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FOREWORD 

Th i s  work i s  done by t h e  Argonne Na t i ona l  Labora to ry  under c o n t r a c t  
W-31-109-Eng-38 t o  t h e  Department o f  Energy. The work i s  p a r t  o f  DOE's 
E l e c t r i c  and Hybr id  Veh i c l e  (EHV) Research, Development and Demonstrat i o n  
Program i n  response t o  P u b l i c  Law 94-413, mandated by t h e  Congress i n  
September 1976 and amended l a t e r  by P u b l i c  Law 95-238 i n  March 1978. The 
o v e r a l l  o b j e c t i v e  o f  t h e  DOE's EHV program i s  commerc ia l i za t ion  and wide- 
spread use of EHV's beg inn ing  i n  t h e  l a t e  1 9 8 0 ' ~ ~  t hus  r e s u l t i n g  i n  reduc- 
t i o n  o f  pet ro leum use i n  t h e  t r a n s p o r t a t i o n  sec to r .  Toward these o b j e c t i v e s ,  
f i v e  p r o j e c t s  have been es tab l i shed ,  They a re  t h e  ( 1 )  Market Demonstrat ion 
P ro jec t ,  ( 2 )  Veh i c l e  E v a l u a t i o n  and Improvement P r o j e c t ,  ( 3 )  E l e c t r i c  V e h i c l e  
Commercial i z a t  i o n  P r o j e c t  ( 4 )  Hybr id  Veh i c l e  Commercial i z a t  i on  P r o j e c t  and 
( 5 )  Advanced Veh i c l e  Development P r o j e c t .  The c u r r e n t  near- term b a t t e r y  
development e f f o r t  i s  i n  suppor t  o f  t h e  E l e c t r i c  Veh i c l e  Commerc ia l izat ion 
P r o j e c t .  

The O f f i c e  f o r  E lec t rochemica l  P r o j e c t  Management (OEPM) i s  t h e  P r o j e c t  
F i e l d  O f f i c e  respons ib l e  f o r  t h e  development o f  major near- term b a t t e r i e s  
amenable t o  commerc ia l i za t i on  i n  t h e  l a t e  1980 's .  The b a t t e r y  candidates are 
improved lead-ac id ,  n i c k e l l i r o n  and n i c k e l l z i n c  systems. The ANLIOEPM b a t t e r y  
p r o j e c t  i s  an indust ry-based approach whereby i n d u s t r y  c a r r i e s  ou t  a  major 
p a r t  i n  t h ~ . b a t t e r y  techno logy  development and ANLIOEPM prov ides  t e c h n i c a l  
management and in-house suppor t  f o r  b a t t e r y  v e r i f i c a t i o n  t e s t i n g  and r e l e -  
vant  suppor t  research.  

ANLIOEPM i n i t i a t e d  e i g h t  major i n d u s t r i a l  c o n t r a c t s  f o r  t h e  b a t t e r y  
techno logy  development e a r l y  i n  1978: t h r e e  i n  lead-ac id ,  two i n  n i c k e l /  
i r o n  and t h r e e  i n  n i c k e l l z i n c .  Each c o n t r a c t o r  pursues a  p a r a l l e l ,  b u t  d i f -  
f e r i n g  t e c h n i c a l  approach o f f e r i n g  promise o f  meet ing t h e  p r o j e c t  o b j e c t i v e s .  
The t e c h n i c a l  progress and t h e  approaches w i l l  be c r i t i c a l l y  assessed and a 
s e l e c t i o n  o f  t h e  most p romis ing  techno log ies  w i l l  be made i n  1981. ANL/ 
OEPM's Na t i ona l  B a t t e r y  Tes t  Labora to ry  (NBTL) p rov ides  techno logy  v e r i f i c a -  
t i o n  t e s t i n g  o f  t h e  f u l l - s i z e  c e l l s ,  modules, and b a t t e r i e s  d e l i v e r e d  by 
t h e  i n d u s t r i a l  c o n t r a c t o r s  on a  scheduled bas i s .  ANL/OEPM a l s o  p rov ides  
t i m e l y  research suppor t  on those  t o p i c s  t h a t  are c r i t i c a l  o r  g e n e r a l l y  a p p l i -  
cab le  t o  t h e  advancement o f  t h e  techno log ies .  

Th i s  summary r e p o r t  represen ts  an i n t e r i m  p rogress  r e p o r t  f o r  t h e  per-  
i o d  o f  October 1977 th rough September 1979. The r e p o r t  summarizes t h e  
approach and r e s u l t s  o f  t h e  i n d u s t r i a l  c o n t r a c t o r  research  and development, 
. the v e r i f i c a t i o n  t e s t i n g  a t  NBTL, t h e  suppor t  research. a c t i v i t i e s ,  t h e  r e -  
search and development i n  b a t t e r y  components, and t h e  b a t t e r y / v e h i c l e  sys- 
tem i n t e g r a t i o n  a c t i v i t i e s .  

The Near-Term EV B a t t e r y  P r o j e c t  i s  implemented d l  ANL th rough a team 
composed o f  management t e c h n i c a l  s t a f f ,  and suppor t  personnel .  Each team 
member p rov ides  a  focused and exper t  c o n t r i b u t i o n  t o  t h e  p r o j e c t .  Members 
of t h e  ANL/OEPM B a t t e r y  P r o j e c t  Team respons ib le .  f o r  s p e c i f i c  management 
'and t ask  l eade rsh ip  areas are: 
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ABSTRACT 

The s t a t u s  and r e s u l t s  through FY 1979 on t h e  Near-Term E l e c t r i c  Veh i c l e  
B a t t e r y  P r o j e c t  o f  t h e  Argonne Na t i ona l  Labora to ry  a re  summarized. Th i s  
p r o j e c t ,  under ANL ' s  O f f  i c e  f o r  E lec t rochemica l  P r o j e c t  Management (OEPM) , 
conducts R&D on lead-ac id ,  n i c k e l l i r o n  and n i c k e l l z i n c  b a t t e r i e s  w i t h  t h e  
o b j e c t i v e  o f  ach iev ing  commerc ia l i za t i on  i n  e l e c t r i c  v e h i c l e s  i n  t h e  1980 's .  
The b u l k  o f  t h e  R&D i s  performed by e i g h t  i n d u s t r i a l  c o n t r a c t o r s  w i t h  support  
research  i n  areas o f  c r i t i c a l  need supp l i ed  by ANL. Other i m p o r t a n t ' p r o j e c t  
a c t i v i t i e s  i n c l u d e  performance v e r i f i c a t i o n  t e s t i n g  o f  c o n t r a c t o r  supp l i ed  
c e l l s ,  modules, and b a t t e r i e s  a t  ANL's Na t i ona l  B a t t e r y  Test  Labora to ry  
(NBTL) , b a t t e r y  separa to r  development, development o f  techniques f o r  b a t t e r y  
cha rg ing  and s ta te-of -charge de te rmina t ion ,  b a t t e r y  t e s t  i n  veh i c l es ,  and 
d e f i n i t i o n  o f  b a t t e r y  appl i ca t . ion  models. 
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Key r e s u l l s  of t h e  R&U i n d i c a t e  major  technology advancements and 
achievement o f  most o f  FY 1979 performance goals .  I n  t h e  lead-ac id  syste111 
t h e  s p e c i f i c  energy was increased f rom l e s s  than 30 Whlkg t o  over  40 Whlkg * 

a t  t h e  C/3 r a t e ;  t h e  peak power d e n s i t y  improved f rom 70 Wlkg t o  over 110 
Wlkg a t  t h e  50% s t a t e  o f  charge; and over 200 deep-discharge c y c l e  l i f e  de- , 

monst ra ted.  I n  t h e  n i c k e l /  i r o n  system a  s p e c i f i c  energy o f  48 Whlky was 
achieved; a  peak power o f  about 100 Wlkg demonstrated and a  l i f e  o f  36 cyc les  
ob ta ined .  I n  t h e  n i c k e l l z i n c  system, s p e c i f i c  energ ies o f  up t o  64 Whlkg 
were shown; peak powers o f  133 Wlkg obtained; and a  l i f e  o f  up t o  120 c y c l e s  
measured. Fu tu re  R&D w i l l  emphasize increased c y c l e  l i f e  f o r  n i c k e l l z i n c  
b a t t e r i e s  and inc reased  c y c l e  1  i f e  and s p e c i f i c  energy f o r  lead-ac id  and 

. n i c k e l l i r o n  b a t t e r i e s .  T e s t i n g  o f  145 c e l l s  was completed by NBTL. C e l l  
e v a l u a t i o n  inc luded  a  f u l l  s e t  o f  performance t e s t s  p l u s  t h e  a p p l i c a t i o n  
o f  a  s imu la ted  power p r o f i l e  equ i va len t  t o  t h e  power demands o f  an e l e c t r i c  
v e h i c l e  i n  s t o p - s t a r t  urban d r i v i n g .  S i m p l i f i e d  t e s t  p r o f i l e s  which approx- 
imate e l e c t r i c  v e h i c l e  demands a re  a l s o  descr ibed. 



EXECUTIVE SUMMARY 

The E l e c t r i c  and Hyb r i d  Veh i c l e  Research, Development and Demonstrat ion 
Act  of 1976 (PL 94-413), l a t e r  amended i n  March 1978 by PL 95-238, p rov ides  
f o r  t h e  development of improved b a t t e r i e s  f o r  e l e c t r i c  v e h i c l e  p ropu l s i on .  
T h i s - a c t i v i t y  i s  performed as p a r t  o f  t h e  Department o f  Energy 's  E l e c t r i c  
Veh i c l e  Cornmercial' izat i o n  (EVC) P r o j e c t .  The EVC P r o j e c t  c o n s i s t s  o f  two 
main elements. The p r ima ry  element i s  aimed a t  induc ing  e l e c t r i c  ca r  mass 
p roduc t i on  t h r0ugh .a  bus iness r e l a t i o n s h i p  w i t h  a  major automobi le  manufac- 
t u r e r ;  The secondary element i nvo l ves  t h e  commerc ia l i za t ion  o f  components 
and subsystems f o r  use by t h e  genera l  EV i n d u s t r y .  The development and 
commerc ia l i za t ion  o f  improved near- term b a t t e r i e s  i s  a  major  p a r t  o f  t h e  
second.element o f  t h e  E V C  P r o j e c t .  T h e , O f f i c e  f o r  E lec t rochemica l  P r o j e c t  
Management (OEPM) a t  Argonne N a t i o n a l  Labora to ry  (ANL) was g iven  p r o j e c t  
management r e s p o n s i b i l i t y  by DOE f o r  t h e  development o f  those  improved ba t -  
t e r y  systems cons idered t o  be s u i t a b l e  f o r  near- term a p p l i c a t i o n  i n  e l e c t r i c  
veh i c l es .  Three b a t t e r y  systems were i d e n t i f i e d  by  OEPM as l i k e l y  candidates 
f o r  improvement and commerc ia l i za t ion  i n  e l e c t r i c  v e h i c l e s  by t h e  mid 1980 's .  
These were des ignated near- term b a t t e r i e s  and a re  t h e  lead-ac id ,  n i c k e l l i r o n  
and n i c k e l l z i n c  types.  The bu l k  o f  t h e  R&D e f f o r t s  on these  b a t t e r i e s  i s  
c a r r i e d  o u t  on a  c o s t  sha r i ng  bas i s  b y . i n d u s t r i a 1  o rgan i za t i ons  who were 

' c o m p e t i t i v e l y  se lec ted  by OEPM i n  1977-1978. These c o n t r a c t o r s  f o l l o w  a  pre-  
e s t a b l i s h e d  statement-of-work and submit  r e g u l a r  progress r e p o r t s  t o  OEPM. 
They a l s o  send c e l l s ,  modules and b a t t e r i e s  t o  t h e  Na t i ona l  B a t t e r y  Test  
Labora to ry  (NBTL) a t  Argonne f o r  t e s t  v e r i f i c a t i o n  o f  t h e i r  t e c h n i c a l  p ro -  
gress. 

. . 

Assoc ia ted p r o j e c t  a c t i v i t i e s  by OEPM i n c l u d e  severa l  i n t e r a c t i v e  
t asks  c o l  l e c t  i v e l y  aimed a t  t h e  development and commercial i z a t  i o n  o f  near- 
te rm b a t t e r y  'techno'logy. These t e c h n i c a l  a c t i v i t i e s  inc lude :  

- V e r i f i c a t i o n  t e s t i n g  o f  c o n t r a c t o r  f a b r i c a t e d  c e l l s  and b a t t e r i e s  
a t  t h e  NBTL 

-Ba t t e r y  a n a l y s i s  and op t  i m i z a t  i o n  s t u d i e s  

-Support research  i n  areas o f  c r i t i c a l ,  need 

-Post t e s t  a n a l y s i s  o f  c e l l s  and b a t t e r i e s  

-Development o f  suppo r t i ng  t echno log ies  such as separators ,  
techniques f o r  charg ing  and s t a t e  o f  charge m o n i t o r i n g  

-Prepara t ion  o f  b a t t e r y  a p p l i c a t i o n  i n f o r m a t i o n  f o r  v e h i c l e 1  
s y s t ~ m  develnper  use 

-Mon i t o r i ng  o f  performance o f  improved near- term b a t t e r i e s  
i n  eng ineer ing  t e s t  v e h i c l e s  

- ~ a t t e r ~ / v e h i c l e  system i n t e g r a t i o n  s t u d i e s  t o  ensure compat i- 
b i l i t y  o f  R&D goa ls  w i t h  v e h i c l e  needs .. . 
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Both ANL and c o n t r a c t o r  t asks  a re  w e l l  underway. Progress f rom p r o j e c t  
i n i t i a t i o n  t o  t h e  end o f  FY 1979 a re  summarized i n  t h e  f o l l o w i n g  paragraphs: 

Each o f  t h e  t h r e e  l ead -ac id  b a t t e r y  c o n t r a c t o r s  i s  pursu ing  a  d i f f e r e n t  
t e c h n i c a l  approach which i s  aimed a t  develop ing b a t t e r i e s  hav ing  improved 
s p e c i f i c  energy, s p e c i f i c  power, and l i f e  a t  an acceptable cos t .  For example, 
E l t r a  i s  emphasizing low c o s t  and minimum maintenance through use of .expanded 
lead-ca lc ium meta l  a l l o y  g r i d s  which lower s e l f  d ischarge  and have a  h i gh  
c o r r o s i o n  res is tance . .  They have developed a  p i l o t  l i n e  f o r  cont inuous manu- 
f a c t u r e  o f  e l ec t rodes  u t i l i z i n g  these  g r i d s .  ESB i s  pursu ing  d e f i n i t i o n  o f  
t h e  optimum c e l l  c o n s t r u c t i o n  through use o f  f a c t o r i a l  exper iments which 
eva lua te  seve ra l  c o n s t r u c t i o n  combinat ions and des ign parameter v a r i a t i o n s .  
These i n c l u d e  b o t h  f l a t  p l a t e  and t u b u l a r  p l a t e  p o s i t i v e  e l ec t rodes .  Globe- 
Un ion ' s  approach emphasizes c e l l  des ign o p t i m i z a t i o n  hy means o r  a suphls-  
t l c a t e d  computer model, and t h e  use o f  an un ique i n t r a c e l l  e l e c t r o l y t e  
c i r c u l  a t  i o n  s y q t . ~ m ,  

Lead-acid R&D o b j e c t i v e s  f o r  FY 1979 were a  s p e c i f i c  energy o f  39 Whlkg, 
a  s p e c i f i c  power o f  90 Wlkg, and a  c y c l e  l i f e  o f  300 cyc les .  A s p e c i f i c  
energy improvement f r om p r e c o n t r a c t  va lues o f  l e s s  than  30 Whlkg t o  over 
40 Whlkg a t  t h e  3-hour r a t e  was demonstrated a t  NBTL. Peak s p e c i f i c  power 
was increased from p r e - c o n t r a c t  va lues o f  70 Wlkg t o  110 Wlkg f o r  a  30 second 
p u l s e  w i t h  t h e  b a t t e r y  a t  50% s t a t e  o f  charge. Cyc le  l i f e  a t  an 80% depth o f  
d ischarge  was demonstrated t o  be g rea te r  than  200 cyc les .  

A The two n i c k e l l i r o n  b a t t e r y  c o n t r a c t o r s  are a l s o  pursu ing  d i f f e r i n g  
t e c h n i c a l  approaches. West inghouse i s  emphasizing low i n i t i a l  c o s t  through 
m i n i m i z a t i o n  i n  t h e  amount o f  n i c k e l  used w h i l e  s t i l l  m a i n t a i n i n g  good per -  
formance. They use pressed, s i n t e r e d  s t e e l  wool e l e c t r o d c  subs t ra tes  i n  
bo th  e l ec t rodes  t he reby  1 im i t . i ng  t h e  n i c k e l  t o  t h a t  r c q u i r e d  as t h e  d c l  i ve  
111ater ia1.  They a l s o  u t i l i z e  a  c e n t r a l  e l e c t r o l y t e  c i r c u l a t i o n  system f o r  
accompl ish ing thermal  management, gas management, and easy e l e c t r o l y t e  main- 
tenance. Eagle-Picher i s  s t r e s s i n g  h i g h  performance th rough use o f  a n i r k ~ l  
e l e c t r o d e  t ~ d v i r ~ y  a n i c k e l  s u b s t r a t e  and a - p r o p r i e t a r y  i r o n  e l e c t r o d c  deve- 
loped  by  t h e  Swedish N a t i o n a l  Development Company. 

N i c k e l l i r o n  R&D o b j e c t i v e s '  f o r  FY 1979 were a  s p e c i f i c  energy o f  58 Whl 
kg, a  s p e c i f i c  power o f '  110 Wlkg, and a  c y c l e  l i f e  o f  800 cyc les .  Both con- 
t r a c t o r s  achieved a  s p e c i f i c  energy o f  about 48 Whlkg and a  s p e c i f i c  power 
of  about 100 Wlkg. L i f e  c y c l e  t e s t s  are ~ ~ n d e r w a y  w i t h  about 36 c y c l c s  hav- 
i n g  been demonstrated. 

I n  t h e  case o f  t h e  n i c k e l / z i n c  b a t t e r i e s ,  each o f  t h e  t h r e e  c o n t r a c t o r s  
i s  a l s o  pursu ing  a  d i f f e r e n t  t e c h n i c a l  approach. The Energy Research Cor- 
p o r a t i o n  (ERC) i s  emphasizing low i n i t i a l  cos t  th rough  use o f  p l a s t i c  bonded 
e l e c t r o d e s  which reduce t h e  q u a n t i t y  o f  n i c k e l  needed. ESB i s  deve lop ing  a  
b a t t e r y  w i t h  an un ique  v i b r a t i n g  z i n c  e l e c t r o d e  i n  o rder  t o  overcome t h e  l i f e  
1  i m i t i n g  d e n d r i t i c  growth and shape change problems. Gould i s  deve lop ing  a  
h i g h  per-furmance b a t t e r y  based on t h e  use o f  s i n t e r e d  n i c k e l  e l ec t rodes .  

The n i c k e l l z i n c  R&D o b j e c t i v e s  f o r  FY 1979 were a  s p e c i f i c  energy o f  
65 Whlkg, a  s p e c i f i c  power o f  130 Wlkg, and a  c y c l e  1 i f e  o f  200 cyc les .  
Those o b j e c t i v e s  were e s s e n t i a l l y  achieved except  f o r  c y c l e  l i f e  where t h e  
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bes t  1 i fe"demonstrated i n  NBTL was 120 cyc les  w i t h  most c e l l s  d i s p l a y i n g  a  
much lower l i f e .  However, no modules f rom ESB were evaluated i n  FY 1979 
s i nce  t h e  ESB n i c k e l l z i n c  R&D c o n t r a c t  was o n l y  i n i t i a t e d  i n  A p r i l  1979. 

