of the positive
grid (Fig 5) The mfluence of cured-plate phase chemustry was, however,
quite remarkable Battenes assembled with positive plates cured under low-
temperature conditions, favourmg the formation of tnbasic lead sulphate
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(3P0 PbS0O,; H.0=3BS), were found to consume more water than those
using plates cured at lhigh-temperature, which promotes the development of
tetrabasic lead sulphate (4PbO PbSO,=4BS), see Fig. 5. Differences m the
distnibutton of antimony within the two types of battery may provide an
explanation for this diversity of behaviour It has been shown [9] that soluble
antimony (produced via corrosion of the gnd) i1s strongly adsorbed by lead
dioxide, but only weakly by lead sulphate Dunng cycling, therefore, the
positive plate will adsorb and desorb antimony during the charge and discharge
regumes, respectively Further, 1t has been suggested [10] that this adsorption/
desorption process can decrease the rate of antimony powsonmg of the
negative plate and, conseguently, the extent of hydrogen evolution, 1.e , water
loss It 1s therefore possible that 4BS-nch material generates a formed-plate
structure that hinders the rate of release of antimony relative to that expenenced
with 3BS plates This hypothes:s 1s being exammed further in our laboratories

Conclusions

The above work seeks to optimize the performance of lead/acid battenes
for RAPS duty It should be remembered, that RAPS battenes are required
to serve under relatively demanding conditions. For example, the battenes
must be able to wmithstand the stresses of repeated charge/discharge cycles
to a low SOC (with widely varying charge and discharge rates) and may also
be forced to remam at thus low SQC for extended periods of time In addition,
such operations should be achieved with minimum water loss Remedies to
overcome the present shortfall in desired performance mvolve a combination
of more resihent battery components, more sophisticated regulation of battery
charge/discharge operations, and further mmplementation of strategies to
minimize water-maintenance requirements. It has been acknowledged [11]
that research of the type reported here 1s encouraging battery manufacturers
to face these challenges
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