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Copyright 1 597 Socely of Autormative Engnears, Ine

ABSTRACT

Results of the Charger Test Project conducted
by Amzona Public Service (APS) indicated the
importance of the chargerfcharge algorithmbattery
interface with respect to baltery capacity. It also
indicated that EV's rapidly charged demanstrated longer
cycle life in fiek testing without reduction in capacity.
Addibonal lesting conducted by APS has shown that
cycle fife of tha batteries is strongly related to the
charging scheme ulilized, Application of results of
laboratory charging to the charge scheme utilized in this
testing has been hampered by extremely long test
perinds in field lests designed to cycle balteries to the
end of [ife. Development of a predictive melhod of cycle
e extrapelalion based upen microscopic analysis
promises to reduce the time required for battery cycle life
testing.

INTRODUCTION

Three phases of testing will be addressed.
Phase | tesfing was performed on EVs in the field 1o
evaluate the perdormance of Hawker Genesis® balieries
with a variety of chargers. Based on the results of the
Phase | testing, Phase |l lesting was iniliated to examine
battery performance in the field al various rapid charge
rates. Phase Il addresses microscopic analysis aof
batteries that have been cycled at different rates 1o
determine if the end of useful life can be predicted.

PHASE | - EV AMERICA FIELD TESTING

The first round of EV Amerca Perdormance
Tasting concluded in Movember 1934, Among the
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numenous bench mark performance data collacted was
EV range al constant speed 72.4 kmh (SAE 2274),
conslant speed 96.5 kmvh (SAE 22TA), and per fuel
efficiency drive cycle (SAE J1834). Over 225 EVs ware
purchased in the Phase | Program (Sclectia E-10
pickups and Force sedans, and US Electricar [USE]
ES10 pickups and sedans) by ufilities and government
agencies across the United States. The EV Amernca
Phase | range test resulls for the USE ES10 and the
Solecttia E-10 pickups are provided in Table 1. All of
these vehicles utilized Hawker Genesis® 38 amphour
VRLA AGM batteries, model G190W.

Table 1, EV Amorica Perfarmance Testing, Phase |

Range Testing
EV Manuf km at fom ot km &t
24 kmh 58.5 umity SAE JIEM4
USE ES10 1130 76.1 10,7
E-10 171 63,56 933

In use, the Phase | EVs reported a significant
loss in range with low batlery cycles, Proving ground
range testing (SAE 227A @ 724 km/h) in Phoenix
confirmed an approximate 50% range reduction in a USE
ES10, and @ 379 range reduction in a Solectria E-10,

An evalualion by Hawker Energy Producls
[HEFi) concluded that an undercharge condilion existed
in the batteries, The USE ES10 was originally equipped
with a 2 kW integral charger which charged a 52 battery
module, useable 21 Kilowatt hour pack. For this vehicle,



HEPFi cancluded that a minimum 12 KW charging rate
was required to properly charge the batlery pack. The
Solactria E-10 was onginally equipped with a 2 kW
charger which charged a 36 battery module, useable 16
kilowatt haur pack. HEPI concluded, for the E-10, that an
& KW charging rate was required at a minimum.

Based on the need for an acceplable charge
protocal for the Hawker Genesis® batteries, a field test
program was initiated in 1885 (Phase 1) for the purpose
of evaluating the performance of Hawker Genesis®
batteries with a variety of chargers. The following
chargers ware avalualed; 150 KW Norvik Minil Charger,
2 KW Soleciria Charger, 3 KW Solectria Charger, and 6.6
kW Delco Inductive Charger, Six electric pickup trucks
ware selected for the field lest None of the Phase | EVs
were equipped with a battery management system 1o
monitar modules during charge and discharge, Thermal
management of the EV packs was limiled 1o a few small
muffin fans in half of the vehicles, while the other half
had mo devices, This test program began In May 1855
and terminated in January 1596, The EVs were driven on
the stregls and fresways In Phoenid whire Summer
daylime temperatures can reach 49* C.