A  key p a r t  o f  t h e  p r o j e c t  i s  t h e  performance v e r i f i c a t i o n  t e s t i n g  a t  
NBTL of c o n t r a c t o r  suppl  i e d  c e l l  s, modules, and b a t t e r i e s .  Standard t e s t  
.procedures have been de f i ned  f o r  measuring s p e c i f i c  energy', s p e c i f i c  power, 
se l f -d ischarge  r a t e ,  performance w i t h  a  s imu la ted  power p r o f i l e  (based on an 
e l e c t r i c  passenger car  d r i v e n  on t h e  SAE J227alD urban c y c l e ) ,  e f f e c t s  o f  
p a r t i a l  depths o f  discharge, and b a t t e r y  c y c l e  l i f e .  Cont rac to r  modules 
are submi t ted  t o  these  s tandard t e s t s  p r o v i d i n g  a  common e v a l u a t i o n  bas is .  
As o f  t h e  end o f  FY 1979, 145 c e l l s  f rom e i g h t  b a t t e r y  c o n t r a c t o r s  had been 
t es ted .  S p e c i f i c  energ ies measured v a r i e d  fr.om 35 t o  41 Whlkg f o r  improved 
lead-ac id  b a t t e r i e s ,  45 t o  48 Whlkg f o r  n i c k e l l i r o n  b a t t e r i e s ,  and 35 t o  64 
Whlkg f o r  n i c k e l l z i n c  b a t t e r i e s .  Corresponding v e h i c l e  ranges based on simu- 
l a t e d  urban d r i v i n g  (J227alD c y c l e )  i n  a  GEIChrysler t ype  e l e c t r i c  ca r  w i t h  
r egene ra t i ve  b r a k i n g  a re  74-79 m i l e s  f o r  improved lead-ac id  b a t t e r i e s ,  and 
up t o  96 m i l e s  f o r  t h e  n i c k e l l i r o n  b a t t e r y .  As o f  t h e  end o f  FY 1979, simu- 
l a t e d  v e h i c l e  range t e s t s  were no t  y e t  completed on t h e  n i c k e l l z i n c  b a t t e r i e s .  
By comparison; t h e  p r e - c o n t r a c t  s t a t e - o f - t h e - a r t  l ead-ac id  b a t t e r y  (ESB EV- 
106) g i ves  a  s imu la ted  range o f  60 m i l e s .  Comparative s imu la ted  v e h i c l e  
range t e s t i n g  w i t h  and w i t h o u t  regenera t i ve .  b rak ing  i n d i c a t e  range increases 
o f  18 t o  31% w i t h  r e g e n e r a t i v e  brak  i ny .  A1 1  b a t t e r i e s  t e s t e d  show excel  l e n t  
charge acceptance o f  t h e  regene ra t i ve  b r a k i n g  c u r r e n t .  Another s i g n i f i c a n t  
f i n d i n g  by NBTL was t h a t  t h e  temperature r i s e  e x h i b i t e d  by n i c k e l l z i n c  modules 
d u r i n g  d ischarge  was p r o p o r t i o n a l  t o  t h e  s p e c i f i c  energy. Thus, as h i ghe r  
s p e c i f i c  energ ies a re  achieved more a t t e n t i o n  must be devoted t o  thermal  
management. Present  modules hav ing  a  s p e c i f i c  energy o f  60 Whlkg e x h i b i t  a  
22°C temperature r i s e  d u r i n g  a  3-hour d ischarge.  

As o f  t h e  end o f  FY 1979, 15 t e s t  s t a t i o n s  were o p e r a t i o n a l  i n  NBTL 
w i t h  work underway t o  expand t o  40 t e s t  s t a t i o n s .  A  t y p i c a l  ce l l /modu le  
t e s t  s t a t i o n  has c u r r e n t  c a p a b i l i t y  o f  f 500 amps and a  v o l t a g e  range o f  
0-12 v o l t s .  C a p a b i l i t y  o f  a  b a t t e r y  t e s t ,  s t a t i o n  i s  +350 amps, -500 amps 
and 10-120 v o l t s .  

The support. research  a c t i v i t i e s  are d i r e c t e d  a t  conduc t ing  b a s i c  and 
a p p l i e d  research  i n  s p e c i f i c  areas o f  c r r i t i c a l  need and complementing t h e  
research  a c t i v i t i e s  o f  t h e  con t rac to r s .  These a c t i v i t i e s  i n c l u d e  research  
e f f o r t s  on improv ing performance and p r e d i c t i n g  f a i l u r e  modes b y  exper imenta l  
s t u d i e s  and mathematical  model ing r e l a t e d  t o  e l e c t r o d e  and c e l l  design, de- 
t e r m i n i n g  t h e  d e t a i l s  o f  t h e  e l e c t r o d e  chemist ry ,  and ana l yz i ng  e l e c t r o d e  
behavior  and c e l l  ope ra t i on .  

Exper imenta l  and mathematical  model ing has been c a r r i e d  o u t  t o  p rov ide  
des ign c r i t e r i a  d e s c r i b i n g  t h e  e lec t rochemica l  and thermal  behav io r  o f  e l ec -  
t r odes  and c e l l s .  I n - s i t u  measurements o f  r e a c t i o n  zone t h i ckness  demon- 
s t r a t e  t h e  des ign l i m i t a t i o n s  on t h e  e l e c t r o d e  t h i ckness .  Mathematical  
model ing has p rov ided  des ign c r i t e r i a  r e l a t i n g  e l e c t r o d e  and e l e c t r o l y t e  
c h a r a c t e r i s t i c s  t o  t h e  u n i f o r m i t y  o f  r e a c t i o n  over t h e  e l e c t r o d e  sur face .  
Thermal model ing has p r e d i c t e d  t h e  impact o f  c e l l  dimensions on i n t e r n a l  
temperatures and has r e s u l t e d  i n  des ign changes i n  some c o n t r a c t o r  c e l l s .  
S tud ies  o f  new separa to r  m a t e r i a l s  f o r  n i c k e l l z i n c  b a t t e r i e s  have demnn- 
s t r a t e d  m a t e r i a l s  capable o f  r educ ing  z i n c l z i n c  ox ide  e l e c t r o d e  shape change 
and o f  i nc reas ing  c e l l  c y c l e  l i f e .  



Stud ies  of  fundamental e l e c t r o d e  chemis t ry  a re  be ing  c a r r i e d  ou t  an 
t h e  t h r e e  b a t t e r y  systems. I n  lead-ac id  b a t t e r i e s  t h e  p r ima ry  concern i s  
a c t i v e  m a t e r i a l  u t i l i z a t i o n .  Measurements are underway t o  d e f i n e  t h e  
phys ica l -chemica l  n a t u r e  o f  anodic f i l m s  on' lead and t o  i d e n t i f y  t h e  f a c t o r s  
l e a d i n g  t o  l o s s  o f  c a p a c i t y  and non - reve rs i b i  1  i t y  o f  a c t i v e  m a t e r i a l s .  
Laser-Raman spect roscopy has been used for, t h e  i n - s i t u  i d e n t i f i c a t i o n  o f  
a c t i v e  m a t e r i a l s  and t o  mon i t o r  t h e  d i r e c t  o x i d a t i o n  o f  t e t r a b a s i c  lead 
s u l f a t e  t o  Pb02. I n  a l k a l i n e  b a t t e r i e s  e l e c t r o d e  k i n e t i c s  and thermody- 
namics a re  be ing  surveyed t o  d e f i n e  t h e  fundamental ope ra t i ng  1  i m i t a t i o n s  
o f  c e l l s  composed o f  va r i ous  couples. Experimental  s t u d i e s  o f  convect ion-  
l i m i t e d  porous z i n c l z i n c  ox ide  e l ec t rodes  have f a i l e d  t o  v e r i f y  t h e  sugges- 
t i o n  t h a t  OH- d e p l e t i o n  i s  a  p r ima ry  f a i l u r e  mode f o r  t h a t  e l ec t rode .  

The a n a l y s i s  o f  e l e c t r n d ~  behavior and c e l l  o p c r s t i o n  i s  be ing  car,r.ied 
o u t  t o  o b t a i n  d a t a  needed t o  spec i f y  optimum ope ra t i ng  cond i t i ons .  D i r e c t  
i n - s i t u  v iew ing  o f  n i c k e l / n i c k e l  ox i de  and z i n c l z i n c  ox ide  e l ec t rodes  has 
p e r m i t t e d  obse rva t i on  o f  t h e  i n i t i a t i o n  and growth o f  z i n c  d e n d r i t e s  and o f  
t h e  l o s s  o f  e l e c t r i c a l  c o n t a c t  o f  a c t i v e  m a t e r i a l s  w i t h  t h e  subs t ra te  as a  
f u n c t  i o r ~  u f  o p e r a t i n g  c o n d i t i o n s .  Prompt p o s t - t e s t  a n a l y s i s  o f  " f a i l e d "  
c o n t r a c t o r s  b a t t e r i e s  has been i n i t i a t e d  t o  o b t a i n  q u a n t i t a t i v e  measurements 
o f  t h e  degree o f  c e l l  f a i l u r e  and t o  i d e n t i f y  p o s s i b l e  f u t u r e  f a i l u r e  modes. 
F i n a l l - y ,  methods developed f o r  s t i b i n e  measurement i n  1978 l e d  t o  t h e  deve- 
lopment o f  m o n i t o r i n g  equipment and s t u d i e s  o f  s t i b i n e  emissions from EV 
l ead -ac id  b a t t e r i e s .  These measurements i n d i c a t e d  t h a t  o n l y  nominal precau- 
t i o n s  a re  r e q u i r e d  t o  m a i n t a i n  emissions i n  a  sa fe  range. 

An impor tan t  t a s k  i n  t h e  area o f  B a t t e r y  Components Research and Deve- 
lopment i s  t h e  d e f i n i t i o n  o f  techniques f o r  p roper  charg ing  and a l s o  f o r  
m o n i t o r i n g  t h e  s ta te -o f - cha rge  o f  t h e  va r i ous  near- term b a t t e r i e s .  A know- 
ledge  o f  t h e  acceptable and proper  charg ing  techniques i s  v i t a l  t o  ~ c h i e v i n y  
good b a e l e r y  l i f e  and e f f i c i e n c y ,  m in im iz i ng  b a t t e r y  s e r v i c i n g  needs, a t t a i n -  
i n g  acceptable recharge  t imes, and meet ing t h e  AC power l i m i t a t i o n s  and r c -  
s t r i c t i o n s  imposed by t h e  e l e c t r i c  u t i l i t y  se rv i ce .  Methods f o r  m o n i t o r i n g  
b a t t e r y  s ta te -o f -charge  a re  needed t o  p rov ide  i n f o r m a t i o n  t o  t h e  e l e c t r i c  
v e h i c l e  opera to r  on t h e  rema in ing  d i s tance  t h a t  may be d r i v e n  be fo re  b a t t e r y  
charge d e p l e t i o n .  

Th i s  task  was i n i t i a t e d  i n  FY 1979 and i s  now w e l l  underway. Two spe' 
c i a 1  purpose t e s t  s t a t i o n s  were assembled which have t h e  f l e x i b l e  charge and 
d ischarge  f e a t u r e s  needed f o r  t h i s  study. P r e l i m i n a r y  s t u d i e s  a re  underway 
t o  e v a l u a t e  r a p i d  cha rg ing  o f  lead-ac id  b a t t e r i e s ,  t o  assess t h e  m e r i t s  o f  
individual c e l l  equal  i z a t  ion, and t o  determine t h e  impact on b a t t e r y  p e r f o r -  
niance u f  chary I r ig  pu lses  .produced by convent iona l  SCR t y p e  chargers.  I n  addi  
t i o n ,  t h e  c a p a b i l i t i e s  and l i m i t a t i o n s  o f  va r i ous  a v a i l a b l e  s ta te -o f -charge  
m o n i t o r i n g  approaches a re  be ing  evaluated.  

Another t ask  i n  t h e  B a t t e r y  Components and Developnierit area i s  devoted 
t o  t h e  development o f  improved separa to rs  f o r  n i c k e l l z i n c  b a t t e r i e s .  The 
p roper  separa to r  p r o p e r t i e s  a re  key t o  o b t a i n i n g  good c y c l e  l i f e  and p e r f o r -  
mance i n  t h e  case o f  t h e  n i c k e l l z i n c  b a t t e r y .  Many separa to r  m a t e r i a l s  and 
combinat ions are be ing  eva lua ted  by  t h e  Ni/Zn b a t t e r y  c o n t r a c t o r s  w i t h  o n l y  
l i m i t e d  success. Th i s  task,  i n i t i a t e d  by  FY 1979, i s  d i r e c t e d  a t  d e f i n i n g  
q u a n t i t a t i v e l y  t h e  ' des i r ed  separa to r  c h a r a c t e r i s t i c s ,  assessing t h e  s u i t a -  



b i l i t y  of a v a i l a b l e  separa to rs  i n  meet ing those  c h a r a c t e r i s t i c s ,  and e n l i s t -  
i n g  through c o n t r a c t  t h e  e x p e r t i s e  o f  a  separa to r  manufacturer  t o  develop a  
separa to r  w i t h  t h e  r e q u i r e d  p r o p e r t i e s .  Th is  task e f f o r t  i s  underway w i t h  
c o n t r a c t i n g  scheduled f o r  FY 1980. 

The Veh i c l e  I n t e g r a t i o n  and Eng ineer ing  task  i n  FY 1979 emphasized t h e  
t e s t i n g  of se lec ted  f u l l - s i z e  n i c k e l l i r o n  and n i c k e l l z i n c  b a t t e r i e s  i n  veh i -  
c l e s  i n  o rder  t o  uncover any unexpected b a t t e r y l v e h  i c l e  i n t e r f a c e  problems. 
The J e t  P ropu l s i on  Labora to ry  (JPL) performed t h e  v e h i c l e  t e s t i n g  u s i n g  
b a t t e r i e s  p rov ided  by ANL. The b a t t e r i e s  se lec ted  i nc l uded  a  n i c k e l l  i r o n  
b a t t e r y  from Westinghouse and n i c k e l 1  z i n c  ba t . te r ies  f rom ERC and Yardney. 
No se r i ous  unexpected b a t t e r y l v e h i c l e  i n t e r f a c e  problems occur red  i n  t h e  JPL 
t e s t i n g  and t h e  v e h i c l e  t e s t  r e s u l t s  c o r r e l a t e d  w e l l  w i t h  those p r o j e c t e d  on 
t h e  b a s i s  o f  module t e s t s  a t  NBTL. Since t h e  b a t t e r i e s  u t i l i z e d  pre-1979 
technology, r e l i a b i l i t y  and l i f e  were s h o r t  (as expected) .  Veh i c l e  p e r f o r -  
mance v a r i e d  w i t h  t h e  d i f f e r e n t  b a t t e r i e s  under t h e  va r i ous  d r i v i n g  modes. 
The range ob ta ined  a t  a  cons tan t  35 MPH, f o r  example, was about 50% g rea te r  
w i t h  t h e  t h r e e  n i c k e l  b a t t e r i e s  than t h a t  ob ta ined  w i t h  t h e  base l i ne  s t a t e -  
o f - t h e - a r t  l ead -ac id  b a t t e r y .  However, due t o  t h e  e a r l y  b a t t e r y  techno logy  
used, any v e h i c l e  performance da ta  should be t r e a t e d  c a u t i o u s l y  s i nce  i t  does 
n o t  r ep resen t  t h e  c a p a b i l i t y  o f  p resen t  day b a t t e r y  technology.  

One o f  t h e  b a t t e r y l v e h i c l e  system i n t e g r a t i o n  tasks  i nvo l ved  t h e  d e f i -  
n i t i o n  of a  s i m p l i f i e d  load  p r o f i l e  f o r  use i n  l a b o r a t o r y  t e s t i n g  o f  b a t t e r -  
ies .  The o b j e c t i v e  i s  a  s imp le  load  p r o f i l e  composed o f  no more than  f o u r  
f i x e d  c u r r e n t  s teps which s u b j e c t  t h e  b a t t e r y  t o  l oad  c o n d i t i o n s  equ i va len t  
t o  t h a t  imposed by an e l e c t r i c  ca r  be ing  d r i v e n  on schedule "D"  s t o p l s t a r t  
c y c l e  s p e c i f i e d  by t h e  SAE J227a Tes t  Procedure. Equiva lency r e q u i r e s  t h a t  
t h e  b a t t e r y  d e l i v e r  t h e  same wat t -hours  and amp-hours i n  t h e  same t o t a l  
d ischarge  t i m e  when exposed t o  e i t h e r  t h e  exact  v e h i c l e  power p r o f i l e  o r  t h e  
s i m p l i f i e d  p r o f i l e ,  A  methodology f o r  d e f i n i n g  a  s i m p l i f i e d  p r o f i l e  hav ing  
f o u r  c u r r e n t  s teps was d e r i v e d  and v e r i f i e d .  Most b a t t e r y  manufacturers  w i l l  
be ab le  t o  t e s t  b a t t e r i e s  u s i n g  t h i s  s i m p l i f i e d  p r o f i l e  w i t h  t h e i r  p resen t  
t e s t  equ ipment . 

The development o f  a  b a t t e r y  a p p l i c a t i o n  model i s  another impor tan t  task  
i n  t h e  b a t t e r y l v e h i c l e  'system i n t e g r a t i o n  area. Th is  e f f o r t ,  i n i t i a t e d  i n  
FY 1979, i s  emphasizing t h e  development o f  s i m p l i f i e d  a p p l i c a t i o n  models 
which p o r t r a y  t h e  dynamic e l e c t r i c  behavior  o f  each o f  t h e  near- term b a t t e r -  
i es .  These models can be used by v e h i c l e  developers t o  s imu la te  t h e  behav io r  
o f  t h e  b a t t e r y  f o r  purposes o f  des ign ing  o r  develop ing motors, c o n t r o l l e r s ,  
and t o t a l  v e h i c l e  systems. The models are i n  t h e  fo rm o f  equ i va len t  e l e c t r i -  
c a l  c i r - c u i t s  and t h e  e l e c t r i c a l  component va lues ,a re  determined as a  f u n c t i o n  
o f  t h e  s ta te -o f - cha rge  o f  t h e  b a t t e r y .  The models use a  semi -empi r i ca l  
approach where t h e  equ i va len t  c i r c u i t  component va lues a re  se lec ted  such t h a t  
t h e  e l e c t r i c a l  ou tpu t  behav io r  o f  t h e  model i s  t h e  same as t h a t  measured on 
t h e  b a t t e r y  f o r  any s p e c i f i e d  s ta te -o f -charge .  P r e l i m i n a r y  r e s u l t s  i n d i c a t e  
t h a t  a  s imp le  e l e c t r i c a l  c i r c u i t  model c o n s i s t i n g  o f  two r e s i s t o r s ,  a  capaci -  
t o r ,  and vo l t age  source can s imu la te  t h e  e l e c t r i c a l  behavior  o f  t h e  va r i ous  
near- term b a t t e r i e s  w i t h  acceptable dccuracy. The r e s u l t s  a l s o  show t h a t  
t h e  i n t e r n a l  r e s i s t a n c e  o f  t h e  n i c k e l l i r o n  and n i c k e l l z i n c  and lead-ac id  ba t -  
t e r i e s  s tays  approx imate ly  cons tan t  f o r  s ta tes -o f -charge  between 20 and 80%. 
As n f  t h e  end o f  FY 1979, t h i s  model ing work was w e l l  ur1derwa.y and w i l l  be 
con t inued  i n  FY 1980. 



An important  i ng red ien t  o f  the  p r o j e c t  i s  t he  d isseminat ion o f  t h e  
knowledge gained from t h e  R&D e f f o r t .  To t h a t  end, a  t o t a l  o f  65 pub l ica-  
t i o n s  c o n s i s t i n g  of repo r t s ,  papers, and extended. abs t rac ts  had been issued 
through FY 1979. A l i s t  o f  the  p u b l i c a t i o n s  i s  inc luded a t  t he  end o f  the  
r e p o r t .  



I. INTRODUCTION - 

The i nc reas ing  r e l i a n c e  on f o r e i g n  impor t  o i l ,  t h e  i n t e r r u p t i o n  o f  gas- 
o l i n e  supp ly  i n  t h e  Un i t ed  S ta tes  and t h e  i nc reas ing  l e v e l s  o f  po l lu tarPts  
i n  urban areas due t o  automobi les r e s u l t e d  i n  t h e  enactment by Congress of , 

t h e  E l e c t r i c  and Hyb r i d  Veh i c l e '  Research, Development and Demonstrat ion Act 
of 1976 (PL 94-413) and i t s  amendment, PL 95-238, i n  March 19'78. The O f f i c e  
f o r  E lec t rochemica l  P r o j e c t  Manangement (OEPM) a t  Argonne Na t i ona l  Labora to ry  
(ANL) i s  a s s i s t i n g  t h e  Department o f  Energy (DOE)* i n  t h e  research  and 
development o f  near.-term b a t t e r i e s  f o r  use i n  e l e c t r i c  and h y b r i d  veh i c l es  
be ing  developed under t h i s  ac t .  Ove ra l l  o b j e c t i v e s  o f  t h e  ANL p r o j e c t  are 
t o  acce le ra te  t h e  development o f  t h e  near-term b a t t e r y  technology, make 
a v a i l a b l e  b a t t e r i e s  o f  improved performance and lower cos t  f o r  demonstrat ion, 
and encourage i n d u s t r y  t o  prepare f o r  b a t t e r y  manufacture and commerc ia l i -  
za t  ion .  

