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C. 0. Orinee
The Carl P. Norberg Research Center
The Electric Dtorsge Dattery Campany
Yardley, Peansylvania

It 40 Quite appropriate on this centennial of the first practical
leald-acid storage battery to reviev the field and evaluate the potential

threes posed Uy the more praminent competiive systems,

Over the years the lead-ecid battery has been the nmeinstay and the
work-borse {n the field of secondary batteries. The relsative sizplicity
of the electrochemical reaction, bigh cell voltage, adsence of eriticality
in physical configurstion, and a generous supply in nature of rather inex-
pensive basic materials are all factors vhich have contributed to the
cexmanding position of lead-acid batteries. lacking this fortunate come ;
Yination of good technical and economic features, other systems vere 3
WOTe OT less relegated to s position of secondary importance, vhile
industrial development espbasized the lead acid wvork. And cootrary to
the remark 50 often heard to the effect that the battery in your suto-
mobile today 18 no different than those used scme forty years ago, the
facts are quite different. There has been & great inmprovement in the
Vattery during this period--improvement {n its electrochemical performance,

e 1n the ensrgy-density ratio, in packeging, and in life. Most of this im-
provensat has been the result of years of development vherein progress
bas been achieved by incremental improvements as crposed to any profound
advance which could be attriduted to research. The latter has bLeen very
much peglected., In general, it might de sald that research in lead-acid
couplas has decome a Yeality only in the current postvar period. One
seldon hears any reference to the electrochemical efficlency of the
lead-acid battery. This is quite understandadble vhen, after a bundred b
Years of development, the efficiency is adbout one-half of vhat 1t coulsl, )
and should be. Becasuse of tbe rapidly groving sppreciation of the
valus of research, even 0 those items of long standing acceptance, I
fully anticipste that the advance in the technology of the leed-scid
battery vill be greater during the caming deceads than during the past
balf century. . -

During the past tvo decades the genersticn of electrical energy in
this comtry has had & pbencmensl grovthe-fras 130 billioa KWH in 1940
to an estimated €00 dillion in 1950. An increase of 360%. This growth
is also reflected in the pcrtadle or packaged electrical energy sources. 1
At the same time, there has deen & rapidly groving demand for portahle
pover units, or batteries, for specialized uses. In this myriad of
DeV usee, the criteria by vhich dbatteries formerly vere evaluated have
been pretty well upset. In most cases a single charscteristic is of

° Presented st the meeting of the Associstion of American Pattery Manu-
facturers, Inc., Los Angelss, Califcrvia, June 2, 1960.
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primary and vital importance to the successful application of the dattery,
other fastors being made quite secondary considerstions. Jor exa=ple,
perbape in & specialty application the energy-veight ratio mey be all-
important; in another, it mey be cycle life, or shelf life, or esergy-
volume ratio, or cost, Thie situation bas eroused nev and intensified
daterest 1n the develcpment of nav dDettery systems 0 meet these spe-
¢ielized requirements,

Bearly all of these "pev” battery systems are not nev, but merely
& bDev 100X &t an old {ten. The nickelecadnium and nickel-iron cell
coustructions vere patented defore the end of the 19th century. The
Bercury cell oves its origin to the Aron cell vhere it vas first pro-
posed o8 & storage battery in 1866. The use of eilver axide as a
positive sctive vaterial vas proposed by Jurgner in 1639, and the cell
was first patented by Morrieon in 1910, Jertain types of prizary cells
also bave applications vhich are part of the traditional merketing arce
of lesd-acid datteries. The podern fuel cell 1s & direct descendent of
Groves' well knovn gas battery vhich be described first in 1839, and
later as a dattery of 50 cells in 1842, Rachargeable alkalina cells
in cell configuration, can de traced to the vork of LeClanche in
the 1050's. Anotter nev form of portable electrical energy of concern
to us 1is thermoeloctricity, diascovered by Seebeck in 1821,