Tahble 2 describes the chargers far the Phase |
vehicles. Fast charging demansirated its value early in
the test, by restaring the capacity of a ballery pack which
was believed to have been irreversibly damaged through
long term undercharging. The Norvik Minit Charger was
used lo fast charge two of the EVs at an arbitrarily
chosen male of 3C, ie three times the one hour
discharge rating of the Hawker battery. EV's charged by
the Monik charger had to undergo a periodic
equalization charge. EV138 was equalized periodically
with the Marvik charger. Other vehicles were equalized
by using on or off board low rate owamight chargers.

Morvik charging used 2.45 wvalis per cell for the
Genesis® battery and equalization was based upan 2.65
volts per cell. EV137 was equalized with the Delco
inductiveé charger. The Delco charger conducied the
main charge routine with a 2.45 volts per cell basis and
the equalization routine was based upon 2.56 volis per
cell, The Soleciria chargers used a 2.45 volts per cell
and cell equalization was accomplished with extensive
overcharging at this valtage.

am

Table 2, Phase | Field Test EV Chargers and Charge

Cycles
E¥ | FostCharge | Overnight | Owvemight | Equalization
Rats Ind Rate | Cond Rata Charge

13X MiA A i Cend
124 21 HiA 2R Cond
135 G MIA 2k Cond
137 s I5.8RNY MIA Ind

138 3C [ 1) MR Fasl
139 A ﬂ-.EH:u' P, Ind

Table 3 pravides a summary of batlery pack
perormance in the EVs and the cause of batiery module
faiture, Although the batteries were the same in each EV,
the consequences of chargers and charge algorithms is
dramatically demonstrated in cycle life. In considering the
battery performance in this test it was evident that the
Hawker Genesis® VRLA AGM battery could be easily
damaged by low power charging, and the batlery
performed better as the charge power increased. It was
alsa surprising that the summar heat in Phoenix did not
impact battary performance in high rate charging. One
pack was destroyed by a fire, apparently caused by
loose battery interconnections, This event reinforced the
impertance of good battery pack assembly procedures.

Table 3. Phase | Battery Pack End of Life Cycles, Over
the Road km, and Madule Failwrs

EV Charge | Pack Causo of Madute Fallure
Cycles kmi

133 197 12067 | grid corosan, 12 modules

134 52 1.531 | tharmal run away, 12 medules

135 113 £ 745 | thesmal run pwoy, 36 maduies

137 360 | 76549 | grid coerosion, 8 modules

114 140 6,838 | pock fira due 1o koode connactan,

52 modules
138 120 4240 | qeid concaion, 17 medulss

From lhe results of the Phase | field test and
aulopsy of modules fram the EVs, it was eoncluded that
the Marvik 3C charging provided the best vehicle
performance and longest baltery cycle life. The abrupt
failure af 17 modules in EV139 {Delco inductive charger),
caused by grid corrosian, was hypothesized to be the
result of equalization ar evercharging at the elevaled
voltage portion of the implemented algorithm. {Reference
A) Coincidentally, the same number af equalization
cycles (120) on EV137, charged by the Morvik charger
and equalized by the Deleo charger, resulted in a similar
failure mechanism in 6 modules. The Solectria 2 kKW
charger produced batlery failure dus to thermal run away



early in battery life, The Sclectria 3 KW charger produced
failure via grid corrosion,

PHASE Il - FIELD TESTING

Far years, laboratory testing has been performed
to determine the effects of charging methods on battery
performance in BV applications. Parameters such as
ballery capacity, life, and grid corosion have been
examined. Results of laboratory lesting, to date, have
indicated that the charging scheme ulilized has a direct
effect on battery performance. However, testing within
laboratories, even when simulated drive cycles are used
for discharge, does not accurately represent the
environmental rigors of fleet use. Fleet vehicles do not
operate under & controlled set of conditions. Traffic
canditions, ambient temparature, and operator usage are
just a few of the variant conditions with which the battery
must contend,

Significant eycle Iife extension has bean
achieved using high charging rates in laboratory testing.
Chang and Valeriole af al (References B-H) have
demonstrated that sealed valve regulated lead acid
(VRLA) batteries can be rapidly charged with higher
energy efficiency than f(rediional charging withaut
delrimental effect 1o the battery and with significantly
extended cycle life. VRLA batteries in labaratory testing
were given five to fen rapid partial charge cycles and
fully recovared their capacity in an extended charge.