I n  1977, des ign and cos t  studies('-') were conducted by ANL on t h e  
s p e c i f i c  energy, s p e c i f i c  power, l i f e t i m e  and cos t  c a p a b i l i t i e s  o f  va r i ous  
b a t t e r i e s .  The lead-ac id ,  n i c k e l / i r o n  and n i c k e l / z i n c  systems were i d e n t i -  
f i e d  as hav ing  p o t e n t i a l  f o r  near- term e l e c t r i c  v e h i c l e  a p p l i c a t i o n  and com- 
m e r c i a l i z a t i o n .  The R&D o f  these t h r e e  systems i s  be ing  conducted p r i m a r i l y  
by  i n d u s t r i a l  f i r m s  under cos t - sha r i ng  c o n t r a c t s  w i t h  ANL/OEPM. OEPM pro-  
v ides  t h e  t e c h n i c a l  and p r o j e c t  management o f  t h e  con t rac t s .  I n  add i t i on ,  
OEPM p rov ides  t h e  f o l l o w i n g :  v e r i f i c a t i o n  t e s t i n g  o f  c o n t r a c t o r  f a b r i c a t e d  
c e l l s  and b a t t e r i e s  by t h e  Na t i ona l  B a t t e r y  Test  Labora to ry  (NBTL); p o s t - t e s t  
analyses o f  c e l l s  and b a t t e r i e s ;  suppor t  research  i n  c r i t i c a l  problem areas 
encountered by  t h e  i n d u s t r i a l  con t rac to r s ;  b a t t e r y  analyses and o p t i m i z a t i o n  
s tud ies ;  and development o f  suppo r t i ng  t echno log ies  such as separa to rs  and 
techniques f o r  charg ing  and s ta te -o f -charge  mon i t o r i ng .  

Other e f f o r t s  a t  OEPM i n c l u d e  b a t t e r y l v e h i c l e  i n t e g r a t i o n  t asks  d i r e c t e d  
a t  ensur ing  c o m p a t i b i l i t y  o f  b a t t e r y  R&D goa ls  w i t h  v e h i c l e  needs. OEPM a l s o  
develops b a t t e r y  a p p l i c a t i o n  i n f o r m a t i o n  f o r  use by  v e h i c l e  system developers 
and mon i to rs  t h e  a p p l i c a t i o n  performance o f  these  near- term b a t t e r i e s  i n  
eng ineer ing  t e s t  veh i c l es .  

The p r o j e c t  s t r a t e g y  i s  t o  emphasize ' techno logy  development b y  i n d u s t r y  
through cos t  shared c o n t r a c t s .  Th is  ensures a  sharp focus  by  i n d u s t r y  on 
those  t e c h n i c a l  approaches which o f f e r  t h e  g r e a t e s t  p r o b a b i l i t y  o f  success. 
I n ' a d d i t i o n  i t p rov ides  i n c e n t i v e  t o  i n d u s t r y  f o r  r a p i d  app l i ca t . i on  and 
commerc ia l i za t ion  o f  t h e  technology developed. 

The i n i t i a l  p r o j e c t  e f f o r t  concen t ra tes  on R&D e x p l o r i n g . p r o m i s i n g  tech-  
n i c a l  approaches i n  t h e  t h r e e  near- term b a t t e r y  systems. ,  La te  i n  t ' Y  1981 
t h e  number o f  c o n t r a c t o r s  i n  each b a t t e r y  t y p e  w i l l  be reduced, r e t a i n i n g  
o n l y  those  c o n t r a c t o r s  hav ing  t h e  most p romis ing  approaches. Manufacturing 
process development w i l l  a l s o  be i n i t i a t e d  i n  t h e  1981-84-per iod  d i r e c t e d  a t  
t h e  avaiDabi1 i t y  o f  q u a n t i t y  p roduc t i on  c a p a b i l i t y  i n  1986. 

Sponsored by t h e  D i v i s i o n  s f  C lec t rschemiea l  Energy Storage Systems and 
t h e  D i v i s i o n  o f  E l e c t r i c  and Hyb r i d  Veh ic les .  



The purpose o f  t h i s  r e p o r t  i s  t o  p resen t  a  d e s c r i p t i o n  o f  t h e  p r o j e c t  
a c t i v i t i e s  and assoc ia ted  key r e s u l t s  f rom p r o j e c t  i n i t i a t i o n  through FY 
1979. The r e p o r t  con ta ins  a  summary o f  t h e  b a t t e r y  c o n t r a c t o r  research and 
development e f f o r t s ,  r e s u l t s  o f  t h e  b a t t e r y  v e r i f i c a t i o n  t e s t i n g  a t  ANLINBTL, 
s t a t u s  and r e s u l t s  o f  t h e  suppor t  research a c t i v i t i e s  a t  ANL, r e s u l t s  t o  da te  
i n  t h e  b a t t e r y  components research  and development e f f o r t s  a t  ANL, and a  
summary of t h e  major  r e s u l t s  i n  t h e  b a t t e r y l v e h i c l e  system i n t e g r a t i o n  area. 
The r e p o r t  s t resses  b r e v i t y  and conciseness a t  t h e  expense o f  completeness 
i n  t h e  d e t a i l s  presented.  A reader  d e s i r i n g  a d d i t i o n a l  da ta  o r  i n f o r m a t i o n  
i n  a  p a r t  i c u l  a r  area should con tac t  t he  ANLIOEPM p r o j e c t  o f f  i ce .  

11. BATTERY CONTRACTOR RESEARCH AND DEVELOPMENT 

A. Summary 

The major con t rac t .n rs  p a r t i c i p a t i n g  i n  t h e  program o f  N e a r ~ T e r ~ i l  E lec-  
t r i c  V e h i c l e  B a t t e r y  p r o j e c t  are l i s t e d  i n  Table 11-1. Table 11-1 a l s o  shows 
t h e  c o n t r a c t  p e r i o d  .and c o n t r a c t  v a 1 1 1 ~  i n c l u d i n g  t h e  c o n t r a c t o r s  cos t  share. 
t h e  i n d u s t r i a l  c o n t r a c t o r s  w i t h i n  each b a t t e r y  t y p e  are pursu ing  d i f f e r e n t  
t e c h n i c a l  approaches f o l l o w i n g  t h e i r  s p e c i f i c  areas o f  e x p e r t i s e .  

The e lec t rochemica l  and thermodynamic c h a r a c t e r i s t i c s  of t h e  t h r e e  
systems are  g i ven  i n  Table 11-2. C h a r a c t e r i s t i c s  o f  major importance i n  
e l e c t r i c  v e h i c l e  b a t t e r i e s  a re  a  h i g h  s p e c i f i c  energy and s p e c i f i c  power, 
low cos t ,  l ong  c y c l e  l i f e ,  low maintenance requi rements and s a f e t y  i n  oper- 
a t i o n .  B a t t e r y  R&D must be d i r e c t e d  a t  ach iev ing  t h e  bes t  combinat ion o f  
a l l  o f  these  c h a r a c t e r i s t i c s .  Each o f  t h e  t h r e e  near- term b a t t e r y  t ypes  has 
i t s  own m e r i t s  and shortcomings. 

For example, t h e  s t a t e - o f - t h e - a r t  (SOA) lead-ac id  b a t t e r y  has low c o s t  
and acceptable c y c l e  l i f e  b u t  low s p e c i f i c  energy. The SOA n i c k e l l i r o n  ba t -  
t e r y  however, has good c y c l e  l i f e ,  medium s p e c i f i c  energy, b u t  h i gh  cos t .  
H igh s p e c i f i c  energy i s  t h e  v i r t u e  o f  t h e  n i c k e l l z i n c  b a t t e r y ,  b u t  a  major 
improvement i n  c y c l e  1  i f e  i s  needed w h i l e  m a i n t a i n i n g  an acceptable cos t .  

The R&D approaches taken  by t h e  c o n t r a c t o r s  are v a r i e d  as mentioned 
e a r l i e r ,  For example i n  t h e  lead-ac id  area E l t r a  i s  u s i n g  g r i d s  f o r  bo th  
t h e  p o s i t i v e  and nega t i ve  p l a t e s  made f rom an expanded lead-ca lc ium meta l  
a l l o y .  These a l l o y s  have lower s e l f  d ischarge  and c o r r o s i o n  r a t e s  than  t h e  
conven t i ona l  lead-an t imon ia l  a l l o y s .  They have a l so  developed a  p i l o t  l i n e  
f o r  cont inuous manufacture o f  expanded meta l  pasted e l ec t rodes .  ESB , i s  us- 
i n g  t h e i r  g o l f  c a r t  b a t t e r y  EV-106 as b a s e l i n e  technology.  By means o f  fac -  
t o r i a l  exper iments,  t h e y  a r e  e v a l u a t i n g  severa l  c o n s t r u c t  i o n  combinat iur .~s 
d i r e c t e d  a t  i nc reas ing  t h e  s p e c i f i c  energy o f  t h e  b a t t e r y  t o  over 40 Whlkg. 
T h e i r  e v a l u a t i o n  i nc l udes  bo th  f l a t  p l a t e  and t u b u l a r  p l a t e  p o s i t i v e  e lec -  
t r odes .  Globe-Union's approach emphasizes o p t i m i z a t i o n  o f  t h e  c e l l  design, 
and use o f  an un ique e l e c t r o l y t e  c i r c u l a t i n g  system. 

I n  t h e  n i c k e l l i r o n  system Westinghouse i s  emphasizing development o f  
a  b a t t e r y  of good.performance w i t h  low i n i t i a l  cos ts .  They use s i n t e r e d  

. .  s t e e l  wool c u r r e n t  c o l l e c t o r s  f o r  t h e  e l ec t rodes .  Westinghouse has a l so  
designed an a c t i v e  gas and e l e c t r o l y t e  management system f o r  t h e i r  b a t t e r y .  



Table 11-1. I n d u s t r i a l  Cont rac to rs  f o r  Near-Term B a t t e r y  P r o j e c t  

B a ~ t e r y  Contractors 
Contract Contract  

Per i od Value,a$ 

Lead-Ac i d  E l t r a  Corporat ion 04/78-05/81 2,576,969 

ESB Technology Co. 02/78-01/82 3,385,544 . 

. .  Globe-Union, I nc .  03/78-04/81 . ' 3,042,783 

. Y i c k e l / I r o n  - Eagle-Picher Ind., I nc .  03/-78-02/81 2,074,725, 

West inghouse E l e c t r i c  . 12/77-11/80 2,005,306 
Corporat ion 

% i c k e l / Z i n c  ,ESB Technology Co. 04/ 79-03/82 1,096,634 

. . .. Energy Research Corp. 03/78-02/81 2,920,764 

Gould Inc .  03/ 78-%09/80 5,736,121 

Yardney E l e c t r i c  Corp. 07/ 77-09/80b 1,000,000 

aIncDudes con t rac to rs '  share 
%on t rac t  te rmina t  s d  by mutual agreement i n  May I979 



Cathode React ion 

Anode Reaction , 
Overal l  C e l l  Reaction 

Theoret ica l  C e l l  Voltage 

Nominal C e l l  Vol-age 

Theoret ica l  Capacity 

Ni(OH)2, o r  Pb02 

Fe(OH)2. ZnO, o r  Pb 

Theoret ica l  Energy Densi ty  

P a r a s i t i c  React ions' 

a t  p o s i t i v e  e lect rode 

a t  negat ive e lect rode 

, Thermodynamic 

AG ( f o r  c e l l  r e a c t i o n j  

AH ( f o r  c e l l  r e a c t i o n j  

TAS ( a t  298K) 

Table 11-2 

LfAO-ACID, NICKEL/ IRON .IND NICKEL/ZINC SYSTEM CHARACTERISTICS 

Lead-Ac i d  N i c l e l / I r o n  - - Nickel /Z inc 

0 U 0 PbCl2+ 504- + 4Ht + 2 e - - - r  PbSO4 + :H20 2MiOOH + 2H20 + 2e- = 2Ni(OH)2 + MF- 2Ni0OH + 2H20 + 2 e - ~ 2 N i ( O H ) ~  + 2 0 ~ -  
D Pb + 514. = PbSOq + 2e- 0 F? + 20H- = F ~ ( o H ) ~  + 2e- .Zn + 20H- & ZnO + H2U + Ze- 

0 PK12 + Pb + ;Hz504 = 2PbS04 + 2H20 2NiOOH + Fe + Hz0 & 2Ni(OH)2 + F ~ ( o H ) ~  diOOH + Zn + HZO & ZNi(OH)2 + ZnO 

2.09 v o l t s  1.36 v o l t s  ' 1.73 v o l t s  

2.1 v o l t s  1.2 v o l t s  1.6 v o l t s  

0.224 Ahlg 

0.25s Ahlg 

175 Wh/kg 

0.289 Ahlg 

0.588 Ahlg 

263 Whlkg 

0.289 Ah/g 

0.645 Ah/g 

345 Whlkg 

2 OH- 1/2 02 + Hz0 + 2e- C 20H- - l i 2  02 + Hz0 + 2e- 

2H20 + 2e- H2 + 20H- 2H20 + 2 e - A  Hz + 2 OH- 



The~Eag le -P icher  n i c k e l l i r o n  approach f avo rs  h i gh  performance us ing,  a,pvo_? 
p r i e t a r y  n i c k e l  p o s i t i v e  e l e c t r o d e  and an i r o n  e l e c t r o d e  from the. Swedi;$h. 
Na t i ona l '  Development Company. 

I n  t h e  n i c k e l / z i n c  system ESB i s  deve lop ing  a  b a t t e r y  w i t h -  a  un.i:que 
v i b r a t i n g  z i n c  e lect rode, ,  which overcomes d e n d r i t  i c  growth and shape, ch'ange. 
problems. Gould i s  deve lop ing  a  h i g h  performance b a t t e r y  u t  i 1 . i z i ng  $i-n$e.re@ 
n i c k e l  e l ec t rodes .  Much a t t e n t  i o n  i s  a1 so g iven  t o  sepa ra to r s  and- t-h,e?rn+l: 
management techniques.  Energy Research Corpora t ion  (ERC) i s  emp.hasi-z.i,n,g, 
low i n i t i a l  c o s t  th rough  use o f  p l a s t i c  bonded elec.t.rodes .and t hus  redu-c:- 
t i o n  i n  t h e  amount o f  n i c k e l  r equ i red .  - 

The p r e c o n t r a c t  s t  atus, FY 1979 development ob j ec t , i ves ,  FY 19,79 aceom- 
p l  i'shments and t h e  p resen t  program goa ls  f o r  I986  a re  shown i n  F igu res  11-1 
t o  11-3. A t  t h e  end o f  FY 1979 DOE e s t a b l  ished performance and cos t  obje.c- 
t i v e s  f o r  t h e  e l e c t r i c  passenger cars  t o  be a v a i l a b l e  i n  1986. charaqt,e:r-- 
i s t i c s  r e q u i r e d  o f  these  v e h i c l e s  were a  100 m i l e  urban range, an acq,elie~aY 
t i o n  comparable t o  p r e s e n t l y  a v a i l a b l e  d i e s e l  engine subcompact cqrs ,  a?@ a 
c o s t  t o  own and opera te  c o m p e t i t i v e  w i t h  ICE v e h i c l e s .  S tud ies  a r g  underw?y; 
t o  d e f i n e  t h e  assoc ia ted  b a t t e r y  c a p a b i l i t i e s  r e q u i r e d  t o  achieve these 
v e h i c l e  performance and c o s t  o b j e c t i v e s .  Thus, t h e  1986 program goa~ ls  fq,r 
t h e  b a t t e r i e s  a re  sub jec t  t o  r e v i s i o n  con t i ngen t  upon t h e  r e s u l t s  o f  thesg 
s tud ies .  Pre  l im ina ry  s tudy  r e s u l t s  ind- icate t h e  p resen t  b a t t e r y  program 
goa ls  a re  adequate t o  a l l o w  t h e  veh i c l e .  m i ss i on  ob jec t i ' ves  t o  be met; 

The d e t a i l s  o f  t h e  v a r i e d  approaches and accomplishments a re  p roy ided  
i n  t h e  f o l l o w i n g  sec t i ons .  

B. Lead-Acid B a t t e r i e s  

I n  t h e  past ,  e l e c t r i c  v e h i c l e  l ead -ac id  b a t t e r i e s  a v a i l a b l e  on t h e  
market were m a i n l y  l i m i t e d  t o  those app l i ed  t o  g o l f r c a r t  t ype  veh i c l es :  
These b a t t e r i e s  have low s p e c i f i c  energy, 25 t o  30 Whlkg, and low c y c l e  
1  i f e ,  es t imated  t o  range from* 125 t o  200 cyc les ,  and were never t e s t e d  
under t h e  ANL t e s t i n g  regime. S ince t h e  i n i t i a t i o n  o f  t h e  near- term 
e l e c t r i c  v e h i c l e  p r o j e c t ,  t h e  t h r e e  i n d u s t r i a l  c o n t r a c t o r s  f o r . l e a d - a c i d  
b a t t e r i e s  (ESB, Globe-Union, and E l  t r a )  have concent ra ted  on t h e  d e v e l o b m q ~ t  
of bo th  improved s t  a te -o f - t he -a r t  ( ISOA) b a t t e r i e s  and b a t t e r i e s  of a d v i ~ g e d  
designs. .The p r i n c i p a l  emphasis d u r i n g  1979 was on t h e  component improve= 
ments, and on t h e  c o n s t r u c t i o n  o f  ISOA c e l l s  and modules t o  be d e l i v e r e d  t o  . 
~ a t i o n a l  B a t t e r y  Tes t  Labo ra to r y  (NBTL) f o r  t e s t i n g .  The FY 1979 ob jec$ i ves  
and accompl ishments as measured by NBTL f o r  ISOA c e l l  s  and modules a+e 1  is fed 
i n  Table 11-3. As shown, t h e  performance o b j e c t i v e s  f o r  FY 1979 have been 

, exceeded, b u t  t h e  c y c l e  l i f e  was l e s s  than  des i red,  r a n g i n g  f rom 52 t o  203 
cyc1 .e~  depending upon t h e  c o n t r a c t o r .  Cyc le  l i f e  measured-by one con t raq toy  
has exceeded 250 cyc les .  

Dur ing 1979, ESB bega'n a  comprehensive f a c t o r i a l  exper iment,  w i t h ,  
n i n e t y - s i x  lead-ac id  ISOA 'modules o f  a  f l a t  p l a t e  des ign d i r e c t e d  a t  char, 
a c t e r i z i n g  key des ign parameters, such as pas te  d e n s i t y  and composi t ion,  

\ 

* ANL t e s t i n g  reg ime i s  t o  d ischarge  t h e  b a t t e r y  t o  80% o f  t h e  r a t e d  capa- 
 sty each c y c l e  a t  room temperature.  
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separator type, and ac id  d e n s i t y ( l O , l l ) .  I n  t h e  course o f  t h i s  exper i -  
ment, some modules a t ta ined  s p e c i f i c  energies o f  up t o  40.7 Whlkg a t  t h e  
3-hour discharge rate,, thus exceeding t h e  FY 1979 o b j e c t i v e  o f  39. Whlkg. 
Two 3 - c e l l  IS04 modules t e s t e d  a t  NBTL operated f o r . 1 1 6  and 105 cyc les  be- 
f o r e  the  capac i t y  dec l ined below 75% o f  t he  manufacturer 's  r a t e d  capaci ty .  
~ e s e a r c h  on advanced b a t t e r i e s  at ESB has focused on comparing t h e  pe r fo r -  
mance o f ,  t h ree  types o f  c e l l s  us ing  pasted f l a t - p l a t e ,  t ubu la r ,  and b i p o l a r  
electro'des. O f  the  th ree  types, c e l l s  constructed w i t h  pasted f l a t  p l a t e s  
showed t h e  best o v e r a l l  performance, p a r t i c u l a r l y  w i t h  respect  t o  load 
vo l tage  and c e l l  capaci ty ;  c e l l s  w i t h  tubu la r  and b i p o l a r  e lec t rode  con- 

, 
Table' 11-3 f 

Performance Data on Lead-Acid Cel ls/Modules Tested a t  NBTL 

Spec i f  i c  Energya 
Wh/kg . 

FY 1979 
E l t r a  ESB Objec t ives  -  lobe-union . ' .  

i 

Spec i f  i c  Peak ~ o w e r b  
Wlkg 90 75 8 5 118 

Cycle L i f e c  300 52d ' 116e 203e 

Energy E f f i c i e n c y ,  % 70 77 78 85 . 

aC/3 r a t e  
b30 sec.  average a t  50% DOD 
CEach c y c l e  should d e l i v e r  80% or  more o f  t he  r a t e d  capac i t y  a t  25°C. 
d ~ h a r a c t e r i z a t i o n  and c y c l e  l i f e  test 's were c a r r i e d  ou t  on same module. 
eTests i n  progress 

' . s t r u c t i o n  never achieved s p e c i f i c  energy as h igh  as' t h a t  obta ined by t h e  
ISO'A b a t t e r y . .  Accordingly,  ESB suspended work on t h e  t u b u l a r  and b i p o l a r  
design fo r  t h e  advanced b a t t e r y  i n  preference t o  t h e  f l a t - p l a t e  design. To 
improve g r i d  design, ESB i s  u t i l i z i n g  B a t t e l l e  Columbus Laboratory t o  develop 
a computer model f o r  g r i d  design op t im iza t i on .  A computerized machining pro- 
gram for  c u t t i n g  t h e  g r i d  mold ' i s  i n  t h e  process o f  being formulated. 