In giving the "pev” Battery systems @ dusting off it 1s apperest
that the challenge to the lead-acid battery comes, not from & nev
chemistry, ut from the application of modern technology to 014 end
vell known systems, Advances in science and engineering bave rmade
poessible the fabrication of bLattery systeas characterized by high
snergy-veight ratiocs, locg sbelf 1life, long cycls life, resistance to
extra~enviromnental conditions, etc. They have also made svailadle in
sany instances quantities of scme slemsuts and ccmpounds et acceptadle
costs--paterials vhich formerly vere considered price prohivitive., Same
of the nev specialized applications will be best satisfied by the nev
battery systems. Bame of them can be satisfied nost econcmically and
efficiently by lesd-acid bLatteries.

Ths electrochenical systems most proauinently considered today for
storage dattery use are lesd-acid, nickel-iron, nickel-cadmium, silvere
ging, silver-cadmium, and fuel cells. The latter is, electrochemically,
& battery. Back in 1839 1t vas knovn as a gas battery, quite a fitting
and adaquate description. Today it bas beon glamorized by a nev name,
vhich in my opinion is inappropriate. But nevertbeless, it has great
potential and cne must not dlsrsgard this fact simply because of its

In considering the choice of a dattery system to dDest fulfill re-
Quirenents of an application, rany factors other than capacity must de
veighed. Usually it is & campromise of many charscteristics, among
vhich are weight, volume, availadility, rechargeadbility, cycle life,
stand 1ife, cost and maintenance, In Table I are listed valuss for
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100 erpere-hour eize batteries at the 10 hour rate for some of thess
battary eystezs., It {s interssting to note that the lead-acid cell

has coe charecteristic vhich sets £t apart from thoss systeas vith
vhich it {s compared; that 18, its high csll voltage. 1his factor
offests the higher dencity of the lead, and gives in fact & better
energy-veight ratio than {s found in the other "vork typs” betterfes..
alckel-cadatus and nickel-iron, It is also observed from Tedle I that
the silver systecs offer very great wolight and volumse sdvaniages over
the lead-acid. Bovever, this oicple comparison 1s tut the first ape
proxination as to choice of bLattery systea for & particular spplication.
Extended tables of the perforzance and econcmic factors for sech systeam,
under various cooditicns of load and tecperature would be necessary to
permit logical selection of the optimm system for & specific spplice-
tion. Nevertheless, it 1s apparent that vhere wveight and size esre
eritical factors, and cycle life or cost are of lesser importance, the
silver-zinc and silver-cadnium systens are to be preferred to lesd-acid.

Other facters vhich affect the choice of & systiem are showm in
Tadle IX. These factors include eese of recharge, life and costs.
Yhen we consider 1ifs and costs we £ind that the industrial type lesd-
acid dattery 1s detter than the other systems on the basis of cost per
unit energy output aver the life of the dattery. Autcmotive type lead-
8c1d batteries vill have @ lover initial cost tban any of the systems,
But becauss of its detter cycle life, the industrial type 1s the more
econcmical.

It is unnecessary $0 detall the sdvantages and disadvantages of the
lead-acid battery. You are all familiar with its characteristics, and
knov quite thoroughly vbat it vill do, and likevise its shortcamings.
Considering tbe lead-acid dattery as & standard, vhat coaparstive
festures of the so-called nev systems have given rise t0 the repewved
and intenaified interest in these batteriest 7The nickel-caldzmium systea
is, of course, no stranger and has paintained a relstively stroog com
petitive positica for many years. It bas seversl sitractive features,
asong vhich are long cycle life, good charge acceptance, sealadility,
and the adility to withstand abuse. While thess desiradle cherscter-
istics are offset to & great axtent by its cost and lov energy-veight
and volume ratios, nonetheless in certain spplications its advantages
are such ss to meke it the logical choice. No practical system today
can match the energy-veight and volume rstice of the silver-zine battery.
It 48 also charsacterized by excellent high rste capability and it is sus-
ceptidle to ready opersticn in the sealed condition. High cost and
short cycle life, hovever, preclude its videspresd use except in those
very special applicaticus, chiefly military usage, vherein weight and
volume are of overriding importance. The silver-calmium cell is in
general similar to the silver-zinc, It {s superior to the latter in
cycle life, but because of & lover cell valtage the ensrgy-veight retio
10 less.