Therefore, based on the Phase | and labaratary
test results, a new program  (Phase 1), was
commissioned. Phase Il focused an: 1) partial charging
at 3C, 5C, and 9C rates; 2) determination of whether
periodic fast charging would reverse the damage from
tradiional law rate recharge; 3) evaluation of the cycle
impact caused by reduction In the frequency of pack
equalization; 4) evaluation of laboratory test resulis o
improve field results; and 5) evalualion of the
performance of NiCad and Nickel Metal Hydride batteries
in the field environment.

Table 4 describes the field test MTeet used in the
Phase Il program. EVs 114, 130, 136, 137, and 333 were
given multiple fast charges per day and operated by a
dedicated driver. This method of accelerated aging of the
EV compressed the testing tima, All accelerated aging
vemcles were operaled and maintained in accordance
with test procedures. The test procedures describe the
drive route, the deplh of discharge strategy, and the
recharge strategy for each EV in the program,

Tho remaining EVs were driven on arbilrary
routes, In fleet testing, the EVs were drivan by Arzona
Public Service (APS) employees pedorming a certain
wark mission. EVs 131 and 134 were driven by meter
readers. At fhe end of the work shift, EVis 131 and 134
were charged by the Delco charger. Twice per manth

these EVs were given one 3C charge on the Morvik
charger,

The EVs used in Phase || Field Testing did not
use battery managemant or battery medule manitoring
equipment. The thamal management equipment utilized
varied between vehicles. The two EVs charged at the 9C
rates (114 and 333) were equipped with module eocling
systems. Specifically, EV333 was equipped with high air
velocity, manually Initiated, module cooling. EV114 was
equipped wilh a phase change materal provided by
Shape, EVs 124, 130, 131, 133, 134, and 135 uzad small
muffin fans, actvated by battery temperatura, to venlitate
ambignt air across the pack,

EV116 (Mickel Cadmium), used in the APS
Property Construction Department, received almost
100% fast charges, with a minimal number of
equalizations. The Nickel Metal Hydride vehicle (EV124)
was charged by a Solectria 3 kW charger and given
frequent opportunity charges in its flaet mission,

All of the EVs in Phase Il were tested during the
Phoenix summaer, where day fime ambient temperatures
can be as high as 48°C. On six to eight week intervals,
vehicles were given a 96.5 km/h range test (SAE 227A)
lo avaluate batiery capacity.

Table 4, Phase |l Figld Test Vehicles

EV EY | Modules | Battery Fast | Equalizatisn
Medol | InPack Manuf | Charge Charger
Rats
114 S0 42 Hawhar = Mardin M
313 | 510 25 Hawker &G HNiiyik
137 510 52 Hawkr blH Delen
136 214 24 GHE ac Morvik
115 | 510 2 Calima 5C Martin M
1340 Si0 pil I-Ia'-'.'l:u_r_ s [ Seleiny
139 Si0 X4 Hawar i Dty
133 510 3 Hawkar 1 Snlgctria
134 510 L] Hawker L [l
145 310 15 Hawker - Saleciria
i24 | Goo 15 GO 5 Salkecira
14 | TEVan 3 Snft e[ Moyl