~ l o b e - ~ n i o n ( 1 3 ~ 1 4 , 1 5 )  i s  i n v e s t i g a t i n g  an opt imized e lec t rode  design 
and an unique e l e c t r n l y t e  c i r c u l a t i o n  device. With t h e  a i d  o f  a p r o p r i c t a r y  
co~liputer p r ~ y r . d ~ ~ ~ ,  Globe-Union was able t o  determine t h e  optimum e lec t rode  
dimensions and t h e  dimensions o f  t h e  g r i d  r i b s  which extend r a d i a l l y  from - 



t h e  t e r m i n a l  t a b s  t o  t h e  edges o f  t h e  g r i d .  The r e s u l t  i s  a  g r i d  w i t h  a  
minimum weight  and more u n i f o r m  d i s t r i b u t i o n  o f  c u r r e n t  d e n s i t y  t o  achieve 
t h e  power c a p a b i l i t y  needed. Globe-Union's e l e c t r o l y t e  c i r c u l a t i o n  dev ice  
m a i n t a i n s  u n i f o r m  a c i d  concer i t ra t ion  w i t h i n  t h e  c e l l ,  thus  m in im iz i ng  g r i d  
c o r r o s i o n  and i n c r e a s i n g  b a t t e r y  l i f e .  I n  exper imenta l  work a t  Globe-Union 
t h e  a d d i t i o n  o f  l i g n o s u l f o n a t e  t o  t h e  nega t i ve  e l e c t r o d e  was found t o  improve 
charge acceptance, inc rease  e l e c t r o d e  capac i ty ,  and improve c y c l e  l i f e .  
These b e n e f i t s  were a t t r i b u t e d  t o  t h e  presence o f  d i s t i n c t  mo lecu la r  we igh t  
f r a c t i o n s  o f  t h e  l i g n o s u l f o n a t e ,  which were found t o  s p e c i f i c a l l y  i n f l u e n c e  
t h e  i n i t i a l  c a p a c i t y  and maintenance o f  c a p a c i t y  d u r i n g  c y c l i n g  o f  t h e  nega- 
t i v e  e l ec t rode .  Dur ing  FY 1979, Globe-Union d e l i v e r e d  f i v e  250 Ah ISOA 
c e l l s  t o  NBTL f o r  t e s t i n g .  Three c e l l s  were p u t  through t h e  cha rac te r i za -  
t i o n  c y c l e  ( d e f i n e d  i n  Sec t i on  111).  The remain ing  two c e l l s  d e l i v e r e d  176 
and 156 c y c l e s  on l i f e  t e s t  a t  ANLINBTL be fo re  t h e  capac i t y  dec l i ned  below 
75% of t h e  manufac tu re r ' s  r a t e d  capac i t y .  I t  should be noted t h a t  Globe- 
Union c e l l s  r ece i ved  27 f u l l  c yc l es  p r i o r  t o  de l  i v e r y  t o  t h e  ANLINBTL. The 
same t y p e  c e l l  was t e s t e d  a t  Globe-Union and a t t a i ned .  247 t o  260 cyc les  a t  
80% depth o f  d ischarge.  For t h e  advanced b a t t e r y ,  Glnbe-Uninn i s  employing 
t h e  concept o f  r educ ing  t h e  b a t t e r y  weight  by us ing  composite m e t a l - p l a s t i c  
g r i d s .  

I 

~ l t r a ( 1 6 . 1 7 )  i s  deve lop lng  an e l e c t r o d e  f a b r i c a t e d  f rom expanded lead-  
ca l c i um meta l  mesh i ns tead  o f  t h e  convent iona l  cas t  q r i d .  Lead-ant imony 
a l l o y s  a re  c o n v e n t i o n a l l y  used i n  c a s t  g r i d s  t o  assure h i g h - q u a l i t y  cas t i ngs  
and t o  enhance c y c l e  l i f e .  E l t r a ' s  expanded mesh i s  cons t ruc ted  f rom a  lead-  
ca l c i um a1 l o y  c o n t a i n i n g  no antimony, t hus  p romis ing  t o  reduce b a t t e r y  s e l f -  
d ischarge  and g r i d  co r ros ion .  I n  add i t i on ,  t h e  expanded mesh g r i d  con ta ins  
l e s s  lead, and t h e  energy consumed i n  f a b r i c a t i o n  o f  t h e  mesh m a t e r i a l  i s  
l e s s  t han  t h a t  consumed i n  t h e  c a s t i n g  process. E l t r a  has cons t ruc ted  a  
p ' i l o t - l  i n e  t a c i  l i t y  f o r  p roduc ing  expanded mesh s tock  and pasted p l a t e s .  
I n i t i a l l y ,  t h e  ISOA c e l l s  f a b r i c a t e d  by  E l t r a  cons i s ted  o f  10 p o s i t i v e  and 
10 n e g a t i v e  p l a t e s  (165 Ahr s i z e ) p e r  c e l l ,  b u t  these  were found t o  have i n -  
s u f f i c i e n t  ac i d  and i n s u f f i c i e n t  p o s i t i v e  a c t i v e  m a t e r i a l .  Therefore,  one 
o f  t h e  nega t i ve  p l a t e s  has been e l im ina ted ,  t he reby  i nc reas ing  t h e  ac id  v o l -  
ume and reduc ing  t h e  weight  o f  t h e  nega t i ve  p l a t e s  i n  t h e  c e l l .  The des ign 
change i s  expected t o  p r o p o r t i o n  t h e  r e a c t a n t s  i n  a more e l e c t r o c h e m i c a l l y  
e f f i c i e n t  manner. Tests  o f  t h i s  new des ign showed a  s p e c i f i c  energy d e n s i t y  
o f  37 Whlkg a t  t h e  3 -h r  r a t e ,  which i s  10% l e s s  than  p red i c ted ,  b u t  an im- 
provement over t h e  35 Whlkg on t h e  bes t  p rev ious  I S O A  c e l l  d e l i v e r e d  by 
E l t r a .  E l t r a  has d e l i v e r e d  t h r e e  3 - c e l l  modules t o  NBTL f o r  t e s t .  S i m i l a r  
c e l l s  t e s t e d  a t  E l t r a  operated f o r  125 cyc les .  For t h e  advanced design, 
E l t r a  i s  exper iment ing w i t h  d i f f e r e n t  f o r m u l a t i o n s  o f  t h e  p o s i t i v e  a c t i v e  
m a t e r i a l  t o  improve c y c l e  l i f e .  One o f  these  f o rmu la t i ons ,  t e t r a b a s i c  l ead  
s u l f a t e ,  has r e s u l t e d  i n  an inc rease  o f  t h e  c y c l e  l i f e  f r om 125 t o  183 
cyc 1  es . 
C.  N i c k e l I I r o n  B a t t e r i e s  

N i c k e l l i r o n  b a t t e r i e s  were inven ted  i n  1901 b y  Edison o f  Un i t ed  S ta tes  
and Jungner o f  Sweden. The c e l l  e l e c t r o l y t e  i s  t y p i c a l l y  30% KOH i n  water 
and a l s o  con ta ins  approx imate ly  10 g / l  LiOH t o  improve t h e  c a p a c i t y  r e t e n -  
t i o n  ( o r  c y c l e  l i f e )  o f  t h e  n i c k e l  e l ec t rode .  The react,ants,  6-NiOOH and Fe, 
and products ,  N i (OH)2  and Fe(OH)2, a re  e x t r e m e l y  i n s o l u b l e  i n  t h i s  e l ec -  I 



t r o l y t e  thereby  l e a d i n g  t o  a  h i gh  s t a b i l i t y  o f  t h e  e l e c t ~ r o c h e m i c a l l y  a c t i v e  
m a t e r i a l s .  'Con ta iners  and e l e c t r o d e  separa to rs  i n  modern N i / Fe  c e l l s  a re  
genera l  l y  made from p l  as t  i c s  such as po lyphenylene ox ide  (PPO) , polypropy lene,  
p o l y - v i n y l  c h l o r i d e  (PVC), o r  polyamides. Cur ren t  c o l l e c t o r s ,  which h o l d  
t h e  p o s i t i v e  and nega t i ve  a c t i v e  m a t e r i a l s  i n  p o s i t i o n  and t r a n s p o r t  e l ec -  
t r i c a l  c u r r e n t  t o  t h e  c e l l  t e r m i n a l s , , a r e  t y p i c a l l y  made f rom s t e e l ,  n i c k e l -  
p l a t e d  s t e e l ,  o r  ' n i c k e l  meta l .  S t e e l - c l a d  copper o r  n i c k e l  meta l  i s  t y p i -  
c a l l y  used f o r  t h e  b a t t e r y  t e rm ina l s .  

The two N i /Fe  b a t t e r y  c o n t r a c t o r s  are Westinghouse and Eagle-Picher .  
I n  t he - i r  c e l l  designs, Westinghouse i s  emphasizing t h e  use o f  low-cost  mat- 
e r i a l s  and Eagle-Picher  i s  c o n c e n t r a t i n g  on h i g h  performance. The c y c l e  l i f e  
p o t e n t i a l  f o r  t h e  Ni/Fe c e l l  i s  h igh,  and about equal f o r  t h e  c e l l  designs 
o f  bo th  c o n t r a c t o r s .  For t h e i r  c e l  l s ,  west inghouse(18,19) uses s i n t e r e d  
s tee l -woo l  c u r r e n t  c o l l e c t o r s  f o r  bo th  t h e  p o s i t i v e  and t h e  nega t i ve  e l ec -  
,trades. For t h e  p o s i t i v e  e lec t rode ,  t h e  s t e e l  wool i s  n i c k e l  p l a t e d  i n  
o rde r  t o  avo id  undes i rab le ,  i r r e v e r s i b l e  s i d e  r e a c t i o n s  w i t h i n  t h e  c e l l s .  
The n i c k e l  hydrox ide  a c t i v e  m a t e r i a l  f o r  t h e  p o s i t i v e  e l e c t r o d e  i s  app l i ed  
by e i t h e r  an e l ec t rochemica l  process o r  a  p a s t i n g  process. The electrochem- 
i c a l  process i s  a t  a  more advanced s tage o f  development than  t h e  p a s t i n g  
process. However, t h e  l a t t e r  process has t h e  p o t e n t i a l  f o r  lower u l t i m a t e  
p roduc t i on  cos ts .  The i r o n  e l e c t r o d e  i s  prepared by  p a s t i n g  a  s l u r r y  o f  
Fez03 i n t o  t h e  s i n t e r e d  s tee l -woo l  subs t ra te .  

~ a ~ l e - ~ i c h e r ( 2 0 , 2 1 )  uses an e l e c t r o c h e m i c a l l y  prepared n i c k e l  p o s i t i v e  
e l e c t r o d e  w i t h  a  c u r r e n t  c o l l e c t o r  o f  powder m e t a l l u r g i c a l l y  prepared porous 
s i n t e r e d  n i c k e l  plaque. Th i s  t r a d i t i o n a l  n i c k e l  e l e c t r o d e  approach pe rm i t s  
p r o j e c t i o n s  o f  h i g h  performance and l ong  l i f e .  The i r o n  e l e c t r o d e  c o n s i s t s  
o f  a  c e n t r a l  mesh o f  i r o n  surrounded by a  s i n t e r e d  iron-powder c u r r e n t  c o l -  
l e c t o r  and a c t i v e  m a t e r i a l .  T h i s  i r o n  e l e c t r o d e  has a  h i g h  c a p a c i t y  d e n s i t y  
(>0.9 Ah/cc), and .can be e f f  i c i e n t  l y  recharged (67% whr e f f i c i e n c y  compared 
t o  50% f o r  t h e  conven t i ona l ) .  Eagle-Picher  has subcontracted c e r t a i n  separ- 
a t o r  and nega t i ve  e l e c t r o d e  development work t o  t h e  Swedish Na t i ona l  Develop- 
ment Company. - 

The known major  problems w i t h  t h e  n i c k e l l i r o n  -system a r e  as f o l l o w s :  
poor u t  i 1 i z a t  i o n  o f  t h e  i r o n - e l e c t r o d e  a c t i v e  m a t e r i a l  ( p r e s e n t l y  %25% o f  
t h e o r e t i c a l ) ;  poor c u r r e n t  e f f i c i e n c y  (66% i n  t h e  wors t  case) l e a d i n g  t o  
excess ive gass ing d u r i n g  charg ing  f rom bo th  e lec t rodes ,  e s p e c i a l l y  f rom t h e  
negat i v e  e l ec t rode ;  degraded (%25%) performance a t  temperatures o f  5°C and 
below ( a t t r i b u t a b l e  t o  t h e  i r o n  e l e c t r o d e ) ;  and a  h i g h  c o s t  per  k i l o w a t t -  
hour  o f  $120/Kwh i n  10,000 u n i t / y e a r  q u a n t i t i e s  caused by t h e  i n h e r e n t l y  low 
nominal c e l l  p o t e n t i a l  , (1.2V). Both c o n t r a c t o r s  a re  a c t i v e l y  purs'uing i m -  
proved t echno log ies  i n  bo th  e l ec t rodes  t o  combat these  problems. For exam- 
p l e ,  t h e  poor low temperature performance i s  be ing  improved by b a t t e r y  oper-  
a t i o n a l  techniques which m a i n t a i n  b a t t e r y  temperature o r  by c a r e f u l  engineer-  

. i n g  des ign i n  which e l e c t r o d e  c a p a c i t i e s  . a r e . t a i l o r e d  f o r  lower  temperature 
performance. Westinghouse has designed an a c t i v e  gas and e l e c t r o l y t e  manage- 
ment system f o r  t h e i r  b a t t e r y  which c o n t r o l s  and min imizes t h e  s a f e t y  hazard 
assoc ia ted  w i t h  t h e  gas generated d u r i n g  b a t t e r y  charg ing .  



Each.con t rac to r  d e l i v e r e d  Ni /Fe modules d u r i n g  1979 t o  t h e  NBTL. I n  . 

a d d i t i o n ,  Westinghouse d e l i v e r e d  a  f u l l - s i z e  (23 Kwh) b a t t e r y  pack t o  t h e  
J e t  P ropu l s i on  Labo ra to r y  (JPL) f o r  e l e c t r i c  v e h i c l e  t e s t i n g .  

The performance r e s u l t i n g  f rom t h e  modules d e l i v e r e d  t o  t h e  NBTL i s  
shown i n  Table 11-4. I 

Whi le  demonstrated s p e c i f i c  energy f e l l  s h o r t  o f  t h e  1979 o b j e c t i v e ,  
much was learned  w h i l e  f a b r i c a t i n g  and t e s t i n g  these f i r s t  e l e c t r i c  v e h i c l e  
N i /Fe  modules t h a t  i n d i c a t e s  t h e  goal  o f  60 Wh/kg can be achieved by apply-  
i n g  r e c e n t  developments i n  e l e c t r o d e  performance improvements. I n  f a c t ,  
s p e c i f i c  energ ies  o f  g r e a t e r  than  60 Wh/kg have a l ready  been demonstrated by 
exper ' imental  c e l l s  t e s t e d  i n  t h e  c o n t r a c t o r s '  l a b o r a t o r i e s .  These l a t e s t  
f u l l - s i z e d  c e l l  des igns c o n t a i n  improvements such as lower hardware weights  
and increased e l e c t r o d e  c a p a c i t i e s  which were no t  used i n  t h e  f i r c t ,  r l ~ l i v ~ r ~ r i  
des igns.  These h iqhe r  performance c e l l  designs w i l l  he i n t r n r l ~ ~ c r l d  i n t o  f u t u r e  
t e s t  modules t o  be d e l i v e r e d  t o  NBTL. 

Table 11-4. Performance Data on Ni/Fe Modules Tested a t  NBTL 

FY 1979 
Ob jec t i ves  West inghouse Eagle-Picher 

S p e c i f i c  Energy, Whr/kga 58 48 45 

Spec i f i c  Power, w/kyb 100 102 98 

Cyc le  L i f e c  , 800 3 6d 

Energy E f f i c i e n c y ,  % 

aC/3 r a t e  
b30 second average a t  50% DOD 
"Each c y c l e  should d e l i v e r  80% o r  more o f  t h e  r a t e d  c a p a c i t y  a t  25°C. 
d ~ e s t s  ' i n  progress . 

The c y c l e  1  i f e  o f  t h e  Ni /Fe modules a l s o  was l e s s  than  1979 goals, a l -  
though l i f e  t e s t s  of t h e  Eagle-Picher  modules are n o t  y e t  complete. Post 
t e s t  analyses remain t o  be completed on t h e  modules a f t e r  t h e  t e s t s  are com- 
p l e ted ;  however, it i s  a n t i c i p a t e d  t h a t  eng ineer ing  m o d i f i c a t i o n ~  w i l l  pe rm i t  
a t t a i nmen t  o f  t h e  r e q u i r e d  l i f e .  

As shown i n  Table 11-4, Eagle-Picher 'and t h e i r  subcon t rac to r ,  Swedish ( 

. N a t i o n a l ,  have made n o t a b l e  progress in t h e  energy e f f i c i e n c y  o f  t h i s  system . 
, 

due t o  improvements i n  t h e i r  i r o n  e l ec t rode .  Fu r the r  improvements are ex- 
pec ted  as b a t t e r y  cha rg ing  techniques a re  r e f i n e d ,  and e l e c t r o d e  and c e l l  
des igns a re  op t im i zed  t o  lower c e l l  i n t e r n a l  r es i s tance .  



I n  summary, t h e  years  1978 and 1979 have r e s u l t e d  i n  t h e  a p p l i c a t i o n s  
o f  new technology t o  an o ld ,  p r e v i o u s l y  e s t a b l i s h e d  b a t t e r y  system. Th is  
e f f o r t  has r e s u l t e d  i n  improved performance o f  n i c k e l / i r o n  b a t t e r i e s .  Addi- 
t i o n a l '  improvements can be expected w i t h  t h e  f u r t h e r  development planned 
f o r  t h e  coming years.  

D. N i cke l /Z i nc  B a t t e r i e s  

The four  c o n t r a c t o r s  who performed research  and development on N i I Z n  
b a t t e r i e s  are Gould, ERC, Yardney, and ESB. A l l  c o n t r a c t o r s  are concen t ra t -  
i n g  on reduc ing  b a t t e r y  l i f e - c y c l e  cos ts  (i.e.', t h e  amort ized b a t t e r y  c o s t  
p l u s  c o s t  o f  ope ra t i on  d u r i n g  1  i f e t i m e )  w h i l e  m a i n t a i n i n g  o r  improv ing per-  
formance, b u t  each has taken a  d i f f e r e n t  approach t o  achieve t h a t  end. 
Table 11-5 summarizes t h e  performance o f  va r i ous  c o n t r a c t o r  modules a long 
w i t h  t h e  FY 1979 p r o j e c t  o b j e c t i v e s .  

~ o u l d ( 2 2 3 2 3 )  i s  deve lop ing  improved separa to r  systems t o  extend c y c l e  
l i f e .  Both microporous as w e l l  as membrane-type separa to rs  have been i n v e s t i -  
gated. Microporous separators ,  such as Celgard (po lypropy lene)  and i n o r g a n i c 1  
o rgan i c  composites, have been de-emphasized because t h e y  a re  s u s c e p t i b l e  t o  
accumulat isn o f  z i n c  w i t h i n  t h e  pores o f  t h e  separator ,  l ead ing  t o  c e l l  f a i l -  
u re .  Gould has developed membrane-type separa to rs  based upon c r o s s - l i n k e d  
po lymer ic  f i l m s ,  which are z i nc - f r ee ,  s t a b l e  i n  KOH, have j low i o n i c  r e s i s t i -  
v i t y ,  and a re  capable o f  low-cost  p roduc t ion .  I n  add i t i on ,  a  new s y n t h e t i c  
w icker  m a t e r i a l  has been u t i l i z e d  t o  r ep lace  t h e  commonly used nylon-based 
i n t e r s e p a r a t o r  (Pe l  l o n )  which degrades i n  t h e  c e l l  environment.  A number o f  
p r o p r i e t a r y  add i t i ves ,  bo th  t o  t h e  z i n c  e l e c t r o d e  and t o  t h e  e l e c t r o l y t e ,  
have a l s o  been i n v e s t i g a t e d  f o r  ex tend ing  c y c l e  l i f e .  The r o l e  o f  t h e  addi-  
t i v e s  i s  t o  a l t e r  t h e  c h a r a c t e r i s t i c s  o f  z i n c  d i s s o l u t i o n  and d e p o s i t i o n  
i n  such a  way as t o  suppress d e n d r i t e  f o rma t i on  and shape change i n  t h e  z i n c  
e l ec t rode .  Small ( 5  Ah) c e l l s  w i t h  such a d d i t i v e s  have operated f o r  250 deep 
cyc les ,  whereas c o n t r o l  c e l l s  c o n t a i n i n g  no a d d i t i v e s  o n l y  operated f o r  60 
cyc les .  I n  t h e  area o f  thermal  management, Gould has developcd a  model(24) 
t h a t  accu ra te l y  p o r t r a y s  heat  generat i o n  and r e j e c t  i o n  r a t e s  d u r i n g  ac tua l  
b a t t e r y  ope ra t i on .  Th i s  has l e d  t o  t h e  redes ign  o f  c e l l s  reduc ing  t h e  capa- 
c i t y  f rom 400 t o  225 Ah ( t h i n n e r  c e l l )  and a  redesi.gn o f  modules t o  i nc l ude  
c o o l i n g  channels h ~ t w e e n  c e l l s  i n  o rde r  t o  p rov ide  b c t t e r  thermal  e o n t r o l .  

