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ABSTRACT

This paper presents the initial rcsolts of an exploratory

ef for t  undertaken at  JPL to emtrlish the basel ine

electrical performance and cycle life envelope for

commercially availatrle Iithion-ion cells. Sample cells

were obtained from three manufacturers for evaluation.

‘festing  consists of evaluating the charge and discharge
characteristics at different temperatures and rates. Cycle

life performance is being determined with  both 40% and
100% depth of discharge regirncs without the benefi[ of

individual cell bypass circuitry dorin~  charge. Ihwrgy
demities  in excess of lfK) watt-hours pcr kilogram and
very promising cycle life performance have actually been

demonstrated in some cases, It is expected that this
technology will be of value for future NASA missions if it

can be scaled LIp  to the 20 ampere-hour level and
particularly if cycle life comparable to that of nickel-

cadmiom or nickel-hydrogen can be detnonstratcd.

lNIRODUCIJON

Reduction of the weight and volume requirements of the
energy storage component of electronic devices has made
a significant advancement with the appearance of the
I.id] ion-Ion  battery. Litbiun-krn batteries are replacing
Nickel-Cadnlionl  and Nickel-Metal }Iydridc batteries in

conson]er electronic devices such as ce[kdar  phones,
portable computers and camcorders. More recendy, this

technology has received ttUICh attention in the Aerospace
industry. Lid]iun-Ion batteries have the potential to
provide twice the gmvimetric  energy density and up to 5

times the volumetric energy density of state of the art

Nit12 common pressure vessel (CP\r)  batteries. I:or

example, the Mars Global !Mrveyor  battery, based on the
2-cell CPV  technology, actually real ized 36 Wh/Kg  and

18 Wh/1. N e a r  tern] g o a l s  f o r  scaleablc I.ithiurr-lon
technology are modestly projected at 90 Wh/Kg and 140
W h i t

The direction of the technology indicates that scaled up

aerospace prototype cells will evolve from the currently
available commercial technology. “lb is technology is

based upon use of Iithiated,  carbon anodes and Iithiatcd,

layered metal oxides immersed in an organic solvent
electrolyte. Carbon  anodes can intercalated Iithionl  with a

theoretical capacity of 372 n]Ah/g  according to the
following stoichinmetry

xLi + 6C --> I.ixC’~.

I.idliatcd  metal oxides serve as d)e source of Iitliiun] to

f o r m  the t7/I.iM02 coup le  whe re  M  olay be Cobatt,

Nickel, smne combination of the two, or in SOIUC  cases,

other layered ntaterials. ‘Me  lithium ntetal oxides have
rechargeable capacities of approximately 137 n] Ah/g. The

reversible rdact ion may bc sulnmarized  as follo~vs

LiM02 + 6C < - - - >  l,i(l-x)M02 + I,iC6.

Hlectrolytcs  are usually n]ade frun]  Iithionl  salts such ai
1.iPI:6, I.iAsIJ~,  1.iC104, etc., dis$olved in stable carbonate

based solvents such as Ethylene Carbonate and Propylene
Carbonate.

Most  Iithiunl-ion  cells that are nlass-prodoced today
have capacities that do not exceed 1,5 anlpere-boors, In

the transition from consun]er to aerospdce applications, it

is expected that the chemistry of Litbiun-Ion cells will bc
simi lar al though cel l  ca[vdcity and packa~ing will tre

nlodifled. IIence, t he  e l ec t r i ca l  chamcteristics  of
con]nmrcially  availafrle I,ithiun-lon (eIts will help identify

battery control issues as they relate ro the design of power
subsystenls for future spacecraft. (’characterization tests,
typical of N’ickel ~adn]ium and N icke l  FIydrogen
batteries, were perfornled  on small I,itbion-lon cells that

were readily available,

l; XPERIMEN’IA1,

Sonic of the earliest cell samples were procured in 1993
and appeared to bc a C size product fr{~n] manufacturer
S1, The celts weighed 41 gmrn$ with  a volume of 16 C013

and had a 1,0 arnpcre-hour  nameplate caprcity, initial
discharge chamcteristics  sbclw that tile actual C/2 capacity

was 0.8 arnpcre-hours to a 3.00 volt/cell cut off. ‘flcse
cells yichled  78 Wb/Kg  and 178 Wb/1. A set of three cells
were series connected and subjected to a 40% depth of

discharge cycle regime at 23 degrees Celsius. I;acb cycle
consisted of a constant current discharge load at (),64

amperes for 30 minutes followed by a 60 minute curretlt
tinlited,  constAnt voltage charge at 0.4A (C/2)  to 12.3

volts. All battery packs discussed were not equipped with
individual cell bypass circuitry therefore the individual cell
voltages were distributed without restraint yet within the

charge voltdgc limit. With this type of arrangement, the
range of cell voltages at the end of charge, maximonl
minus ntininturn,  is a useful tool for nleasorenmnt of cell

uniformity.  Approximately 6000 cycles were realized and
the range of cell voltages at end of charge was 0.050 volts

at the end of life. The coulnmhic  efficiency was stable
across the cycle life of this battery pack at 0.99; however
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the energy efficiency began at ().92 and decreased to ().85
by the end of life,