The acceleraled aging graup required exiensive
use al fasl charging. Fast eharging eccurred at the 3C,
SC, and 9C rates. Daily fast charge cycles varied from
ona to five. Battery equalizations were varied from every
Inird i evary tenth cycle, depending upon the specific
EV. Tharafare, the majority of EV eharging and aperalien
was wilh partial charge cycles including the ovemight



charging. Equalization charge cycles were minimized
because of the module failures due to grid corrasion
identified in Phase |,

Figura 1 depicls typical rapld charges delsvered
at the 3C, BC, and 9C charge rales by the Norvik
charger, Model 150kW, manufactured by Norvik
Technologies Inc., Mississauga, Ontario, Canada. This
charger menitors the resistance fes voltage by
interrupling aboul five times per secand and then
adjusiing the applied voltage to match the charge
accepiance ability of the battery. An identifier Is installed
on each EV which permits the charger to unigquely
ldentify its battery type and maximum charge rate. The
Morvik charger has an equalization feature which s
manually initiated, With the Hawker Genesis® battery in
Phase Il, charging is accomplished at 2.45 valls par cell
In addition, the battery is temparature compensated and
the equalization stage is based upon 2.50 valls per cell.

Figure 1. Morvik Chargar Prafile
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Table 5 provides the resulis of battery charger
performance  during the Phase [l lesting through
Decambar 1, 1996,

Evs 333 and 114 were primarily charged al the
8C rate. EV333 was equalized every sixth cycle by the
Morvik charger. EV114 was charged ovemight by lhe
Martin Mariatia 10 KW charger and equalized every fifth
charge cycla by the Martin Manatta. Equalizalion valtage
on the Martin Mariatta charger was 2.50 volts per cell far
the Hawker Genesis® balteries. During the overnight
cycle an EV114, the Shape phase change matenal used
for pack thermal stability, was frazen using a standard
window air-conditioning wnit to circulate air through the
battery pack. Although a relatively large number of
battery modules were lost by these high rate charges,
the results are very promising due o the large number of
modules which survived without the benefit of individual
module charge contral. Typical 8C charge rale module
failures were abserved to have a hat high rate venting of
a module cell, which was delected by the Morvik charger
and the charge was lerminated.
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Table 5, Battery Charger Performance Rasulls Through
December 1, 1956

EY Days of Pack Pack | Endaf | Meduls
Cparatlion km Cyclas | Life | Fallines

114 -] 2,851 108 (a5

313 165 7.413 200 fil

137 247 16064 251 yis 1
136r ok &8 ar yos o
GHA

1340 175 4,277 137 no L

Qptima

1240 o 18,08 250 no 1
131 414 .04 140 na 0
133 10 18.270 427 yEd g
134 JE3 14,431 244 no 12
135 321 1.E55 UMK (143

124 473 18,534 ara ol

116 1,180 18,207 BT ne

EVs 137 and 136 were charged at the 5C rate.
EV137, which utlilized Hawker Genesis® batteries, was
charged ovemight by the Delco inductive charger and
equalized at 2.56 volis per cell on every third Delco
charge. EV136, using Oplima batteries, was equalzed
every sixth cycle by the Morvik charger. EV137 aperated
extremely well, incuring over 160.9 km (two partial 5C
charges daily) in daily operation. Al just under 16,020 km
with no battery maintenance whatsoever, ane madule
failed, At this paint the test gn EV137 was terminaled.
Problems with battery module interconnections in EV136
caused arcing and battery damage.

EV130 had very successful performance. The
vehicle was predominately charged at the 3C rate.
Overnight charges were accomplished with the Sclecina
3 kW charger, EV130 showed no significant deterioration
in range up to the time of its first module failure (17.915
km). The test profocol for EV130 was based on the
prolocol used for EVI3T in Phase |. EV137, duning
Phase |, operaled very successfully at the 3C charge
rale using Delco overnight charges, While using this
charge scheme, EV137 achieved about 26,548 km. In
bolh cases, these EVs operated extremely well without
batlery management systems. If thase sysiems were
added to these EVs, thelr performance should improve.
With this charge configuration, EV130 accumulated a
total of 388 charge cycles and 18,008 km before
incurring its first module failure. All of the fast charge
eycles delivered achievad 80% State of Charge (SOC) n
approcamalely 15 minutes.