A developmental p i l o t  l i n e ,  which u t i l i z e s  scaled-up processes, has been 
developed and produces a l l  components, c e l l s ,  and modules f o r  t h e  p r o j e c t  
t e s t i n g  a c t i v i t i e s .  Gould be l i eves  t h a t  t h e  development o f  advanced f a b r i c a -  
t i o n  techniques f o r  s i n t e r e d  n i c k e l  e lec t rodes ,  coupled w i t h  t h e i r  s u p e r i o r  
performance, w i l l  reduce t h e  l i f e - c y c l e  cos t s  s u f f i c i e n t l y  t o  make ' the s i n -  
t . ~ r e d  e l e c t r o d e  as economical l y  a t t r a c t i v e  as t h e  non-s in te red  p l a s t i c -  
bonded n i c k e l  e l ec t rode .  

Gould has d e l i v e r e d  f i v e  400 Ah modu.les ( 4  c e l l s  each) t o  NBTL f o r  t e s t -  
ing. The f i r s t  module d i sp layed  an e n e r g y . d e n s i t y  o f  63.5 Wh/kg and a  l i f e  
o f  120 cyc les .  Tes ts  conducted a t  Gould i n d i c a t e d  t h i s  module has a  peak 
power c a p a b i l i t y  o f  101 W/kg a t  80% depth o f  d ischarge  (15 sec. pu l ses ) .  
The f o u r  o the r  modules . d e l i v e r e d  t o  NBTL, c o n t a i n i n g  h i g h  c o n d u c t i v i t y  
b i - m e t a l l i c  compos i te .cur ren t  c o l l e c t o r  i n  t h e  elr?ctrodes, demonstrated a  
s p e c i f i c  power o f  154 W/kg a t  80% d e p t t ~  uF d ischarge  and a spec4 f i c  energy o f  
62 Wh/kg. However, these  modules a l l  f a i l e d  a t  26 c y c l e s  o r  l e s s  due t o  
embr i t t l ement  o r  c o r r o s i o n  o f  t h e  c u r r e n t - c o l l e c t o r  assembly. 



Energy Research Co rpo ra t i on  (ERC) (25,26927) i s  emphasizing t h e  deve- 
lopment o f  a  Ni /Zn b a t t e r y  w i t h  a  low i n i t i a l  cos t .  E f f o r t s  a re  focused on 
t h e  n i c k e l  e l ec t rode ,  which i s  t h e  most expensive component i n  t h e  b a t t e r y .  
The t e c h n i c a l  approach i s  based upon t h e  development o f  a  low-cost,  p l a s t i c -  
bonded e l e c t r o d e  f a b r i c a t e d  f rom chemica l l y  p r e c i p i t a t e d  n i c k e l  hydrox ide.  
T h i s  e l e c t r o d e  con ta ins  about 30% g r a p h i t e  as a  conduc t i ve  d i l u e n t  i n  p l a c e  
of t h e  convent iona l  s i n t e r e d  n icke l -powder  plaque,. The cos t  o f  t h e  p l a s t i c  
bonded e l e c t r o d e  i s  p r o j e c t e d  t o  be h a l f  t h a t  o f  a  comparable s i n t e r e d  n i c k e l  
e l e c t r o d e .  I n  20-Ah N i ICd  t e s t  c e l l s ,  ERC demonstrated a  l i f e t i m e  o f . o v e r  
1000 c y c l e s  and a  p o s i t i v e  a c t i v e - m a t e r i a l  u t i l  i z a t i o n  o f  80% o f  t h e o r e t i c a l  
f o r  t h e i r  p las t i c -bonded n i c k e l  e l ec t rode .  E a r l y  t e s t s  w i t h  f u l l - s i z e  e lec -  
t r o d e s  i n d i c a t e d  poor u t i l i z a t i o n  (55%) o f  t h e  p o s i t i v e  a c t i v e  m a t e r i a l ,  bu t  
t h i s  problem was overcome by i nc reas ing  t h e  e l e c t r o d e  p o r o s i t y .  F u l l - s i z e  
c e l l s  ( r a t e d  a t  250 Ah) c o n t a i n i n g  increased p o r o s i t y  n i c k e l  e l ec t rodes  ex- 
h i b i t e d  c a p a c i t i e s  o f  239-266 Ah;and u t i l i z a t i o n  o f  76-84%. 

To achieve longer  l i f e t i m e s  i n  t h e i r  N i I Z n  c e l l s ,  ERC i s  i n v e s t i g a t -  
i n g  c a s t - f i l m  separa to rs .  Two separa to r  m a t e r i a l s ,  c r o s s - l i n k e d  p o l y v i n y l  
a l coho l  and a  thermop las t i c -based  composite, have been developed w i t h  low 
i o n i c  r e s i s t i v i t i e s  and a re  c u r r e n t l y  undergoing l i f e - c y c l e  e v a l u a t i o n  i n  20- 
Ah t e s t  c e l l s .  An a d d i t i o n a l  approach t o  achieve t h e  same o b j e c t i v e  i s  
th rough  a d d i t i v e s  t o  t h e  z i n c  e l e c t r o d e  t o  reduce shape change. The develop- 
ment o f  sealed c e l l s  ,is a l s o  be ing  pursued by  ERC as a  means t o  reduce o r  
e l i m i n a t e  maintenance ( a d d i t i o n  o f  wa te r )  and p o s s i b l y  t o  extend l i f e .  To 
keep low hydrogen and oxygen pressures i n  sealed c e l l s ,  a u x i l i a r y  e l ec t rodes  
o r  pocket  c a t a l y s t s  a re  be ing  employed t o  promote recombinat ion o f  these  two 
gases. . E a r l y  r e s u l t s  are favorab le ,  bu t  much a d d i t i o n a l  work w i l l  be r e -  
q u i r e d  be fo re  c e l l  capac i t i es ,  which have been found t o  be l i m i t e d  d u r i n g  
kharge by  gas p ressure  bu i ld -up ,  are equal t o  those  o f  s tandard vented 
c e l l s .  

ERC d e l i v e r e d  f o u r  modules (250 Ahr, 6.4V module) t o  NBTL and a  f u l l -  
s i z e  (25 Kwh, 108 V )  b a t t e r y  t o  JPL f o r  i n - v e h i c l e  t e s t i n g .  The bes t  spec i -  
f i c  energy f o r  t h e  ERC modules d e l i v e r e d  t o  NBTL was 35 Whlkg, w i t h  a  l i f e  
o f  76 cyc les .  

~ ~ ~ ( 2 8 1  i s  pu rsu ing  a  un ique c e l l  des ign approach based upon v i b r a t -  
i n g  z i n c  e l ec t rodes .  When t h e  z i n c  e l e c t r o d e  i s  v i b r a t e d  d u r i n g  charging, 
t h e  l i f e t i m e  l i m i t i n g  problems o f  z i n c  d e n d r i t e  f o rma t i on  and e l e c t r o d e  
shape change a re  surmounted. Since v i b r a t i o n  i s  r e q u i r e d  o n l y  d u r i n g  charg- 
i n g  most o f  t h e  added we igh t  r e q u i r e d  f o r  v i b r a t i o n  cou ld  be incorpora ted  
i n t o  an o f f - v e h i c l e  charger .  The v i b r a t i n g  z i n c  e l e c t r o d e  a l s o  r e s u l t s  i n  
h i g h  u t i l i z a t i o n  o f  n e g a t i v e  a c t i v e  m a t e r i a l .  Consequently, much l e s s  z i n c  
i s  r equ i red .  Thus, t h e  r a t i o  o f  n e g a t i v e - t o - p o s i t i v e  t h e o r e t i c a l  c a p a c i t y  
i s  o n l y  1.2 f o r  t h e  v i b r a t i n g  anode c e l l ,  compared t o  a  r a t i o  o f  2  t o  4  f o r  
conven t iona l  N i I Z n  c e l l s .  

I n  p r i o r  work a t  ESB ' s  Swedish ~ u d o r ' ,  subs i d i  ary, t h e  l ong  .l i f e t  ime 
c a p a b i l i t y  (over  1200 cycl'es) o f  t h e  N i I Z n  system w i t h  t h e  v i b r a t i n g  e l ec -  
t r o d e  had been demonstrated i n  a  s i x - c e l l ,  145-Ah module. However, t h e  
s p e c i f i c  energy o f  t h i s  module was l i m i t e d  t o  40 Whlkg a t  t h e  3-hr  r a t e .  
The emphasis o f  t h e  p resen t  work a t  ESB, t h e r e f o r e ,  i s  t o  inc rease  t h e  grav-  
i m e t r i c  and v o l u m e t r i c  s p e c i f i c  energy o f  t h e  system, w h i l e  r e t a i n i n g  t h e  



l ong  c y c l e - l i f e  c a p a b i l i t y .  To t h i s  end, t h e  f o l l o w i n g  des ign changes are 
being.examined j n  Ni/Zn c e l l s :  h i ghe r  s p e c i f i c  c a p a c i t y  n i c k e l  e l ec t rode ,  
t h i n n e r  z i n c  e lec t rodes ,  and sma l le r  i n t e r - e l e c t r o d e  spacing. The n i c k e l  
e l e c t r o d e  improvements c o n s i s t  o f  r e p l a c i n g  t h e  pocke t - t ype  e l e c t r o d e  (75-90 
Ah/kg) used i n  t h e  pas t  by a  s u i t a b l e  h i g h  c a p a c i t y  e l e c t r o d e  (110-140 Ah/kg). 
Several  t ypes  a re  be ing  evaluated,  i n c l u d i n g  e l e c t r o c h e m i c a l l y  impregnated 
s i n t e r e d  n i c k e l  (Matsush i ta ) ,  pasted meta l  wool (D.A.U.G Mercedes), and 
layered  n i c k e l  f o i l  (INCO's CMG e l e c t r o d e ) .  The p las t i c -bonded n i c k e l  e l ec -  
t r o d e  o f  ESB was found t o  have excess,ive s w e l l i n g  i n  t h e  u n r e s t r a i n e d  s t r u c -  
t u r e  o f  t h e  v i b r a t i n g  anode c e l l .  Current  e f f o r t s  a re  underway t o  reduce 
t h i s  s w e l l i n g .  . A  r e d u c t i o n  i n  t h i ckness  o f  t h e  z i n c  e l e c t r o d e  a t  cons tan t  
capac i t y  per  p l a t e  has been made p o s s i b l e  as a  r e s u l t  o f  s p e c i a l  charg ing  
techniques t h a t  c r e a t e  much denser z i n c  depos i t s  on t h e  nega t i ve  s u b s t r a t e  
w i t h o u t  t h e  l o s s  o f  h ' igh - ra te  d ischarge  capabi 1  i t y .  I n  a d d i t  ion,  t h e  denser 
z i n c  depos i t s  are more adherent; and, as a  r e s u l t ,  s lumping o f  a c t i v e  mater-  
i a l  . f rom t h e  v i b r a t i n g  e l e c t r o d e  has been l a r g e l y  e l  iminated.  S tud ies  are 
under way t o  eva lua te  t h e  e f f e c t  o f  i n t e r  e l e c t r o d e  spac ing and t o , d e t e r m i n e  
i t s  op t ima l  value. A r e d u c t i o n  i n  spac ing f r om t h e  2.5 mm used i n  p rev ious  
c e l l s  t o  1.5 mm, i f  f e a s i b l e ,  would r e s u l t  i n  a  20% improvement i n  v o l u m e t r i c  
energy, concomitant w i t h  a  y e t  t o  be determined inc rease  i n  s p e c i f i c  energy. 
Other s t u d i e s  a re  aimed a t  s e l e c t i n g  a  nega t i ve  e l e c t r o d e  s u b s t r a t e  m a t e r i a l  
t h a t  w i l l  reduce t h e  p resen t  se l f -d ischarge  r a t e  o f  7-9% l o s s  i n  c a p a c i t y  on 
a  f i v e - d a y  charged stand. Since t h e  c o n t r a c t  w i t h  ES6 was o n l y  r e c e n t l y  
i n i t i a t e d  ( A p r i l  1979) no c e l l  d e l i v e r i e s  have y e t  been made t o  NBTL. 

The Ni/Zn b a t t e r y  R&D c o n t r a c t  w i t h  Yardney was t e rm ina ted  by mutual  
agreement on May 31, 1979 a t  t h e  end of phase I o f  t h e i r  development program 
because Yardney decided t h e  business r i s k  was t o o  g rea t  t o  con t i nue  f u r t h e r  
cos t - sha r i ng  w i t h  DOE. The phase I program had focused on reduc ing  t h e  i n i -  
t i a l  b a t t e r y  c o s t  and improv ing component l i f e t i m e .  E a r l y  i n  t h e  program, 
fa i lure-modes a n a l y s i s  e s t a b l i s h e d  t h a t  t h e  nega t i ve  e l e c t r o d e  was respon- 
s i b l e  f o r  c a p a c i t y  degrada t ion  d u r i n g  c y c l i n g .  The use o f  a d d i t i v e s  and 
b inde r  i n  t h e  z i n c  e lec t rode ,  improvements i n  t h e  separa to r  system, and an 
a l t e r n a t i v e  charg ing  techn ique  were employed t o  m i t i g a t e  t h i s  problem. 
Subsequent a t tempts t o  inc rease  c e l l  l i f e  emphasized combining t h e  s t r eng ths  
o f  bo th  membrane-type and microporous- type separa to r  m a t e r i a l s .  I n i t i a l  
e f f o r t s  t o  reduce c o s t  d e a l t  p r i m a r i l y  w i t h  t h e  development o f  a  p l a s t i c -  
bonded n i c k e l  e l ec t rode .  However, t h e  poor performance (reduced c a p a c i t y  a t  
h i g h  d ischarge  r a t e s  and low vo lume t r i c  s p e c i f i c  energy per  p l a t e )  l e d  t o  
t h e  abandonment o f  t h i s  approach i n  f a v o r  o f  t h e  s i n t e r e d  e l ec t rode .  The 
c o s t  o f  t h e  s i n t e r e d  e l e c t r o d e  was reduced by f a b r i c a t i n g  a  t h i c k e r ,  more 
porous p laque as w e l l  as s t r e a m l i n i n g  t h e  manufac tu r ing  process. Co l lec -  
t i v e l y ,  these  s teps reduced t h e  amount o f  n i c k e l ,  labor ,  and p rocess ing  r e -  
q u i r e d  f o r  t h i s  e l ec t rode .  The s p e c i f i c  energy o f  30-Ah c e l l s  t e s t e d  a t  
Yardney has been about 70 Whlkg, wi.th g r e a t e r  than  130 c y c l e s  t o  80% depth 
o f  d ischarqe.  The.performance o f  t h e  s i x ,  f o u r - c e l l ,  250-Ah modules d e l i -  
vered t o  NBTL by Yardney has been d i sappo in t i ng .  A l though a  s p e c i f i c  energy 
o f  62 Wh/kg has been demonstrated, c y c l e  l i f e  has been l i m i t e d  t o  38 cyc les .  
I t  appears t h a t  t h e  f a i l u r e  mechanisms o f  z i n c  p e n e t r a t i o n  and imbalanced 
e l e c t r o l y t e  d i s t r i b u t i o n  a re  acce le ra ted  i n  l a r g e  c e l l s .  I n  add i t i on ,  Yard- 
ney d e l i v e r e d  a f u l l - s i z e  Ni/Zn b a t t e r y  t o  JPL f o r  i n - v e h i c l e  t e s t i n g .  



One aspect o f  t h e  program i s  t o  main ta in  an ongoing e f f o r t  t o  ensure 
t h a t  any promis ing N i IZn  technology i s  f u r t h e r  inves t iga ted .  Accordingly,  
f i v e  4 - c e l l  Ni/Zn modules (225 Ah) were procured from Eagle-Picher Indus- 
t r i e s  f o r  t e s t i n g  a t  NBTL. These modules d isp layed a s p e c i f i c  energy o f  
50 Whlkg; cyc le  l i f e  t e s t i n g  i s  cont inu ing .  

Table 11-5 

Performance Data on N ickel1,Zinc Modules Tested a t  NBTL 

FY 1979 
Object ives Gou 1 d - ERC Y ardney - E S B ~  

S p e c i f i c  Energya 
Whlkg 65 64 35 6 2 - 

Spec i f  i c  ~ o w e r b  
Wlkg 

Cycle L i f e c  200 120 76 ' 14 - 
Energy E f f i c i e n c y ,  % >60 72 73 80 - 

aC/3 r a t e  
b30 second averaqe a t  50% UOU 

' 

CEach c y c l e  should d e l i v e r  80% o r  more o f  t he  r a t e d  capac i ty  a t  25°C 
d ~ e l  i v e r y  o f  modules f rom ESB expected i n  February 1980 

111. BATTERY VERIFICATION TESTING AT NBTL 

The Nat iona l  B a t t e r y  Test Laboratory ( N B T L ) ~ ~  was es tab l ished t o  pro- 
v i d e  a f a c i l i t y  f o r  t h e  independent t e s t i n g  and eva lua t i on  o f  var ious ba t -  
t e r i e s  as they  are  developed. C e l l s  and b a t t e r i e s  developed w i t h i n  DOE- 
sponsored programs and those developed by p r i v a t e  funds are tes ted  a t  the  

. NBTL. The l abo ra to ry  i s  capable o f  the  simultaneous t e s t i n g  o f  about 40 t o  
50 c e l l s  and s i x  t o  e i g h t  f u l l - s i z e  (30-40 kwh) b a t t e r i e s  under s imulated 

, d r i v i n g  cond i t i ons  as w e l l  as.under normal t e s t  cond i t ions .  Graphical d i s -  
p lays  and tabu1 a t  ions 0.f b a t t e r y  performance are. d i r e c t l y  a v a i l  able through 
a computer. 

A. Standard Tes t  Procedures 
, .  

upon ' a r r i v a l  a t  t h e  NBTL, t h e  t e s t  b a t t e r y  i s .  labeled, 'phys ica l l y  i n -  
spected, weighed and dimensioned, t h e  c e l l  vo l tages measured, and t h e  elec- 
t r o l y t e  l e v e l  determined and, i f  necessary, adjusted. I n  some cases, a sam- 
p l e  o f  t h e  e l e c t r o l y t e  may be obtained and analyzed f o r  f u t u r e  reference.  



The b a t t e r y  i s  then i n s t a l l e d  i n  a  t e s t  s t a t i o n  and, i f  necessary, undergoes 
a  c o n d i t i o n i n g  c y c l e  i n  accordance w i t h  t h e  manufac tu re r ' s  i n s t r u c t  ions.  
F i n a l l y ,  t h e  b a t t e r y  i s  submi t ted t o  a  c a p a c i t y  measurement a t  a  3-hr  (C l3 )  
cons tan t  c u r r e n t  d ischarge  r a t e  t o  v e r i f y  t h e  manu fac tu re r ' s  spec i f i ca t . i ons ,  
e s t a b l  i s h  a  base1 i n e  c a p a c i t y  f o r  f u t u r e  re fe rence ,  and qua1 i f y  it f o r  com- 
pa r i son  purposes i n  f u r t h e r  t e s t i n g  i n  t h e  NBTL. As a  p a r t  o f  e s t a b l i s h i n g  
a base l i ne  of per fo rmance ' the  coulombic (Ah) and e n e r g e t i c  (Wh) c a p a c i t i e s  
.and e f f i c i e n c i e s  are a l so  measured. Once t h e s e ' s t e p s  are completed, t h e  
b a t t e r y  i s  ready  f o r  e i t h e r  c h a r a c t e r i z a t i o 3  t e s t i n g  o r  l i f e  c y c l e  t e s t i n g  
as descr ibed  below. 

The purposes o f  c h a r a c t e r i z a t i o n  t e s t i n g  a re  as f o l l o w s :  

1. To assess t h e  f u n c t i o n a l  c a p a b i l i t i e s  o f  a  b a t t e r y  over  a  range o f  
t e s t  c o n d i t i o n s .  The t e s t  r e s u l t s  pe rm i t  e v a l u a t i o n  o f  t h e  b a t t e r y  
performance i n  s p e c i f i c  v e h i c l e  a p p l i c a t i o n s .  

2. To measure t h e  performance of a  b a t t e r y  on a  s p e c i f i e d  s imu la ted  
l oad  p r o f i l e  ( f o r  example, a  power p r o f i l e  o f  a  g i ven  e l e c t r i c  
v e h i c l e  operated under t h e  "D" d r i v i n g  schedule o f  t h e  SAE J227a 
Test  ~ r o c e d u r e ( 3 0 )  ) . 