The positions vhich the leading types of datteries bave estadlished
in the market ars shovn in Table III. &mryeommuniulmd

i
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in the tadle {n order to indicate the eaxtent of the packaged pover field
ecovered by this general type of cell., 7The dAividirg line vhich Aiffercne~
tiates betveen prirary and secondary batteries s indecd & breas, grey
eres. Recent developnents in prizary batteries bave produced successful
rectargeatle cells, or secondary betteries. Likevise, certain types of
sctivated silver-14ns battaries may be considered as prizaries, while
sealed secondary battaries bave been produced (n the past fev years
vhich are parketed in tda primary bettery fleld.

If ve are to cansider sny of the rival systexzs as podsidle replace~
ments for all o eva & significant part of the lead-acid production,
becsuse of ary sup i irx electrochex{cal perforrance, then let us consider
the svailadility ¢? materials. Exown {n Tadle IV are the figures ca
paticnal and world wroductics of metals used in batteries in 1959, Froam
these figures may de deduced scce interesting conclusions. If it is
assed, for exazple. that but 0% of the leald used in leal-acid batteries
enters into the elet.rochemical reaction in the cells,<-the re=ainder be-
ing utilized for grids, posts, connectars, and "icactive™ active materials,ee
Lhe st of lesd used arzually in the Untted States for the elsciro-
ehemically active ccoponent ol lead-acid batteries would e 304 of 390,700,
or 114,200 tans. Taking into account the difference in densiti:s between
lesd and cadzium, the Faraday capacities, and tbhe fact that celd=iun is
used cnly in the negative plates, it is deterxined that 31,000 tons of
cadzium vould be required annually for batteries to replace the lead-acid

e type. This requirement for batteries alone represents about three tines
the wrld's annual production, or more than seven tizes the amnual output
in the United States. 8i=ilar consideraticas sprly to nickel and silver.
Battery usage 18 80 ¥idespread today that any system to de wildely used
must utilize only those materials vhich aze plentiful.

80 far, ve have consifered the challenge to the lead-acid bvattery
posed Uy only electrochemical systems vhich are generally considered as
storage batterfes. There s also & challenge from other systems which,
although not cocsidered e storage datteries, are copadle of fulfilling
many of tbe sane requirements for portadle packaged pover. These include
puclesr betteries, thermoeleciric cells, air or gas depolariszed cells,
small rechargeadle alkaline cells in 4ry cell configuration, snd the gas
Pattery or fuel cell.

Buclear battaries offer a great potential ™t the develorment of
high rate, bigh energy-density, inexpensive datterties must gveit the
of pev knovledge. For the foresecadls future, the nuclear
battery vill bave applicstion as s high-potential source, tut will de
sericusly limited in rate performance, vatts per pound, and cost. Thermoe
electric cells, used for the conversion of heat energy to electrical
energy, &re xarely s nev ayproach to an o0l4 prodlem. The technical art
in thie field 1s still undeveloped and currently the systems suffer from
lov efficiencies, lov snergy-density figure, and cost, ¥oan fully de-
e veloped, its applications W1l be chiefly in stationary genersting equip-
nent vhere, because of efficiency limitations imposed by the theymal
cycle, 1t will meet stiff competitica. ﬁ
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Remarkadlse progress has been m¢e  in the past ten years in the do-
velopment of & practiczal fuel cell, - * of the reported fuel cell vork
done to date Linvolves the use of by . or mixtures of hydrogen and
hydrocarbon as the fuel, and oxyget e oxidizer., While wost of the
interest in fusl cells is focused on ite use as & pover gonerating source,
4t bas consideradle potentisl, vhen utiliring carbonaceous fuels, as &
ehexical reactor producing both pover and & useful by-product. Likevise
the fuel cell electrode system {s resdily adaptable to use in chemical
processing. Olher features of the fuel cell zake it very attractive to
certain military applicatiocs, ranging from sudearine propulsica to 4
suxilisry pover units in space satellites, snd silent pover sources
for ground use.