EV131 and EV134 were driven daily in meter
reading duty cycles (about 32 to 40 km per day) in Phase



IIl. EV134 was part of the Fhase | testing whera, using
the Solectria 2 kW charger, 12 battery madules ware lost
duge to thermal run away, Thesa 12 modules were
replaced and the pack charged using numerous fast
charge cycles at the 3C mete. The vehicla was then
moved into the Fhase Il program. Bath EV131 and
EV134, at the end of the work day, were charged with
the Delco charger with equalizations occurring evary fifth
cycle. These EVs were fast charged once every other
weekand with the Norvik charger at the 3C rata, Over the
{est period their range continued to deteriarate, until in
the early part of Novernber 1996 their range had dropped
to abawt 37 km at constant speed 96.5 kmbh, EV133 also
continued from Phase | into Phase Il field testing. In
Phasa |, EV133 accumulated about 12,550 km on is
pack while being charged by the Solectria 3 kW charger,
at which point the range had fallen to about 40 km. At
this time the charging scheme for this EV was changed
to being charged solaly by the Norvik charger at the 3C
rale. The range of the vehicle improved significantly and
was then relumed [o fleet duly in construction where it
continued to oparate unlil abrupt pack failure at 18,270
k.

Fhase |l lesting also included the avaluation of a
Mickel Metal Hydride (NMH) battery and the Saft Nickel
Cadmium (MICad) battery provided with the Chrysler
TEVan. Tha NMH iz a prototype battery and is evaluated
as baing very promising. The NiCad batlery has proven
o be very durable. It has undergone a long parod of
partial fast charging at about the 3C rale, It has been in
operation for three years, Fast charging dramatically
reduced the amount of watering required by the batlery.
It has had extremely good reliability in the thitty months
preceding December 1, 1996, There bhave beenm no
battery modulas replaced on this EV.

Preliminary resufts of the Phase |1 tesling
indicate that Evs charged at 3C and 5C charge rales
perform extremely wall, specifically EVs 130, 133, and
137, Thesa EVs, with no battery management sysiems
installed, achieved aver 15,000 km on their battery packs
without experiencing end of life of the batteries. In
addition, cherging at the 9C rate appears possible.
However, further lesting at the 8C charge rate is required
uging a batlery management system.

Teating in Phase | and Phase || has extended
battary life beyond the point which is reasanable to fully
a2t in the field. The lime and expense of operaling
vahielas In excess of 16,000 km dictales thal a method
be developed lo predict remaining battery life such that
testing to end of life is no langar nocassary to evaluate
the effectiveness of a particular charge pratocol. In order
to determine @ means 1o predict remaining battery life,
batteries with warying chargefdizcharge cycles were
subjected 1o destructive analysis in Phase Il of the test
pragram.
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PHASE Il - ANALYSIS OF CYCLED BATTERIES

When a VRLA battery is cycled, i.e. repeatedly
discharged then recharged, a host of |argely irreversible
processes occur intemally. These processes impact the:
a) morphology and crystaliography of both the positive
and negative active materials; b) corrosian and growth of
the positive grid material; and c) electralyle concentration
and saturation level as both water loss and consumption
aof oxygen im the grid comosion process OGoUrs.
Eventually, one or @ combination of the above will result
in unaccepiable battery performance, ie. end of useful
life.

In arder lo correlate intemnal a;;ing af the battery
with use, a group of Hawker Genesis™ G190V batteries
ware subjected to a number of cycles, as seen in Table
6, and subsequantly anatyzed. The batteries were cycled
at tha Cr5 rate of discharge to an end point voltage of
1.67 walts per cell and recharged using a constant
voltage regime {IU) of 2.45 valts per cell with a 0.4 C/5
(154) currant limil.