3. To p r o v i d e  da ta  f o r  b a t t e r y  analyses and model ing. 

The sequence o f  t e s t s  i s  arranged i n  t h e  genera l  o rder  o f  i nc reas ing  
s t r e s s  on t h e  b a t t e r y .  The t e s t s  are performed a t  ambient temperatures and 
a re  as f o l l o w s :  I 

1. Sel f -Discharge Tes t .  The purpose of t h i s  t e s t  i s  t o  determine 
t h e  c a p a c i t y  l o s s  as a  measure o f  t he  se l f - d i scha rqe  o f  a  ba t te r -y  
a f t e r  se.ven-days s tand on open c i r c u i t  f o l l o w i n g  a - f u l l  charge. - 

2. P a r t i a l  Depth o f  Discharge Test .  The response o f  a  b a t t e r y  t o  
\ s e r i e s  o f  sha l low (-50%) d ischarges i s  used t o  uncover any so 
c a l l e d  memory e f f e c t s  where in  t h e  b a t t e r y  may n o t  e x h i b i t  maximum 
c a p a c i t y  f o r  seve ra l  cyc les  f o l l o w i n g  a  s e r i e s  o f  sha l low d i s -  
charges. 

3 .  Energy Dens i t y  Versus Power Dens i ty .  Th i s  t e s t  4s t o  p rov ide  
i n f o r m a t i o n  over a  range o f  t e s t  c o n d i t i o n s  such t h a t  t h e  p e r f o r -  
mance f o r .  va r i ous  a p p l i c a t i o n s  can be i n t e r p o l a t e d  and i n f o r m a t i o n  
f o r  b a t t e r y  model ing may be p rov ided .  The b a t t e r y  i s  d ischarged 
a t  10, 20, and 30 W/kg and t h e  corresponding energy d e n s i t y  i s  mea- 
sured a t  each o f  t h e  . f o l l o w i n g  temperatures: -20, 0, 25, and 50°C. 
I n  add i t i on ,  e f f i c i e n c i e s  and t h e  temperature r i s e  o f  t h e  b a t t e r y  
i s  measured f o r  each d ischarge  and charge. 

4. S imulated Load P r o f i l e  Test .  The purpose o f  t h i s  t e s t  i s  t o  
measure t h e  performance o f  a  b a t t e r y  d ischarged under a  s imu la ted  
l oad  d r i v i n g  p r o f i l e  f o r  a s p e c i f i c  a p p l i c a t i o n .  The s imu la ted  
l oad  p r o f i l e  used i n  t h e  NBTL i s  t h e  "DM d r i v i n g  c y c l e  o f  t h e  SAE 
J227a Test  Procedure app l i ed  t o  t h e  newly developed DOE/GE/Chrysler .. 
Electric Tes t  Vehicle (ETV-1). w i t h  and w i t h o u t  r e g e n e r a t i v e  brak-  
ing. B a t t e r i e s  a re  sub jec ted  t o  t h i s  p r o f i l e  w i t h  t h e  power l e v e l s  



sca led  accord ing  t o  t h e  weight  o f  t h e  b a t t e r y  under t e s t .  I n  t h i s  
manner, a  c e l l ,  a  m u l t i c e l l  module, o r  b a t t e r i e s  o f  any a r b i t r a r y  
f r a c t i o n  o f  a  f u l l - s i z e  b a t t e r y  can be t e s t e d  under s imu la ted  d r i v -  
i ng  c o n d i t i o n s  w i t h  t h e  power d e n s i t y  rema in ing  t h e  same i n  a l l  
cases. Du r i ng  t h i s  t e s t ,  t h e  number o f  d r i v i n g  cyc les  completed 
d u r i n g  a  d ischarge  are counted, t h e  coulombic and e n e r g e t i c  capa- 
c i t i e ' s  and e f f i c i e n c i e s  recorded  and t h e  temperature r i s e  measured. 

5. Peak Power f o r  Susta ined Dura t ion .  The purpose o f  t h i s  t e s t  i s  
t o  measure t h e  c a p a b i l i t y  o f  a  b a t t e r y  f o r  up . to  30 seconds o f  

' sus ta ined  peak power a t  t h r e e  s t a t e s  o f  charge: 80%, 50%, and 
20%. 'Two s teps  comprise t h i s  t e s t :  t h e  f i r s t  s tep  i nvo l ves  a  
procedure t o  determine t h e  instantaneous peak power a t  t h e  des ig-  
nated s t a t e  o f  charge and t h e  nex t  s tep  . invo lves  t h e  measurement 
o f  t h e  sus ta i ned  power f o r  30 seconds d u r a t i o n  a t  t h e  t h r e e  s t a t e s  
o f  charge. The va lues  ob ta ined  (IT t he  peak sus,l;a'ir~ed power are 
repor- ted 7uv' the  8, 16, 24, and 3U second p o i n t s .  Th i s  t e s t  con- 
c ludes t h e  c h a r a c t e r i z a t i o n  o f  t h e  b a t t e r y .  

The purpose o f  l i f e - c y c l e  t e s t i n g  i s  t o  determine t h e  number o f  charge1 
d i scha rge  cyc les  t h a t  a  b a t t e r y  can achieve be fo re  t h e  c a p a c i t y  dec l i nes  t o  
a  g i ven  va lue.  I n  t h e  NBTL t e s t s ,  t h e  b a t t e r y  i s  d ischarged a t  t h e  3-hr r a t e  
t o  80% o f  i t s  r a t e d  capac i t y .  The number o f  cyc les  achieved be fo re  ' the ba t -  
t e r y  c a p a c i t y  d e c l i n e s  t o  75% o f  r a t e d  c a p a c i t y  i s  t h e  measure o f  c y c l e  l i f e .  

B. Summary o f  Tes t  Resu l t s  

S ince t h e  N a t i o n a l  B a t t e r y  Tes t  Labora to ry  became ope ra t i ona l  i n  1978 
over  145 c e l l s  f r om t h e  e i g h t  near- term b a t t e r y  c o n t r a c t o r s  have been tested. ,  
Tab le  111-1 l i s t s  t h e  number, type,  and c a p a c i t y  o f  t h e  c e l l s  d e l i v e r e d  t o  
NBTL f rom t h e  c o n t r a c t o r s .  F igures  111-1 t o  111-5 rep resen t  some o f  these 
u n i t s .  Table I 1  1-2 shows t h e  ranges o f  s p e c i f i c '  energy, e f f i c i e n c y ,  and 
c y c l e  l i f e  demonstrated i n  t h e  t e s t i n g  a t  t h e  NBTL. Notab le  achievements i n  
s p e c l f j c  energy (up t o  41 Whlkg) o f  l ead -ac id  c e l l s  have been v e r i f i e d .  
H igher  s p e c i f i c  energ.ies (up t o  63 Whlkg) have been e x h i b i t e d  by some N i I Z n  
modules, b u t  N i I Z n  c y c l e  l i f e  has never exceeded 120 c y c l e s  i n  t h e  bes t  case 
and has been cons ide rab l y  l e s s  i n  most cases. T e s t i n g  o f  N i I F e  modules was 
s t a r t e d  j u s t  p r i o r  t o  t h e  end o f  FY 1979 so t h a t  c y c l e  l i f e  da ta  are s t i l l  ' 

,_ 
b e i n g  accumulated; however, s p e c i f i c  energ ies  o f  up t o  48 Whlkg have been 
demonstrated. A l though some ove r l app ing  e x i s t s ,  e n e r g e t i c  e f f i c i e n c i e s  were 
g e n e r a l l y  bes t  f o r  t h e  lead-ac id  and l e a s t  f o r  n i c k e l l i r o n  b a t t e r i e s .  

Tests  were conducted w i t h  s i m p l i f i e d ,  s imu la ted  d r i v i n g  p r o f i l e s  d e r i v e d  
f r om t h e  a p p l i c a t i o n  o f  t h e  SAE 5227 a/D d r i v i n g  schedule t o  t h e  newly con- 
s t r u c t e d  DOE/GE/Chrysler e l e c t r i c  veh i c l e ,  operated w i t h  and w i t h o u t  regenera- 
t i v e  braking, '  F i g u r e  1.11-6 i s  a  bargraph showing t h e  r e s u l t s  ob ta ined  from 
these  t e s t s .  The l onges t  range ob ta ined  was w i t h  t h e  n i c k e l l z i n c  module 
f r om Eagle-Picher  and t h e  n i c k e l l i r o n  module f r om Westinghouse,. 102 and 101 
d r i v i n g  cyc les,  r e s p e c t i v e l y ;  [each c y c l e  rep resen ts  0.95 m i l e s  ( 1.5 km)]. 
A t  t h e  o t h e r  end o f  t h e  spectrum, t h e  s t a t e - o f - t h e - a r t  l ead-ac id  EV.106 ba t -  . 
t e r y  f a b r i c a t e d  by ESB achieved o n l y  63 d r i v i n g  cyc les .  Ranges man i fes ted  
by, o t h e r  b a t t e r i e s  a re  i n te r spe rsed  between these  two extremes. As w e l l  as 
showing t h e  comparat ive ranges, these  r e s u l t s  show t h a t ,  i n  a l l  cases, wor thy 



. . 

Tab le  111-1. Tes t i ng  o f  C e l l s  a t  NBTL f o r  June 1978 t o  October 1979 

Nominal Rated 

Sys t-em 

- 
z l t r a ,  C&D Lead-Ac i d  

ESB Lead-Acid 

,Number o f  
C e l l  sa 

C e l l  Capac i ty  
Ah 

2 

Globe-Union/GE Lead-Acid 6 174 - .  

Globe-Union Lead-Acid '5 250 w 
w 

Eagl e-P i c h e r  Ni /Fe 6 '  280 

West i , ighouse Ni/Fe 6 220 

Eagl e-Picher 

ERC 

Gou 1 d 

Yardney Ni /Zn 2 4 250 

aThese c .e l l  s have been t e s t e d  o r  a re  under t e s t  a t  t h e  NBTL. . 



. Table 111-2 

Performance Data Obtained from Cel ls1Modules Tested a t  NBTL 

i 

Spec i f  i c  Energy Energy E f f i c i e n c y  
(Whlkg) - (%)-.-- 

ISOA Lead-Acid 

E l t r a  

ETR 

Globe-Union 

N i c k e l I I r o n  

Eagle-Pich'er 45 

Westinghouse. 48 

N i c k e l l z i n c  

E ag 1 e-P i cherb 
. !  

ERC 

Gou 1 d 

Y ardney 

Cycle 
L i f e  - 

-..- - - - - - - - - - - - 
a ~ e s t s  i n  Progress. 
b ~ i r e c c  Purchase . 



Fig. 111-1. Globe-Unjan ISOL Lead-Acid Cel' with Induced Electrolyte Cir- 
culating System on Test at NBTL. ANL Neg. No. 308-79-236K. 



F i g ,  ITI-2. An Eagle-Picher Nickel / I ron Module w i th  Forced Air Cool- 
tng Under Test a t  NBTL. ANL Neg. No. 308-80-29K. 



F l g .  111-3. An Energy Research Corporation Nickel/Zinc  our-~el'l Module with 
Charge Controller Under Test at NBTL. ANL Neg. No. 308-78-753K. 



Fig.  111-4. Two Gould Nfckel/Ztnc Modules Under Test 
i n  the NBTL. ANL Neg. No. 308-78-754K. 
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Fig. 111-5. An Engineer Adjusts the Flow on a Hestinghouse Nickel/ 
Iron Module with Electrolyte Circulating System Under 
Test in the NBTL. ANL Neg. No. 308-79-628K. 



increases i n  range (18% t o  31%) are exh ib i ted w i t h  regenerative braking. 
Other evidence also suggests t h a t  charge acceptance by ba t t e r i es  seems par- 
t i c u l a r l y  good dur ing t he  regenerat ive braking phase o f  the d r i v i n g  cycle. 

A s i g n i f i c a n t  phenomenon discovered i n  the NBTL i s  that, dur ing t e s t i n g  
a t  room temperature, the  Ni/Zn modules exh ib i ted dur ing discharge a tempera- 
t u r e  r i s e  which was found t o  be propor t iona l  t o  t he  spec i f i c  energy o f  the 
module. Table 111-3 l i s t s  the temperature r i s e  (AT) measured f o r  Ni/Zn 
modules from f o u r  separate contractors, the corresponding energy manifested 
dur ing the  discharge, the respect ive weight o f  each o f  the modules, and f i n -  
a l l y  t h e  resu l t an t  s p e c i f i c  AT. As noted, AT ranges from 12 t o  22°C and 
the  s p e c i f i c  AT ranges from 0.31 t o  0.36 'C-kg/Wh. These r e s u l t s  ind ica te  
that ,  as ba t t e r i es  o f  higher spec i f i c  energy are achieved, more a t ten t ion  
must be devoted t o  thermal management. Presently, a module exh ib i t i ng  a 
s p e c i f i c  energy o f  60 Whlkg manifests a temperature r i s e  o f  22°C dur ing a 
3-hr dischargc i n i t i a l l y .  Furthcr cvidcncc indicates t h a t  as the ba t t e r y  
ages, the  temperature r i s e  may increase by 50% o r  more before the end o f  
use fu l  l i f e  o f  the  module. 

C. Advances i n  Test ing Capabi l i ty .  The advances made i n  the t e s t i n g  
c a p a b i l i t y  o f  the  NBTL over the past year are l i s t e d  below: 

Test S ta t ion  Development. The t e s t i n g  c a p a b i l i t y  o f  the NBTL increased 
from 2 t o  15 t e s t  s ta t ions  dur ing the past year, and work i s  cu r ren t l y  under- 
way t o  expand t o  40 t e s t  stat ions.  A t y p i c a l  cell/module t e s t  s t a t i on  has 
cur ren t  and voltage capabil  i t y  o f  f500A and 0-12V, respect ive ly .  A f u l l -  
s ized ba t te ry  t e s t  s t a t i o n  has +350A, -500A and 10-120V capab i l i t y .  

Simulated D r i v i ng  P ro f i l es .  As indicated e a r l i e r  i n  the report,  a method 
was developed t o  apply s imp l i f f ed  d r i v i n q  p r o f i l e s  t o  ba t te r ies .  I n  addition, 
a system was develbped and' made operat i o i a i  t o  apply prec is  ion power ~ r o f  i l e s -  
t o  s imulate any e l e c t r i c  veh ic le  d r i v i n g  schedule. 

Peak Power Measurements. A system was designed and constructed f o r  . 
determining and measuring peak power f o r  a sustained durat ion from a bat tery .  

Environmental Chambers. Three walk-in chambers were ordered t o  provide 
con t ro l l ed  temperature and humidi ty f o r  ba t te r ies  under t es t .  

NBTL Annex. A b u i l d i n g  t o  house the  environmental chambers, v i b ra t i on  
t e s t  equipment, and a dynamometer was ordered and w i l l  be constructed e a r l y  
i n  1980 adjacent t o  the  Chemical Engineering Bui ld ing.  

Temperature Measurements. A microprocessor based temperature measure- 
ments system was developed by K ine t i c  Systems In te rna t iona l  Inc.  and was in-  
s t a l  1 ed i n  the NBTL con t ro l  and data acqu is i t i on  system. An i n te res t i ng  .fea- 
t u r e  o f  t h i s  device i s  t h a t  r es i d i ng  i n  i t s  memory i s  a look-up t ab le  contain- 
i ng  Bureau o f  Standards conversions from thermocouple voltages t o  temperatures. 
The microprocessor continuously scans 16 thermocouples, converts the vol tage 
read t o  a temperature, and updates an addressable channel f o r  each one. The 
main computer then simply addresses'the channel o f  i n t e res t  whenever a tempera- 
t u r e  reading i s  requ i red and obtains the  value d i r e c t l y  i n  engineering un i t s .  
This system saves the  main computer a s i g n i f i c a n t  amount o f  processing t ime 
and reduces software e f f o r t  also. 



b r  WITH REGENERATIVE BRAKING 
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1-1 W/O REGENERATIVE BRAKING PERCENT 
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FIGURE 1 1 1 - 6 :  TEST RESULTS OF SIMPLIFIED DRIV ING CYCLES WITH 
AND WI.THOUT REGENERATIVE BRAKING FOR THE NEAR- 
TERM BATTERIES (SAE J227aD, GE CHRYSLER. VEHICLE)  : , . 



Table 111-3 

Temperature Rise i n  R e l a t i o n  t o  Spec i f i c  Energy o f  N i IZn  Modules 

Gould ERC - Y ardney Eagle-Picher 

 AT,^ "C  22 12 2 2 14.3 

Mani fested Capcity,  Wh 2675 1260 1750 1340 
b 

weight o f  Module, kg  42.5 36.2 28.3 29: 1 

Speclf l c   AT,^ ( " C - k g / ~ h )  0.35 0.34 0.36 U.31 

aTemperature, change f o r  b a t t e r y  discharged a t  3-hr r a t e .  
b ~ b t a i n e d  by m u l t i p l y i n g  AT by t h e  module weight and d i v i d i n g  by t h e  

capaci ty .  \ 

The f o l l o w i n g  a c t i v i t i e s  were completed i n  so f tware  development f o r  
t h e  NBTL: , q 

1. I n t e r a c t i v e  Cont ro l  Console. The i n t e r a c t i v e  c o n t r o l  console has 
been enhanced t o  p rov ide  eas ie r  and broader access t o  t e s t  data. I n  p a r t  i- 
cu la r ,  . t he  graphics page makes t h e  ob ta in ing  o f  graphs more automatic and 
e f f i c i e n t .  

2.. Specia l  Sottware 'I'asks, A number o f  programs were w r i t t e n  t o  
accomodate spec ia l  charg ing requirements o f  c e r t a i n  b a t t e r i e s ,  such as tem- 
pe ra tu re  compensated and stepped c u r r e n t  charging. 

3. Data Management. The graphics p o r t i o n  o f  da ta  management was 
improved by adding g r i d  l i n e s  and e f f i c i e n c y  computations.. The operator  
a l so  now has t h e  o p t i ~ n  t o  s p e c i f y  t h a t  the-computer system a u t o m a ~ i c a l l ~  
p rov ide  p l o t s  o f  s p e c i f i e d  t e s t s  i n  t h e  morning be fo re  t h e  workday s t a r t s .  
I n  t h a t  way, g raph i ca l  da ta  may be reviewed immediately t o  assess t h e  s t a t u s  
o f  t h e  ongoing t e s t s .  Programs were developed t o  p rov ide  t a b u l a r  da ta  f o r  

% every t e s t .  Work i s  c u r r e n t l y  i n  progress t o  extend these programs t o  auto- 
' 

m a t i c a l  l y  feed Data t r ieve ,  a da ta  base management system from D i g i t a l  Equip- 
ment Corporat ion; 

I V .  ANL SUPPORT RESEARCH 

Basic  and app l i ed  research i s  performed a t  ANL i n  suppor t  o f  t h e  near- 
, term. b a t t e r y  con t rac to rs  f o r  e l e c t r i c  v e h i c l e  and l o a d - l e v e l i n g  app l i ca t i ons .  

The e f f o r t  i s  i n  p a r a l l e l ,  bu t  complimentary t o  t h e  research a c t i v i t i e s  being 
conducted by ANL con t rac to rs .  The p a r t i c u l a r  t o p i c s  are se lec ted  because o f  
s i g n i f i c a n t  i n t e r e s t  and importance t o ' t h e  progress o f '  t h e  technologies.  



A. Fundamental E lec t rode  S tud ies  

1. Cur ren t  P r o f i l e s  i n  Z inc  ~ l e c t r o d e s ( 3 1 )  

Dur ing t h e  pas t  year,  an exper imenta l  s tudy  was c a r r i e d  ou t  
t o  determine t h e  c u r r e n t  d e n s i t y  p r o f i l e s  i n  a  s imu la ted  porous z i n c l z i n c  
ox ide  e l ec t rode .  Dur ing  1977, a  s imu la ted  porous e l e c t r o d e  c o n s i s t i n g  o f  a  
hundred o r  more c y l i n d r i c a l  pores was developed. I t  i s  f a b r i c a t e d  f rom mul- 
t i p l e  l a y e r s  o f  t h i n  meta l ,  w i t h  w e l l - d e f i n e d  porous c h a r a c t e r i s t i c s ,  t o  
pe rm i t  t h e  cont inuous de te rm ina t i on  o f  c u r r e n t  as a  f u n c t i o n  o f  depth w i t h -  
i n  t h e  pore, and i s  a  va luab le  t o o l  f o r  i n v e s t i g a t i n g  t ime-dependent p e r f o r -  
mance parameters o c c u r r i n g  w i t h i n  ope ra t i ng  porous e l ec t rodes .  The s imu la ted  
e l e c t r o d e  was used t o  determine t h e  i n i t i a l  c u r r e n t  d i s t r i b u t i o n s  ( t=O) a t  
t h r e e  app l i ed  c u r r e n t s  : 10, 25, and 100 mA. These da ta  are shown i n  F igu re  
I V - 1  a long w i t h  t h e  p r e d i c t e d  c u r r e n t  d i s t r i b u t i o n  curve based upon a  con- 
s t a n t  species concen t ra t i on  and l i n e a r  p o l a r i z a t i o n  k i n e t i c s .  The observed 
poor f i t  a t  h i g h  c u r r e n t  (100 ma) i n d i c a t e s  t h a t  t h i s  assumption i s  n o t  va- 
l i d  under t h a t  c o n d i t i o n .  I n  a d d i t i o n  these exper iments show an e f f e c t i v e  
r e a c t i o n  depth o f  o n l y  0.2 mm, i.e., 70-90% of t h e  c u r r e n t  i s  w i t h i n  t h i s  
th ickness .  Therefore,  z i n c  e l ec t rodes  t h i c k e r  than  about 0.5 mm ( t h i c k n e s s  
of b a t t e r y  e l ec t rodes  i s  0.8-1.2 mm) w i l l  no t  be f u l l y  u t i l i z e d  u n t i l  t h e  
r e a c t i o n  i s  f o r ced  i n t o  t h e  cen te r  o f  t h e  e l e c t r o d e  by a  l ack  o f  a l i v e  
m a t e r i a l  a t  t h e  sur face .  