Samples procured in 1995 from manuhctorer  S2 were
conflgLlred in the now familiar 18650 packaging. ‘flese

cells had a 1.2 ampere-hour nameplate capacity. The cells

w e i g h e d  39 grams with a volume of 16 cn13. Initial
discharges indicated that the actual C/2 capacity was 1,2
ampere-hours to a 3,00 volt/cell cut oft’, These cells

yielded 110 Wh/Kg and 268 Wh/1. A set of 7 cells were
series connected. Ten cycles were applied for each of the

f o l l o w i n g  charge volr~ges 2 7 . 3 ,  28,0,  28.7. Thi\
corresponds to 3.900, 4,000, and 4,100  volts/cell. In all

cases C/5 was used as the initial cLlrrent, the charge was

terminated when the current tapered to C/100.  The ose of

C’ / IOf)  as a charge cut oft’ limit was a reliable and
reproducible technique that assured a return mtin  of 0,99
to 1.01 of the ampere-hours removed on the fmvioos

discharge regardless of temperature. C/2 was used a$ the

ciischar-ge current and each discharge was teminated

when the first cell reached 3.000 volts. lhis rcginie  was
repeated at -10, 0, 10, and 25 degrees CelsiLm. I:lgure  1

summarizes the sensitivity of capacity to botl) chtirgc
vultage and tempertiture.
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One cell was removed front  this battery pack and the
remaining set of six series coonec[ed cells were subjected
to a 100% depth of discharge cycle regia]e at 23 degrees
Celsius, Each cycle consisted of a cons! ant cLlrrent
discharge load at 0.6 amperes until the first cell reaches
3.000vol(sfollowed hya current lin]itcd,  conshnt  vultdge

charge at 0.24A (C/5) to 24.6 volts for 8 hours or until a
1,01 charge to discharge ampere-hour mtio  is achieved,

Approximately 1000 cycles have becnrealized  to date and
the range of cell voltages at end of charge is m the order

of 0,037 volts. The cmdombic  efficiency has hem stiihle

across the cycle life at 0.99 and the energy efficiency
fregan at 0.90 and decreased t{) 0.83 thus ftir.

Another set of three cells from nlarlLIP~ctLlrer S2 were
series connected and subjected to a 40% depth of

discharge cycle regime at 23 degrees Celsius. Each cycle

cunsisted of a constmt  current discharge load at ().96

amperes for 30 minutes follnwed  by a 60 nlinLlte cumnt
l imited, comsvan(  voltage charge at O.fIA (C/2)  to 12.3
volts, Approximately 3000 cycles were realized with this
battery and the rwge of cell voltage sat end of charge was

().()45 volts by the end of life. I.ihe  the S1 battery, tile

coLlhmd)ic efficiency was stable across the cycle life at
().99; however the energy efficiency began at (),90 and
decreased to 0.75 try the end of life. Ten]per~tLlre was

measured on each cell case. l;igLlre 2 shows a time vcrsos
average cell voltage and temper~ture for a single cycle late

in the life of this battery. Figure  3 depicts the cycles
versus end of discharge temperature tlend. Flgllre  4
i[hlstrates the nverall  effect of ~oof) cycles L]pon discharge

capacity at rdtes from C to C/20.
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Cell samples procured in 1996 from n]anoFdctorer S3
were configured  in tlm 18650 packa~i]}g. These cells had
a 1.2 ampere-hour mmeplate  capacity. The cells weighed
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3 Initial discharge38.8 granls w i t h  a  volorne of  16 cm’

characteristics show, that the actual C/2 capacity was ().95

tinqrere-boors to a 3.00 vcrI[/cell  cot oft’. These cells

yielded 90 Wh/Kg  and 207 Wh/1. A set of four cells were
ser ies connected and Sobjected to a 40% dcfrth of

discharge cycle regitne at 23 degrees Celsios. Each cycle
consisted of a constant torrent discharge load at 0.69

wnperes for 30 minutes followed by a 60 nlinute  current
Iinlited,  consr~nt voltage charge at 0.43A (CY2) to 16.4

volts, Approxinlately  1700 cycles have been realized to

date with this battery pack and the range of cell voltages

at end of charge is 0.024 volts, The coolombic  eft’lciency

has been stable across the cycle life at 0.99; howevet the

energy efficiency began at 0.90 and decreased to 0,80 thus
far.