Table &, Murmber of CI5 Cycles

Madule Nusmbar of 100% DOD &5 Cycles

Comploed

—a
i
=

| mf @ || o)
BlEle e

&

Positve and nogative plates from the above
cycled modulas were ramoved, washed so as lo remova
electrolyte, then dried and stered under inert condibions
in order o prevent further changes prior o analysis.
Aclive maleral samplas wers then carefully extracted
frem aleng the plate diagonal.

The analysis techniquas employed for this study
were BET Surface Area (BET SA), Paricle Size
Analysis, X-ray Diffraction (XRD) and Scanning Electran
Microscopy (SEM).

CYCLE LIFE CHANGES TO THE
MORPHOLOGY AND CRYSTALLOGRAPHY OF THE
POSITIVE ACTIVE MATERIAL - Tabla 7 summarizes tha
rasults for the positive aclive matarial {(PAM).



Table 7. Maorphalogical and Crystallegraphic Changes of
the PAM During Lifa Cycling

Maodule cIs BET Modian | XRD | XRD XRD
eyclos | surface | pare o= | Wfi- .
area diam | PBO; | PED; | PRSO,
(miig) | (nm)
A 1] B.66 24.9 12 B1 7
B 5 342 358 8 g8 4
C 40 3.85 258 2 85 1
D g2 | 364 49.1 1 87 2
E 157 3.52 4.9 0 100 0
F 285 2.00 4.2 1 28 ]

As shown in Table 7, the first measured
quantitative change 1o tha PAM, throughaut ils cyele life,
is the conversion from an initially high surface area
crystalling material, immediately following formation, to a
progressively lower surface area coralleid structure, as
seen in Figure 2. (Referenca |}

Fiqure 2. PAM BET SA vs Cycles
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Thie transition may clearly be seen in the
folliowing SEM pictures, Figures 3 through 5.

Figure 3. Bulk PAM from Madule A, 0 Cycles, x2500
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Figure 4, Bulk PAM fram Module D, 62 Cycles, x2500

Figure 5. Bulk PAM from Madule F, 286 Cycles, x2500
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Heallhy PAM is typically considerad 10 possess
a surface area (SA) of batwean 3-4 mig, Toward end of
life the controction of the aclive mass resulls in a
reducad SA approaching 2 mYg.

The second measured transition is the reduction
in the median pore diameler (MPD) of the PAM, a3
shiawn in Figure &,



Figure 8. PAM Median Pora Diameter
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The median pore diameler roforred to hare is for
PAM removed from the grid and genlly broken-
up, not feft in-sity on the grd. It is thawgh! Hhal
the in-site PAM will have bolfy vary large pores
faft in the paliel, as tha aclive mass consolifatas,
and small pores within the coralleid structuro
=il

1] 0 N ]

The MPD is @ measurement of the degrea of
cantraction of the PAM, In the above experimeant Madula
E (157 cycles) exhibits a similar MPD (o Module F {end-
cfdife) but zbll haz S0% cycle life remaining, This
anomalous behavior may be attributable to the high pack
compression associated with the Genesis® technalogy. It
i3 now recognized that high pack compression alleviates
many of the shorifalls associated with cyeling the positive
platz by physically constraining tha PAM. (Reference J}

The third measured quanttative change within
the PAM is the transition of the «-PhO, component into
B-Pb0y. This is shown in Figure 7,

Figure 7, Crysiallography of PAM vs Cycles
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This transition is generally a function of the
battery daesign, sger:iﬂcalt;.- the degrae of PAM utilization,
For the Genesis™ technolagy, this transilion occurs earty
in life and, consequenily, has no corelation wilh
remgining useful cycle life.

GYCLE LIFE CHANGES T THE
MORPHOLOGY AND CRYSTALLOGRAPHY OF THE
NEGATIWVE ACTIVE MATERIAL - Table B summarizes
iha resulis for the negative actve materal (NARM).