Th is  non -un i f o rm i t y  o f  t h e  c u r r e n t  d i s t r i b u t i o n  as a  f unc t i on  o f  e l ec -  
t r o d e  depth i s  found t o  be more pronounced as t h e  t i m e  o f  d ischarge  i n -  
creases, except i n  t h e  case o f  pass i va t i on .  However, p a s s i v a t i o n  is. unde- 
s i r a b l e  s i n c e  it reduces t h e  u s e f u l  energy ou tpu t  o f  t h e  e l e c t r o d e  a l toge-  
t h e r .  Mathematical  model ing o f  t h e  time-dependent behav io r  o f  t h e  c u r r e n t  
d i s t r i b u t i o n  i n d i c a t e s  t h a t  e l e c t r o l y t e  conductance i s  a  c r i t i c a l  parameter. 
F i g u r e  IV-2 shows t h e  exper imenta l  and p r e d i c t e d  c u r r e n t  d i s t r i b u t i o n s  f o r  
two cond i t i ons :  1  ) cons tan t  e l e c t r o l y t e  conductance, 2 )  conductance which - 
v a r i e s  w i t h  t ime.  Th i s  second c o n d i t i o n  more c l o s e l y  approximates t h e  ex- 
pected exper imenta l  c o n d i t i o n .  The conductance decreases as z i n c a t e  concen- 
t r a t i o n  i n  e l e c t r o l y t e  increases due t o  t h e  anodic r e a c t i o n .  Improvements 
i n  t h e  r e s u l t s  p r e d i c t e d  by t h e  model r e q u i r e s  in fo rmat ion  on t h e  i o n i c  
conductance o f  supet-saturdled z l n c a t e  s o l u t i o n s .  Therefore,  a smal l  e f f o r t  
i s  be ing  made t o  o b t a i n  t h e  conductance of these s o l u t i o n s .  

2. Three-Dimensional E lec t rode  model in^ 

A three-d imensional  model(32) has been developed t o  p r e d i c t  
p o t e n t i a l  d i s t r i b u t i o n  and r e a c t i o n  u n i f o r m i t y  i n  porous e l ec t rodes  as f ~ ~ n c -  
t i o n s  o f  e l e c t r o d e  dimensions, k i n e t i c s ,  component c o n d u c t i v i t i e s ,  and opera- 
t i n g  c u r r e n t .  Th is  model i s  u s e f u l  i n  t h e  des ign o f  n i c k e l  and z i n c  elec- 
t r odes  because one c h r ~ ,  f o r  example, determine t h e  e f f e c t  o f  va r i ous  des ign 
parameters on e l e c t r o d e  performance. By us ing  t h e  i n f o r m a t i o n  i n  F i g u r e  IV-3, 
one can, f o r  example, determine t h e  e f f e c t  o f  v a r y i n g  t h e  g r i d  c o n d u c t i v i t y  
(cr ) on t h e  p o t e n t i a l  d i s t r i b u t i o n  and on t h e  maximum/' minimum c u r r e n t  den- 
s iZy  r a t i o  over t h e  e l e c t r o d e  p l a t e ,  w h i l e  keeping o t h e r  b a t t e r y  p r o p e r t i e s  
cons tan t .  The curves 1, 2 and 3  show t h e  e f f e c t  of t h r e e  d i f f e r e n t  g r i d  
c o n d u c t i v i t i e s ,  
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FIGURE IV-3: VARIATION I N  ELECTRODE POTENTIAL AND REACTION 
NON-UNIFORMITY AS A FUNCTION OF ELECTRODE 
PROPERTIES (ALL UNITS ARE DIMENSIONLESS) 

Curves 

The nomenclature for terms used ill t h e  f i g u r e  i s  as follows: 

F y  R, T  Usual e'l ec t  rochemi c a l  def  1 n i  t i ons 

0 Exchange cu r ren t  dens i t y  " 

Lx. L , Li Elec t rode length ,  width,  and th ickness,  
Y r e s p e c t i v e l y  . 

a S p e c i f i c  sur face area o f  t h e  e lec t rode  
I Tota l  e lec t rode  cu r ren t  
R ' Ra t io  of t h e  maximum-to-minimum current ,  dens i t y  
ma x  a t  a f i x e d  t o t a l  cu r ren t  .(a measure o f  non- 

u n i f o r m i t y  o f  r e a c t i o n )  

'm Elec t  rode/e l  e c t r o l y t e  potent  i a1, 
K ~ ,  13 Conduc t i v i t i es  o f  e l e c t r o l y t e  and g r i d ,  

9  respec t i ve l y .  , I  



3. Laser Raman ~ c ' a t t e r i n a  S tud ies  

Laser Raman spect roscopy has been used f o r  t h e  i n - s i t u  i d e n t i f i -  
c a t  i o n  of e l e c t r o c h e m i c a l l y  a c t i v e  compounds and c r y s t a l  1  i n e  phases o f  e l ec -  
t r o d e  mater i .a ls .  An exper imenta l  c e l l  was designed t o  p.ermit t h e  spect ro-  
scop ic  measurements t o  be made w h i l e  t h e  e l e c t r o d e  was under p o t e n t i o s t a t i c  
o r  ga l vanos ta t  i c  c o n t r o l .  Typ i ca l  spec t ra  f o r  i n - s i t u  and ex-s i t u  pbso4(33) 
are g iven  i n  F i g u r e  IV-4. Both cases p rov ide  e s s e n t i a l l y  t h e  same spect ra .  
However, i n  t h e  case o f . t h e  i n - s i t u  spe'ctrum t h e  s i g n a l .  i s  somewhat l e s s  i n -  
tense  caus ing a  l o s s  o f  t h e  weaker bands. With anodic o x i d a t i o n  o f  t e t r a -  
bas i c  l ead  s u l f a t e  (TBLS), which i s  used commerc ia l ly  by  some manufacturers  
t o  f a b r i c a t e  t h e  l ead / l ead  d i o x i d e  p o s i t i v e  e l ec t rode ,  l a s e r  Raman s p e c t r a  
i n d i c a t e d  t h e  d i r e c t  o x i d a t i o n  t o  Pb02 when TBLS was p o t e n t i o s t a t . i c a l l y  
ox i d i zed .  .The work i s  be ing  corrt inued. 

B. Thermal Model ina o f  Ni /Zn B a t t e r i e s  

I n  p rev ious  work a t  A N L ( ~ ~ - 3 6 3 ,  a  thermal  model was' developed f o r  . 

p r e d i c t i n g  thermal  excu rs i on  i n  lead-ac id  e l e c t r i c  v e h i c l e  and u t i l i t y  ba t -  
t e r i e s . .  The same techniques were r e c e n t l y  app l i ed  t o  Ni/Zn e l e c t r i c  v e h i c l e  
b a t t e r i e s  t o  determine t h e  t i m e  dependency o f  thermal  excu rs i on  d u r i n g  c y c l -  
i ng .  The r e s u l t s  ob ta ined  were i n  e x c e l l e n t  agreement w i t h  d a t a  ob ta ined  
f rom t e s t s  o f  Ni /Zn b a t t e r i e s  a t  t h e  NBTL. 

0 .  

Based on t h i s  model, t h e  e f f e c t s  o f  c e l l  h e i g h t  and e l e c t r o d e  thermal  
conductance on t h e  c e l l  temperature r i s e  were p r e d i c t e d  f o r  Ni /Zn c e l l s .  
The impact o f  these  parameters on c e l l  temperature i s  shown i n  Tab le  I V - 1 .  
The h e i g h t  o f  e l e c t r i c  v e h i c l e  b a t t e r y  c e l l s  g e n e r a l l y  v a r i e s  between 26 cm 
and 40 cm. 

. .  Table I V - 1  

P red i c ted  E f f e c t  o f  C e l l  Design Parameters i n  t h e  
Maximum Temperature R i se  on 'Ni/Zn C e l l s  

Parameters 
. , .  

Dimensionlessa 
Height  Thermal Maximum Temperature 

cm ,Conduc t i v i t y  R i se  "C 

aAn a r b i t r a r y  parameter used t o  f i t  t y p i c a l  exper imenta l  .data t o  p r o v i d e  
a  base1 ine .  

As a  r e s u l t  o f  t h e  l n s l g h t  ga ined i n  t h i s  stuay, a s u b c o n t r a c t e d ' e f f o r t  has 
been i n i t i a t e d  w i t h  t h e  U n i v e r s i t y  o f  I l l i n o i s  t o  i n v e s t i g a t e  t h e  p o s s i b i l i t y  
f o r  des ign m o d i f i c a t i o n  t o  pe rm i t  pass ive  c o o l i n g  o f  Ni /Zn c e l l s .  
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C. Temporary Loss of Capac i ty  i n  Ni /Zn C e l l s  ' 

E lec t rochemica l  s t ud ies  c a r r i e d  o u t  dur. ing t h e  p a s t  year  have pro-  
v ided  in fo rmat ion  on t h e  d e c l i n i n g  c e l l  c a p a c i t y  observed i n  Ni /Zn c e l l s .  
A t  t imes, charged Ni/Zn c e l l s  under t e s t  a t  t h e  NBTL have been observed t o  
t e m p o r a r i l y  l o s e .  usab le  capac i t y .  The c a p a c i t y  however can be recovered by  
gradual  r e t u r n  o f  c y c l i n g  t o  normal deep d ischarge  l e v e l s .  Dur ing p o s t - t e s t  
ana l ys i s  o f  these b a t t e r i e s ,  severa l  tec'hniques have been uged t o  v e r i f y  
t h i s .  The r e s u l t s  o f  these  t e s t s  a re  be ing  analyzed. However, bench-scale 

. s t ud ies  seem t o  i n d i c a t e  t h a t  t h e  z i n c  r e a c t s  w i t h  t h e  e l e c t r o l y t e  a t  a  r a t e  
comparable w i t h  t h e  observed d e c l i n e  i n  c e l l  capac i t y .  Th i s  would seem t o  
i n d i c a t e  t h a t  t h e  z i n c  e l e c t r o d e  i s  t h e  cause o f  t h e  temporary los's ' i n  capa- 
c i t y .  Fu r t he r  work i s  underway i n  o rder  t o  understand and t o  m in im ize  t h i s  
undes i rab le  e f f e c t .  

S t i b i n e  and A rs i ne  I n v e s t i g a t i o n s  i n  Lead-Acid B a t t e r i e s  

I n  1978 an exper imenta l  f i e l d  k i t ( 3 7 )  was developed t o  es t ima te  t h e  
amounts of S ~ H ~  and AsH3 produced i n  lead-ac id  b a t t e r i e s  d u r i n g  normal charg- 
i n g  and e q u a l i z a t i o n  charg ing.  SbH3 and AsH3 g e m r a t i o n  i s  expected when. 
an t imon ia l  g r i d  lead-ac id  b a t t e r i e s  are charged above 2.4V. Dur ing  t h i s  
pas t  year,  t h i s  k i t  was used to .sample  a i r  i n  and around e l e c t r i c  veh i c l es  , 

undergoing t e s t i n g  a t  U.S. Army MERADCOM, F o r t  B e l v o i r ,  VA. Th i s  s tudy  has 
i n d i c a t e d  t h a t ,  i n  general, t h e  l e v e l s  o f  these  gases a re  below t h e  OSHA* 
TLV** 1  i m i t s  of 0 .1  ppm v  f o r  SbH3 and 0.05 ppm v  foriAsH3. Typ i ca l  r e s u l t s  
are g i ven  i n  Table IV-2. However, s i nce  t h e  OSHA l i m i t s  are approached under 
some c o n d i t i o n s  such as d u r i n g  e q u a l i z a t i o n  charg ing  o f  t h e  b a t t e r y ,  .proper 
hand l i ng  and v e n t i l a t i o n  o f  e l e c t r i c  v e h i c l e  b a t t e r i e s  be ing  t e s t e d  i s  r e -  
qu i red .  An a l t e r n a t i v e  approach i s  t o  mod i f y  t h e  .charg ing  c o n d i t i o n s  such 
as t o  reduce t h e  maximum charg ing  vo l t age  t o  t h e  minimum l e v e l  r e q u i r e d  t o  
f u l l y  charge t h e  b a t t e r y ,  thus  m in im iz i ng  t h e  q u a n t i t i e s  o f  SbH3 and AsH3 
produced. Work i s  c o n t i n u i n g  t o  t e s t  a d d i t i o n a l  lead-ac id  b a t t e r y  v e h i c l e s  
under v  a r  i ab 1  e  oper at ' i  ng c o n d i t i o n s .  

t 

E. Post  Test  A n a 1 y s . i ~  \ 

The purpose o f  t h i s  e f f o r t  i s  t o  supplement t h e  c o n t r a c t o r  e f f o r t s  by  
p r o v i d i n g  prompt a n a l y s i s  o f  f a i l e d  u n i t s .  I n  t h i s  way, t h e  observat ions.  
a re  n o t  confused by r e a c t i o n s  which t ake  p l a c e  a f t e r  f a i l u r e ,  such as chem- 
i c a l  a t t a c k  o f  e l e c t r o d e  a c t i v e  m a t e r i a l s .  Other aspects o f s t h i s  t ask  
inc lude: .  

a. The development o f  quan t . i t a t i ve  measure o f  f a i l u r e  o r  degree 
o f  fa i - lu re .  

b. ~ d e n t i f i c a t i o n  o f  n o t  o n l y  t h e  ac tua l  f a i l u r e  mode, b u t  a l so  
p o s s i b l e  f u t u r e  f a i l u r e  modes. . . 

c. . I d e n t i f i c a t i o n  . o f  f a i l u r e  modes which are common t o  each b a t t e r y  . . . 
. system, rega rd less  o f  manufacturer .  , I  . . 

. . . . * Occupat ional  S a f e t y  and Hea l th  Admin i s t r a t  i o n  . . .- 
, ; .  ** Threshold L  i i i1 i .L  Srsy Vdlue . . .. . . 



Table IV-2. S t  i b i n e '  and Ars ine Generated' During 
E l e c t r i c .  ,Vehic le Tests a t  MERADCOM 

(Sample taken 5 inches above c e l l  t op )  

B a t t e r i e s  Tested: Models XPV-23 and EV-106,from ESB Inc.,  
Model P-20 from Varta A.G. 

Normal i zed  Cond i t ion  

8 hour e q u a l i z a t i o n  Aver age : 

Range: 

1 hour on-board v e h i c l e  
w i t h  regenera t ive  Aver age : 
brak ing  

Range: 

8 hour OSHA TLV 

15 minute OSHA TLV 

V. RELEVANT NONzANL SUPPORT RCSEARCII 

I n  add i t  i on  t o  t h e  b a t t e r y  research and development a c t i v i t i e s  c a r r i e d  
ou t  under t h e  d i r e c t i o n  o f  ANL, DOE supports o ther  research e f f o r t s  on elec- 
t r i c  v e h i c l e  b a t t e r i e s .  O f  p a r t i c u l a r  i n t e r e s t  are a  number o t  bas ic  r e -  
search t o p i c s  grouped under t h e  Appl ied B a t t e r y  and Elect rochemical  Research 
Program managed by The Lawrence Berkeley Laboratory. The p e r t  in'ent t o p i c s  
are descr ibed b r i e f l y  i n  t he  f o l l o w i n g  paragraphs. 

Research i n  Lead-Ac i d  B a t t e r y  ~ l e c t r o d e s  (38) 

Caulder and Simon o f  t h e  Naval Research Laboratory are i n v e s t i g a t i n g  t h e  
bas i s  f o r  t h e  improvement o f  l i f e ,  capaci ty ,  and s p e c i f i c  energy o f  the  lead- 
a c i d  b a t t e r y  by i nc reas ing  u t  i 1 i z a t  i o n  o f  t he  e lec t rode a c t i v e  mater i a1 , and 
by  determin ing t h e  f a c t o r s  t h a t  u l t i m a t e l y  lead t o  n o n r e v e r s i b i l i t y  o f  t h e  
e lec t rode  reac t i ons  and l oss  o f  b a t t e r y  capacity,  such as changes i n  t h e  ac- 
t i v e  m a t e r i a l  composit i on  and s t ruc tu re .  Nuclear magnetic resonance spec- 
troscopy, x-ray d i f f r a c t  ion, and neutron d i f f r a c t  i o n  have been employed t o  
cha rac te r i ze  t h e  Pb02 species formed on t h e  p o s i t i v e  p l 'a te  as t h e  b a t t e r y  
i s  charged and discharged. These s tud ies  have shown t h a t  e lec t rochemica l l y  
a c t i v e  PbOp conta ins  a  smal l  concentrat  i on  o f  a  p ro ton  species, perhap: as 
OH- occupying 02- s i t e s  i n  t h e  i o n i c  l a t t i c e ,  and t h a t  l o s s  o f  e lec t ro -  
chemical a c t i v i t y  i s  apparent ly  associated w i t h  l o s s  o f  t h i s  proton species 
f rom t h e  Pb02 s t r u c t u r e .  



Development o f  Electrochemical Synthesis and Energy Storage-Anodic Surface 

Lavers on B a t t e r v  Ma te r i a l s  ( 3 9 )  

Mul le r  o f  Lawrence Berkeley Laboratory i s  o b t a i n i n g  d i r e c t  experimental  
evidence about p rope r t i es  and modes o f  format ion o f  anodic sur face layers  on 
ma te r ia l s  o f  i n t e r e s t  f o r  b a t t e r y  app l i ca t i ons  i n  order  t o  de f i ne  t h e  physi -  
c a l  c o n d i t i o n  o f  sur face l aye rs  w i t h  des i rab le  e lect rochemical  p r o p e r t i e s  
and f i n d  means f o r  t h e i r  cons is ten t  generat ion. The growth o f  PbS04 f i l m s  
on p lanar  Pb e lec t rodes has been s tud ied  us ing  f a s t  i n - s i t u  automatic e l l i p -  
sometry. Transport o f  d isso lved r e a c t i o n  products has been shown t o  be an 
important f a c t o r  i n  determin ing t h e  p o r o s i t y  o f  the  s u l f a t e  f i l m .  

Research on A1 k a l  i ne  Zinc Secondarv ~ l e c t r o d e s ( 4 0 )  

Harnby a t  L i n f i e l d  Research I n s t i t u t e  i s  per forming s tud ies  t o  p rov ide  
in format ion which w i l l  a i d  i n  t h e  product ion  o f  a  rep roduc ib l y  l ong - l i ved  
z inc  secondary b a t t e r y .  This  b a t t e r y  w i l l  be designed and constructed i n  
such a  manner as t o  r e t a i n  the  h igh  energy dens i t y  and power dens i t y  capa- 
b i l i t i e s  o f  t he  porous z inc  e lec t rode.  Recent work has emphasized evalua- 
t i o n  o f  f a i l u r e  modes o f  e lec t rodes operated under cond i t i ons  o f  severe ly  
1  im i ted  convect ion as p red i c ted  by ~ u n u ( 4 1 )  The f a i l u r e  mode which has 
beer1 i nves t i ga ted  exper imenta l l y  i s  t h a t  o f  shor t - term f a i l u r e  due t o  OH- 
concent ra t ion  decreases i n  smal l  e lect rodes,  operated under t h e  s ta ted  re -  
s t r i c t i o n s .  Resul ts  t o  date f a i l  t o  support OH- dep le t i on  as a  pr imary  
f a i l u r e  mode under t h e  g iven circumstances. 

/ 

Temperature L i r n i t a t  i on  o f  Primary aid Secondary ~ l k a l  i ne  B a t t e r y  Elect rodes 

McKubre and ~ c ~ o n a l d ( 4 2 )  o f  SRI .  I n t e r n a t i o n a l  s tud ied  t h e  l i m i t a t i o n s  
imposed on t h e  opera t ion  o f  a l k a l i n e  b a t t e r i e s  con ta in ing  n i cke l ,  i ron ,  o r  
z i n c  e lec t rodes i n  t h e  temperature range o f  -20" t o  120°C. The p r i n c i p a l  
accomplishment has been comprehensive surveys o f  t he  k i n e t i c s  and thermody- 
namics o f  these e lec t rodes i n  aqueous NaOH systems; a  number o f  s p e c i f i c  fea-  
t u r e s  t h a t  r e l a t e  t o  t h e  use o f  these metals  f o r  b a t t e r y . e l e c t r o d e s  were 
observed. 