Tu considering the impect of a practical fuel cell on the lead-acid
i dattery sarket coe must keep in mind the fact that & fuel cell is in
fact an electrochenical battery vherein the “sctive rcaterials” are stored

externally to the cell and are capadle of deing fed continuously thereto.
In other words, it is s battery capable of continuous discharge for ex-
tended periods of time. Consider thereforw thal the fuel cell consists
of tvo major ccmponents--first, the "active materials” or fuel and oxidant,
and second, the sssexdly of catalytic electrodes, fuel and axidant bhandling
systems, and product disposal system, electrical connections, electrolyte,
and container. This second cocponent I vill term the “"reactor.” Bence,
regardless of the watt-bour capacity of the unit there is a definite

° fixed weight and volune attridutadle to the reactor. This in turn is
directly related to rate and voltage. The fuel cell is therefore at s
decided disadvantage, weight and volume-vise, vhen applied 0 uses
vherein the dezand for continucus pover supply is of relatively short
duration. A cocparison of the energy-densities versus duration of con-

i tinuous discharge for storsge datteries, fuel cells, and solar converters

1s shovn in Pigure I. Fram this figure it is evident that the theoretical

hydrogen-oxygen fuel cell employing fuel storsge in the 8olid state to

reduce veizht vill have a lover vatt-bhour per pound reting than wvill e

sealed silver-zinc battery vhen the duration of comtinuous power demand

is less than six hours. Compared to the lead-acid battery the eross-

over point is slightly in excess of cne bour. For tbe solar converter in

100% 1light the values are 10 hours and 1.5 hours respectively.

a There are many possible types of fuel cells, varying in complexity
as vell as efficiencies. And Just as in the case of batteries, no one

type vill btest fulfill all applications. The more cooplex types vill

in general be best suited to fixed installations vhile the simpler cnes

will bave more use in portable units. At the present state of tbe art,

it 18 extremely d1fficult to predict the econamic factors. Yet, to gain

1 videspread use the fuel cell must be econcmically ccmpetitive with other

systems and, decause of the great increase in efficiency possidle in such

8 system, I aa confident that eventually it vill be not only cost competi-

tive but vill result in significant econamic advantages.

@ There has been & grest amount of pudblicity relative to the fuel cell--
publicity vhich bhas arcused videspresad interest and excitement, and has

resulted in msny very extravegant claims. I think that perbaps the 1
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underlying reason for m this aay De atiributed to the glamour attached
to the name “"Fuel Cell.” Unfortunz.ely, fev of the clains can de sud~
stantiated by factual data on actual perfcrrance. To evaluate the poesidle
challenge to the lead-acid tattery posed by the fuel cell one must keep tn
aind the tvo points vhich I have already menticned-.vig,, that & fuel cell
18 Just another bdattery vhich, first, is capadble of long sustained dis-
charge perioda; and second, for short periods of dlscharge it 1s at &
decided veight and volune disadvantage cocpared to the conventiocnal type
secondary batteries. Consequartly, I delieve that the fuel cell will in
general create 1ts owvn marksts a8 an extension of dattery applicetica
rather than as & replacesment.

I don't mean to 1mply that tde fuel cell to vhich I bave just re-
forred is Just around the corner. Such & cell is many years svay, and
8 tremendous emount of vork in research and develoreent bas yet to bde
éone before such & system is daveloped to the point vhere (t ray fulfill
the role I have predicted. Bovever, in viev of today's technological
climate and the confidence charscteristic of science and engineering
the fact that such & cell {s theoretically feasidle constitutes Mneie:t
incentive 0 insure eventual success.