A second set of four cells from nlanofactorcr  S3 were
series connected and subjected to a 100% deplh of

discharge cycle regime at 23 degrees Celsius. Each cycle
consisted of a cons~~nt correot discharge load at 0.425

(C/2)  anlperes until tile first cell reaches 3.000 vol(.,

followed by a current Iin]ited,  con$twrt voltage charge at
0.425A tt) 24.6 volts for 3 hours or Lll)ti[ a 1.01 charge to

discharge arnpere-hrrur ratio is achieved. Approxitnately

450 cycles have been realized to date widl this battery

pack and the range of cell voltages at end of charge is
0,020 volts, The coolotnbic  efficiency has been stable

across the cycle life at 0.99; however the energy eft’lciency
began at 0.89 and decreased to 0.83 dlLIS  Far.

SUMMARY

Cell Packaging Amp-Hours WhiUg Wh/1

SI c 0.80 78 178

S2 18650 1,20 110 268

S3 18650 095 90 207

TABLE 1- CEI.L PERFORMANCE ItASEI,INfi

II S2 I 40% I 3000 ] 090

ly+%rf~;
(1) lest is in progress,

Final Energy

Efficiency

085

075

080

083

083

1’ABLF,  2- CYCLE LIFE 10 I)Alt~.

The n]easored gmvitnetric  energy density at the cell level
is consistent with that expected; that is 90 Wh/Kg.  The
nlea$ured volonletric  energy density at the cell level was

greater than 2(N Wh/1 and was better than expected,
Sttite of the art crrrnrnercial technology is  soff’lciently
robust to support missions reqoiring  a limited cycle life of

individual cell charge control electronics, I,iahillty

exposure in comsonwr markets rnandatcs rigid charge

control at the cell level but it is not clear if aerospace
applications need to bear the penalty of additional weight

and conq~lexity. When applying a current Iinlittxt.

constfint wl!tage charge, the ose of C/l(K) as a charge cot
off ’  Iinli(  flppcars to he a reliahlc  a n d  r e p r o d u c i b l e

technique for charge tern] inNion within the rdnge of

tempmtures  tested.

‘1’hroughout cycle life, a degradation in energy efficiency
i s  acconq~anied b y  an i n c r e a s e  ill t h e  nperating

tempcrdtore.  These two flctors soggcst an increase in cell
in(ernd  inlpedance; typically electrolyte degradation or

hrcakhvn of the layered electrode strocture.  If cycle life

comparable to that of Ni-Cd  or Nit{2 is to frc realized

then cell designers need to develop a tretter understanding

of the underlying causes of this impedance. IIigh external

case tenq)critures  on relatively snlall  cells are a concern.

In the near terni,  cell and battery designers need to
c o n s i d e r  thcnoal  n)anagenlent; part icular ly  so w h e n

contenlpktting  scaling LIP from 1 to 20 anlpere-boor or
Ixrger  celt simx. IIeat  renmud  needs to he focused on the

expected heat gencrtted  at the end, not the beginning, of
life.  On tlw other hand, given tht sensitivity of capacity to

tcxnpei-ature, designers might f]nd a way to otiliTe  these
thernuil  chardclcristics  for applications with very cold
operdting environments. Power system designers need to

design to the end of life energy efficiency, This work  is
continuing and updates will be reported at a later date.

Arnlantroot,  J., “Flattery System Prime’s Perspective, ”

Space Power Workshop, Manhattan EMch,  CA, April 23-
25, 1996.

Surarnpodi, S . ,  et. al,, “l,ithionl lL)II Bat tery Progranl

.%LfLl$,  ” 1996 NASA Battery Workshop, Novenher  28-30,
199(,, NASA Coof,  Plltl. 3325, f)P, 87-147,

Megahed, S . ,  a n d  Scrosati, F t . ,  “1.idliunl I n n
Rechargeable Batteries, ” J .  Power Snurces, 51 (1994) 79
104.

‘f’his work was carried out at tht Je t  P ropu l s i on
1.aborat(,ry,  C’tilift)rllia  Institute of’ Technology,  under

contract  wi th the Nat ional  Aeronaut ics and Space
Admin i s t ra t i on  and  was sponsnrcd hy NASA Chie f
Engineer’s Office.

at Icast one thousand cycles. ‘Me  cycle life figures

reported here were achieved without the bcnefl!  of