Table 8, Marphaolegical and Crysiallographic Changes of
tha NAM During Life Cycling

BET
Module Cis surface | MPD | XRD | XRD ARD
eyeles area [ren} | % Pl £ %
{m*igl PED | PBSO,
& ] .72 4-§- 59 1] 1
B _5- 0.69 4.7 g4 1 1]
C 40 0.67 4.5 g4 1] 1
] B2 0.62 4.2 g4 1] 1
E 1657 D.5§ 4-§ El_ﬁ 3 0
F 285 0.47 48 | 97 2 1

The only measured change found to the NAM
during cycling is a gradual reduction in surface area,
possibly as a result of the negative oxpanders losing
activity, This reduction is shewn in Figura 8.

Figura B. MAM BET SA vs Cycles
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SEM analysis of the negativa plales, at the

beginning of life and afler 286 cycles, reveals ithe visual
change, as seen in Figures 9 and 10,

o B 10Q

Figure 9. Bulk NAM from Module A, 0 Cycles, x2500
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Figure 10,Bulk MAM frem Module F, 286 Cycles, <2500

Allhough the negalive electrode was never found
to be capacity limiting, ewen at the end of life, there does
appear 1o be a good correlation with BET SA and cycle
number. Recent wark indicales that the decline in
negative surface area is alleviated by rapid recharging.
(Reference [}

CORROSION OF THE POSITVE GRID
MATERIAL - Positive grid cormosion oocurs dua 1o the
instability of lead and its alloys at the anodic patentials
and axidizing conditions found at the positive alactrode.
Corrosion is kinetically inhibited by the growth of a
passivating layer of PbO; on the grid surface, Hawever,
eorrasion will eventually limit the capacity of the positive
elecirode by a combinafion of growih, caused by
velumatrie changes of the comosion product at the grid
surface and at the grain boundaries, and reduction of
electronic confinuity throughout the grid. Furthermara, it
aggravates the silwalion by consuming much-necded
water fram the electrolyte, which in an acid starved
syslem ¢an be a major confributor to end of wseful kle.

Pasiive grd corrosion was  estimated by
mechanically removing the PAM, chemically sinpping
any residual PAM and comosion product from the grid,
and {hen finally weighing the residual lead grid. The
difference in waight for the sample grid and the gnd from
Madule A (0 eyeles) yielded the amount of lead oxidized
during cyele life. The results are shown in Figure 17,

Sy

Figure 11. YPositive Grid Comasion vs

10a Cycles
5 @
E
G %y
=
i 40
1l
a 10
-
]
a 50 100 150 200 250 300
Cycles

For the Genesis® technology, under these
gycling condiions, there is a very slrong comelation
between %% grid corrosion and remaining cycle life,

ELECTROLYTE CHAMGES - Water loss is an
inevitable consequence af cycling batenes. Water is
electrochemically removed from the system by: a)
chamging inefficiencies  resuling in  elecirolytic
decompasition; and b} corrosion of the positive gnd
consuming oxygen from the electralyte, accarding to:

Pb +2H,0—> PhOy + 4H" +4e’

The result is 8 progressive increasa in clectrolyle
concentration and a reduction in saturaban fayal,

These changes were evaluaied by: a) maasuring
lhe tatal moedule weight loss over cycle life, b) remaoving
and weighing the wet glass mat separator from one cell
af cach of the modules, and ¢) extracting the aced from
lhe separator and measuring its concenlration. These
results are summarized in Table 8,

Table 9. Electrolyte Changes During Lifa Cycling

W% wak
Cis Medule | sep wi | Elocirolyin | Elecimoiie | Cals
cyeles | wiless | comp Sans 5G4 sap

il & (% 15'C =,
Medule | HS0 | (kpim?) | saln
A p—

A 7 i 100 ETIF] 1,277 029
[§] 5 &7 a5 102 1,256 0.2
C 40 12,2 a7 40,8 1,310 B850
N 158 ar 40.0 1,211 B5.5
E[ 17 (] az 43.1 1,230 TE.G
F| 288 EAL4 Fi] 4.3 1,345 75.9

Figure 12 shows the vanalion in %% separator
saturation and elecirolyle concentration with cycle life.
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For Genesis® technology, a strong comelation
batween waler consumplion exists {messured as %
separator  saturation), and subsequently, electrolyla
conceniration and cycla life.