In 1859 Gaston Plante vrote, “The secondary electromotive force
odtained vith lead plates in vater, acidulated vith sulfuric scid, vas
greater and persisted lomger Lban that of other candinaticns.™ A hundred
years of battery development vork, on vhich has been built & glant in-
Qustry, bas failed t0 upset that statement. I believe that for macy
years o come the lead-acid battery vill continue to maintain its posie
tion in the storsge battery field.

Fatad
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TARIZ T Energy Densities of Camxon Battery Systess

100 AH Size 1
4
Yolt Per Cell & Pne Density for 12 ¥V Mat
Battery Type Open Circuit av, Voltege Koo J Cells vhr/lb mim’
LEAD-ACTD
Avisticn 2.1 1.9 6 13.1 1.0
Ironcled 2.2 1.9 6 13.2 1.3%
brtomotive | 2.1 1.9 6 15.0 1.3 ;
FIOEL- CADMIUN
Pocket 1.28-1.% 1.2 10 1.0 0.6
Bintered 1.28-1. 1.2 10 11.5 0.88 :
@ Tube Type 1.9 1.2 0 10.6 K-~ :
SILVER-ZINC 1.86
) (o~ ;a.wm- plataws 1.5% 8 85-100 3.0 ‘
1
Co lover platesy
VER-CAXQUX | 1.:0
;h l;xm platesy 1.06 1 0-7% 2.5
oA 1y platesn
02-!2 JUEL CZLL
&Y Hen. el
Storses) 0.7 16 %120 ]
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TARLE IT Cowparison of Battery Systems
100 Batteries - 12 V

. Cost  Cost
Sattery Type Zst. Life gx.:w. Yeor Cyele
JEAD-ACTD Constant Potential recharge
or stepped current recharge
in $-10 hours
Jurtomotive X0 eyclaes
. 3 years $ 0. | $13. |13¢
Industrial 510 years
1600 eycles [$ 70. | 8 9. [ N34
FICKXL~ %
CADMIUM Recharge at Constant 1
Potential 7-8 bours ]
Pocket 10-20 years
2000 cyrtes [$1%. | § 6. |7.5¢
Sintered Vented cells can be re-
charged in 2 dours.
° Sealed cells can de Fe-
ebarged in 10 hours. 10-20 years
Require no vater. 00 cycles | $ 300. $2. 104
CXEL~ IRON Charge at Constant
. Eeet Potential 1n 67 hours
Tudular 15-20 years
2000 eycles [$10. | & 7.5] 6.5 4
SILVER-ZINC RMecharge st Constant 1 year 4
Potential in 4-20 hours 200 cycles | $ 600. $800. | MO0 ¢
SILVER~ 3
CADMIUM Recharge at (onstant 2-3 years
Potential in 4-20 bours S00 cycles | $1000. $00, | 200 ¢
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$625,000,000
. Including mcre than
. 30,000,000 suto-
motive datieries
valued at appo wxde
pately $400,000,000.
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TARLE ITT Zatimated Battery Sales in
the United States - 1659

FIOCEL~CAIMIRL
NIOCL 05

420,000,000
Including & large
Buaber of Lerzeti-

cally scaled cells
of the buttan tspe.

$150,000,000

Ceaprising about 1-1/2
billion units mostly
of the LeClanche type
and adout 300,000
Dearing aid batteries
(Eg0/Za) valued &t
$0,000,000.
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TARIE IV 1959 Production Figures
for Battery Metals :
{In &hort Tons) 1

L2AD NIOPL CADNCUK SILVIR . ZIXC
UBA Production 239,00 11,600 8,300 &0 417,000
Wrld Protuctica 2,520,200 09,000 10,000 7,900 3,071,000 {
UBA Use 1,091,100 112,700 17,000 8,90 933,80 L
UBA Use for E
Btarsge Natieries 30,700 500 100 120 25,000 F
Percentage of 1
° Total Use Mn.9 0.b 1.4 2.9 2.7 3
1
. Averoge Price 1
($ per 1d) 0.122 0.7 1.0 13.9 o.s - i

sIncluding dry cell batteries.
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