The results af the Phase [l testing indicale 1hal
posilive active material marphology or crystallography
does not yield a good correlation to remaining cycle life.
It is now recognized that high separator compression
alleviales some of the problams associated with cycling
the positive aclive mass. Therefore, high compression
systems may continue o exhibit good cycling capability
long afer the PAM has transformed into a structure
tradilionally considered to be life limiting. In addiion,
posiiva grd cormosion and separator saluration (a
maasure of grid comosgion and dry oul} exhibit a strang
caorralation 1o cycle life.

Therefore, based vpon work completed 1o dats,
grid earrosion andfor separator saturation ﬂan be used ta
evaluate remaining life in Hawker Genesis® batleries.
Additionally, measures t© reduce grid cormosionfdry out
will imprave battery cycle life. This includes charge
algorithms, particularly the amount of time the battery
spends al high charging voliages.

CONCLUSIONS

Batlery performance, in Phase [ testing,
indicates that Hawker Genesis® batteries can be
damaged by low power charging. Both Phase | and
Phase Il testing resulls suggest that the ublization af a
3C fast charge rate, in wvehicles not using battory
management  systems, provides good  vehicle
performance and extended baltery life. In addition,
charging of the Hawker Genesis™ batteries at the 9C rato
is possible, but a baltery management system is required
lo reduce module failures. In Phase I, it was shown that
grid corrosion and separator dry out may ba used to
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predict remaining life in VRLA Hawker Genesis®
batteries,

Through Phases | and Il of the APS Charger
Test Project substantial pregress has been made in
extending the life of VRLA batteries in fleet service and
dramatically reducing the time required for charging.
Addilional work is required in FPhase Il testing to
determine optimum charge protocols, However, the
method of remaining battery life eslimation pursued in
Phase Ill is necessary to allow test wark to be completed
in a reasonable time period,

Future work will include continued Phase |l
evaluation of battaries cycled in Phase |l to solidify the
method of remaining life defermination. Tesling should
then commence on batteries, charged between a 3C and
6C charge rale, using battery management systems to
validate the preliminary results of Phase |l. Testing
should also continue wsing & 9C fast charge rale on
batteries with battery management systems. In addition
to this testing, other VRLA batteries should be tested to
determine if similar cycle life predictive methads can be
used.
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DEFINITIONS, ACRONYMS, ABBREVIATIONS

AGM - Absarbed Glass Mat

ALABC - Advanced Lead Acid Battery Consortium

APS = Arizona Public Service

Ballery management system - A system designed 1o
manage the charge of each individual module.

C charga rala - Tha C rate of charging is defined 1o be
the rated energy of a ballery delivered over 3 ane hour
pericd. Fast charge rates are linear mulbiples of that one
hour rating.

Comp - comparod

Cone - conceniration

Cand - condustive

Equalization Charge - Charging of the hallery 1o 100%%
s0C,

Ind - imductive

Manuf - manufacturer

MPD - Median Paore Diameoter
MAM - Negative Activa Material
NiCad - Nickel Cadmium

NMH - Nickel Metal Hydride
PAM - Posilive Active Material

Fartial Charge - Charging of the battery 1o less than
100% S0C.

SA, - surface area

Sain - saturatan

SEM - Scanning Eleciron Micrescopy
Sep - separator

305 - specific gravity

S00C - stale of charge of the batlery
LIMK, - unknown

VRLA - Valve Regulated Lead Acid
Wi - weight

ARD - X-ray diffraction