Basic Development o f  N i cke l /Z inc  B a t t e r i e s  

The goals o f  t h i s  work by ~ a t a n ( 4 3 )  a t  Lockheed M i s s i l e s  and Space 
Co. I nc .  i s  t o  gain i n s i g h t  i n t o  t h e  opera t ion  o f  n i c k e l  ox ide and z i n c  
e lec t rodes f rom a  study o f  a  model s ing le -pore  system containing,two p lanar  
e lect rodes.  I n - s i t u  v iewing o f  t he  working e lec t rodes w i t h  a  stereozoom 
micrascnpe h a m 0  these p r i n c i p a l  f i n d i n g s :  

1. Short c i r c ~ ~ i t i n g  at. open c i r c u i t  due t o  dendr i t e  growth was ob- 
served i n  t h e  presence o f  concent ra t ion  g rad ien ts  which r e s u l t e d  
i n  z i n c  depos i t i on  a t  f r o n t a l  loca t ions .  

2. M ig ra t i on  o f  m e t a l l i c  z i n c  p a r t i c l e s  by  means o f  e lect rochemical  
displacement was demonstrated ( t h i s  process may c o n t r i b u t e  t o  shape 
change and slumping). 



3. Evidence was obta ined t h a t  i nd i ca tes  hydrogen format i on  precedes 
z inc  d e n d r i t e  growth and t h a t  hydrogen fo rmat ion  occurs when z in -  
cate ions are depleted a t  l o c a l  s i t e s .  

4. N icke l  ox ide  e lec t rode  d e t e r i o r a t i o n  was found t o  be asslociated 
w i t h  e x f o l i a t i o n  or  detachment o f  the  n i c k e l  oxides from t h e  
n i c k e l  subs t ra te .  

Other R&D e f f o r t s  on near-term e l e c t r i c  veh i c le  b a t t e r i e s  d i r e c t e d  
by t h e  Navy and funded by DOE through ANL are described below: 

Hiah Cvcle L i f e .  Hiah Enerav Densi tv  Ni/Zn B a t t e r i e s  

Ot to wagner (44) o f  U.S. Army ERADCOM has developed a  5-Ah r a t e d  
Ni/Zn c e l l  which has prov ided a  l i f e  o f  over 300 cyc les  a t  t he  Cl5 r a t e  w i t h  
c a p a c i t i e s  rang ing  from 4.1 t o  4.3 Ah a t  cyc le  300. An important component 
o f  t h i s  c e l l  i s  a  n i c k e l i z e d  Celgard 2500 p lus  cel lophane separator sand- 
wiched between two l aye rs  o f  Celqard 3500. This  separator combination has 
a l so  minimized shape change o f  t h e  z inc  e lec t rode  on cyc l i ng .  Reduced hydro- 
gen e v o l u t i o n  and z i n c  pene t ra t i on  r a t e s  have been achieved by add i t i ves  and 
mod i f i ed  charging r a t e s  respec t i ve l y .  

S e ~ a r a t o r s  f o r  Z inc Svstems 

Isaac ~ n ~ r e s ( 4 5 )  o f  Naval Surface and Weapons Center (NSWC) i s  
e v a l u a t i n g  separators based on polyphenylquinoxal  i n e  (P.PQ) he terocyc l  i c  polymer 
i n  combination w i t h  c e l l u l o s e  acetate (CA) i n  2-Ah Ni/Zn and Ag/Zn c e l l s .  
P r e l  im inary  c y c l  i n g  r e s u l t s  i n d i c a t e  t h a t  t h i s  combinat ion o f  separators out-  
performs t h e  commonly used c e l l u l o s i c  separators. 

V I ,  BATTERY COMPONENTS RESEARCH AND DEVELOPMENT 

A. Techniques f o r  Charging and State-of-Charge Moni to r ing  

Two 200-A t e s t  s t a t i o n s  which prov ide  a  v a r i e t y  o f  charge and discharge 
t e s t  cond i t ions ,  were assembled t o  i n i t i a t e  b a t t e r y  charging s tud ies  at ANL. 
Se lec tab le  fea tu res  inc lude programmable cu r ren t  o r  power discharges w i t h  con- 
s t a n t  o r  pulsed l e v e l s  o f  operat ion;  v a r i a b l e  i n d i v i d u a l  c e l l  discharge r a t e s  
t o  e s t a b l i s h  known dev ia t i ons  i n  c e l l  depths o f  d ischarge f o r  equa l i za t i on  
studies,  and bulk,  taper ,  and e q u a l i z a t i o n  charging. C e l l  e q u a l i z a t i o n  can 
be performed e i t h e r  e l e c t r o n i c a l l y  by l i m i t i n g  t h e  vo l tage  and bypassing t h e  
c u r r e n t  o f  i n d i v i d u a l  c e l l s  o r  chemica l ly  by  l i m i t i n g  b a t t e r y  vo l tage only.  
Using these t e s t  s ta t i ons ,  s tud ies  o f  c e l l  and b a t t e r y  c h a r a c t e r i s t i c s  have 
been i n i t i a t e d .  

E l e c t r o n i c  ce l l -charge e q u a l i z a t i o n  t e s t s  were performed on a 4 - c e l l ,  
240 Ah Ni/Zn module. Th is  module e x h i b i t e d  a  capac i t y  o f  o n l y  94 Ah du r ing  . ' 

c y c l i n g  a t  NBTL due t o  t h e  l i m i t i n g  behavior o f  a  s i n g l e  c e l l .  E l e c t r o n i c  
e q u a l i z a t i o n  was performed us ing  var ious c e l l  vo l tage l i m i t s  i n  an attempt 
t o  improve capaci ty .  These t e s t s  showed t h a t  t h e  poor performance o f  t he  



c a p a c i t y  l i m i t i n g  c e l l  was due t o  a c t i v e  m a t e r i a l  loss,  r a t h e r  than  due t o  
increased se l f -d ischarge .  With an e q u a l i z a t i o n  c u r r e n t  o f  6 A, a  r i s e  i n  
c e l l  temperature and a  decrease i n  c e l l  vo l t age  occur red  d u r i n g  t h e  e q y a l i -  
z a t i o n  pe r i od .  These t e s t  da ta  are be ing  rev iewed and a d d i t i o n a l  t e s t s  w i l l  
be performed. 

Charging s t u d i e s  are i n  progress t o  q u a n t i f y  c e l l  and b a t t e r y  charac te r -  
i s t i c s  of an EV-106 l ead -ac id  b a t t e r y  as a  f u n c t i o n  o f  cha rg ing  r a t e .  A  LSI-  
11 computer system i s  t e m p o r a r i l y  be ing  used t o  c o n t r o l  and mon i t o r  t e s t  
c o n d i t i o n s  and acqu i re  performance data.  Bulk  charge c u r r e n t s  o f  25 t o  200 A  
( i n  25 A  increments)  f o l l o w e d  by t ape r  and e q u a l i z a t i o n  charge w i l l  be used. 
The t e s t  d a t a  are p r e s e n t l y  be ing  acqu i red  and reviewed, and r e s u l t s  w i l l  be 
r e p o r t e d  i n  t h e  f u t u r e .  

Charging s t u d i e s  were i n i t i a t e d  t o  q u a n t i f y  b a t t e r y  performance and 
charge c u r r e n t  c h a r a c t e r i s t i c s  u s i n g  an SCR c u r r e n t  c o n t r o l l e d  scheme d i r e c t -  
l y  o f f  t h e  AC l i n e  w i t h o u t  t h e  use o f  a  t rans fo rmer .  I n i t i a l  t e s t  da ta  
showed t h a t  t h e  h i g h  f requency s t r u c t u r e  o f  t h e  charge c u r r e n t  waveform 
y i e l d s  a  h i g h  r a t i o  (%3) o f  root-mean-square (RMS) c u r r e n t  t o  average cu r ren t ,  
Th i s  leads t o  increased b a t t e r y  temperatures and power losses d u r i n g  t h e  
charg ing  pe r i od .  Var ious  l e v e l s  o f  c u r r e n t  f i l t e r i n g  can be used t o  reduce 
t h i s  r a t i o  t he reby  improv ing performance and energy e f f i c i e n c i e s .  To p ~ o v i d e  
wideband power and RMS c u r r e n t  measurements, a  d e t e c t o r  and s i g n a l  c o n d i t i o n -  
i n g  module was designed. Two such u n i t s  are be ing  f a b r i c a t e d ,  and t e s t i n g  
w i l l  be resumed when t h e i r  c o n s t r u c t i o n  i s  completed. 

To f a c i l i t a t e  t h e  simultaneous t e s t i n g  o f  m u l t i p l e  b a t t e r y  components 
and a c q u i s i t i o n  o f  t e s t  data,  a  m u l t i - u s e r  t e s t  c o n t r o l  and m o n i t o r i n g  sys- 
tem i s  be ing  p rocur red .  Labora to ry  space t o  accommodate t h e  a d d i t i o n a l  
equipment and t h e  m u l t i p l e  t e s t i n g  s t a t i o n s  i s  be ing  prepared a t  ANL. The 
expanded t e s t  system and l abo ra to r y ,  which i s  t o  be o p e r a t i o n a l  i n  June 1980, 
w i l l  p r o v i d e  t h e  r e q u i r e d  t e s t  and da ta  a c q u i s i t i o n  c a p a b i l i t i e s  f o r  b a t t e r y  
charg ing  s tud ies ,  s ta te -o f -charge  mon i t o r  development, and Ni /Zn b a t t e r y  
separa to r  t e s t i n g .  

Commercial ly a v a i l a b l e  s ta te -o f -charge  mon i t o r s  o f  t h e  b a t t e r y  v o l t a g e  
sens ing t y p e  have been evaluated.  Severa l  des ign p roposa ls  f o r  o t h e r  s t a t e -  
o f -charge  m o n i t o r i n g  equipment. o f  t h e  b a t t e r y  impedance and/or e l e ~ l r - u l y t e  
s p e c i f i c  g r a v i t y  sens ing t y p e  have been reviewed. A  s ta te -o f -charge  i nd i ca -  
t o r  manufactured by  P e r f e c t i o n  E l e c t r o n i c  Products  Corp. was t e s t e d  and ana- 
lyzed; o t h e r  dev ices a re  a l s o  be ing  assessed. 

B. . N i c k e l I Z i n c  B a t t e r y  Separator 

The separa to r  i s  one o f  t h e  key elements i n  s u s t a i n i n g  c e l l  performance 
and c y c l e  l i f e  i n  N i /Zn  b a t t e r i e s .  Separators  commonly used i n  a l k a l i n e  
c e l l s  a re  made from commerc ia l l y  a v a i l a b l e  o rgan i c  o r  ino ryan i r :  f i l m s ,  gen- 
e r a l l y  composed o f  one o f  t h e  f o l l o w i n g  m a t e r i a l s :  1 )  C e l l u l o s i c  m a t e r i a l  
such as DuPont cel lophane, Union Carb ide f i b r o u s  sausage casings, g r a f t e d  
cel lophane, e tc . ,  2 )  ny lon- type  m a t e r i a l s  such as Pe l  l o n  2505 and 2506, Cerex 
and o t h e r  non-woven ny lon  f a b r i c s ,  e t c .  3 )  po lypropy lene- type  m a t e r i a l s  such 
as P e l l o n  FT-214, GAFWEX-1242, Kenda l l  XM-1249, Hercu les 2615-15, W. R. Grace 



3073-22, RAIIGAF 4215-5, Celanese Celgard and o ther  nonwoven polypropylene 
f a b r i c s ;  4 )  polyethy lene- type ma te r ia l s  such as R A I  perm.ion 2291; and 5 )  other  
separator  mater i a l s  such as nonwoven p o l y v i n y l  a lcohol  (PVA), PVA f i lms ,  PVA 
f e l t ,  p o l y v i n y l  c h l o r i d e  (PVC) f i l m s ,  and asbestos papers. 

The c e l l u l o s i c  m a t e r i a l s  have t h e  des i red  pore s t ruc tu re ,  but  have low 
p e r m e a b i l i t y  t o  e l e c t r o l y t e  and water and tend t o  d e t e r i o r a t e  i n  t he  a l k a l i n e  
environment. Nylon-type separators have a  f i n e  pore s t ruc tu re ,  low e l e c t r i -  
c a l  res is tance,  and are o f  low cost ,  bu t  are unstable i n  t he  c e l l  environment 
and sub jec t  t o  degradat ion by ox ida t  ion. The porous polypropylene m a t e r i a l s  
have pores too  l a r g e  t o  prevent dendr i t e  growth o f  t he  z inc  e lect rode,  where- 
as separators o f  g r a f t e d  polyethy lene have smal l  pores which r e t a r d  dendr i tes  
growth, bu t  tend t o  acce lera te  shape change i n  the  z i n c  e lec t rode.  I n  addi- 
t i o n ,  t h e  l a t t e r  m a t e r i a l  i s  r e l a t i v e l y  expensive. 

A con t rac t  t o  conduct a  survey o f  separator . m a t e r i a l  has been awarded 
t o  Brigham Young U n i v e r s i t y  and w i l l  become e f f e c t i v e  January, 1980. 

Other separator development s tud ies  have a lso been c a r r i e d  out by NASA- 
Lewis Research Center; U.S. Navy con t rac to r  a t  Naval Surface and Weapons 
Center (NSWC) a t  White Oak Lab, S i l v e r  Spring, Maryland; US Army E l e c t r o n i c  
Technology and Devices Laboratory (ERADCOM) a t  Fo r t  Monmouth, NJ; and DOE/ 
ANL Ni /Zn b a t t e r y  con t rac to rs .  Related e f f o r t s  a t  Genera1 Motors Research 
Lab have a1 so been repor ted .  (46.47) 

V I I .  BATTERYIVEHICLE SYSTEM INTEGRATION 

A. v e h i c l e  I n t e a r a t  i o n  and Enaineerina A c t i v i t i e s  

Veh ic le  i n t e g r a t i o n  and engineer ing a c t i v i t i e s  du r ing  t h i s  pe r iod  con- 
s i s t e d  o f  p r o v i d i n g  t e c h n i c a l  support f o r  t h e  t e s t i n g  o f  b a t t e r i e s  in vet l i -  
i l e s .  A  few veh ie les  were b u i l t  f o r  t h c  purpose o f  t e s t i n g  new technologi f=< '  
such as those f rom t h e  near-term b a t t e r y  research and developrr~ent e f f o r t s  
discussed e a r l i e r .  These veh ic les  are tes ted  p r i m a r i l y  a t  JPL under c l o s e l y  
c o n t r o l l e d  cond i t ions .  Dyr ing  1979 t h i s  task was i n i t i a t e d  t o  g i ve  d i r e c t  
b a t t e r y  support t o  i n - v e h i c l e ' t e s t i n g  a c t i v i t i e s .  

I n  1977, DUE cont rac ted  w i t h  fou r  manufacturers t o  f a b r i c a t e  two vehi-  
c l e s  each (sometimes c a l  l e d  t h e  "2x4" program) w i t h  ' loPf- the-shel f "  col~~po- 
nents and us ing  se lec ted  product  improvements where poss ib le .  These veh ic les  
used var ious  lead-acid b a t t e r i e s  which yener-.dlly represented t h e  s ta tc -o f -  
t h e - a r t ,  These veh ic les  were de l i ve red  du r ing  1979 t o  MERADCOM f o r  accep- 
tance tes t i ng ,  and a l so  t o  JPL f o r  use as t e s t  veh i c les  i n  eva lua t i ng  i m -  
proved b a t t e r i e s  and p ropu ls ion  components. ~ r g o n n e  and JPL j o i n t l y  selec- 
t e d  ( i n  e a r l y  1979) t h r e e  near-term b a t t e r y  con t rac to rs  t o  supply one, Ni/Fe 
b a t t e r y  and two Ni/Zn b a t t e r i e s  f o r  system c o m p a t i b i l i t y  t e s t i n g  i n  these 
veh lc les .  F igures V I I - 1  t o  V I I -3  are photographs o f  these b a t t e r i e s .  Iden- 
t i c a l  b a t t e r y  modules were a lso  de l i ve red  t o  NBTL f o r  performance v e r i f i c a -  
t i o n  t e s t i n g  and data c o r r e l a t i o n  w i t h  JPL in -veh ic le  t e s t  r e s u l t s .  



Fig. VII-1, ttestinghouse Mickel/"I~on Battery, 122 V ,  210 Ah, Total 
Weight - 1194 lbs. ANL Neg, No. 308-88-182K. 



. 
F i g .  VII-2. Yardney -kddkelj~lm: Battery, 180 Y,  250 Ah, Total Weight - 1152 1bs.  ANL Neg. No. 308-40-184K. 



Fig- VII-3. ERC Nickel/Zinc ~attery, '  108 V ,  250 - Ah, Total Weight - 1210 lbs. ANL Neg, No. 308-80-183K. 
.; 6 . d  , - ', - <..:a .=. 

- 



The ob ject  o f  the JPL t e s t i n g  was t o  uncover any unexpected ba t te ry1  
veh ic le  in te r face  problems associated w i th  these ba t te r ies .  O f  course, t he  
r e l a t i v e  performance o f  these ba t t e r y  types would a lso be determined from 
these tes ts .  However, the ba t te r ies  represented e a r l y  contractor  designs 
and were expected t o  requ i re  close maintenance and t o  e x h i b i t  premature c e l l  
f a i l u r e  since the  c e l l  designs and manufacturing techniques were untested. 
Even w i t h  t h i s  handicap the 1979 program ob jec t i ve  was reached. No serious 
unexpected ba t t e r y l veh i c l e  inter face problems occurred w i t h  the Ni IFe and 
Ni IZn ba t te r ies .  

JPL w i l l  r epo r t  separately, i n  d e t a i l  on the performance resu l t s  
achieved i n  these in-veh ic le  ba t te ry  testp148). However, p r e l  iminary per- 
formance resu l t s  from NBTL and JPL can be reported and are shown i n  the f o l -  
lowingstab le  V I I - 1 .  The ESB lead-acid ba t te ry  (EV-130) represents the base- 
l i n e  ba t t e r y  incorporated i n  the veh ic le  as del ivered. 

Table V I I - 1  
Bat tery  Data From JPL Tests i n  South Coast 

Technology Inc. E l e c t r i c  Rabbit and T,ests i n  NBTL 

Ba t te ry  Character is t ics  - ESB Westinghouse ERC - Y ardney 

Type (108V) 

Weight, kg 
Capacity, kwh ra ted  

Performance 
Spec i f ic  Energy, Wh/kg 
Module, NBTL 
Battery, JPL 

Range Tests, JPL, mi les  
35 mph (constant) 
55 mph (constant) 
~ a r  i abl ed 

Lead-Acid N i cke l I I r on  N icke l l z inc  Nicke l IZ inc  
(EV-130) 

50 7 542 564 524 
19 23 27 . 29 

a. Manufacturers data, ba t te ry  modules not  y e t  tes ted i n  NBTL. 
b. Based on manufacturer's recomnended operation at  80% s ta te  o f  charge. 
c. Estimate based on t e s t  data obtained f o r  constant veh ic le  speeds o f  

35 and 55 mph. 
d. Based on SAE J227alD d r i v i n g  cycle. 

The cyc le  l i f e  capability o f  the th ree  near-term ba t t e r i es  used 
i n  these t es t s  was determined t o  be too low t o  j u s t i f y  a prev ious ly  planned 
200 veh ic le  technology demonstration i n  FY 1980. Instead, the  FY 1980 pro- 
gram was redef ined along t he  l i n e s  o f  the FY 1979 program, inc lud ing addi- 
t i o n a l  veh ic le  and ba t t e r y  de l i ve r i es  t o  JPL f o r  t e s t i n g  and f u r t he r  ba t te ry  
module de l i ve r i es  t o  NBlL f o r  support tes t ing.  L imi ted f i e l d  and dynamomater 
t e s t i n g  o f  no more than 10 new vehic les using various near-term ba t t e r y  tech- 
nologies i s  planned dur ing 1980. 



\ Th is  FY 80 program, as s t r uc tu red ,  w i l l  show a  c l e a r e r  t e c h n i c a l  p i c t u r e  
o f  t h e  var ious  near- term b a t t e r y  capab i l  i t  ies,  and p r o v i d e  f u r t h e r  manufactur-  
i n g  and t e s t  exper ience p r i o r  t o  t h e  broader sca le  demonstrat ions planned 
f o r  t h e  f o l l o w i n g  years.  

' 6 .  S i m p l i f i e d  Ba t t e r y -Tes t  P r o f i l e  D e f i n i t i o n  

The c a p a c i t y  o f  a  b a t t e r y  i s  no rma l l y  determined by  w i thdrawing  a  con- 
s t a n t  c u r r e n t  u n t i l  t h e  v o l t a g e  o f  t h e  b a t t e r y  decreases t o  a  s p e c i f i e d  va lue  
( t h e  c u t o f f  vo l t age )  . However, t h i s  i s  no t  - r e p r e s e n t a t i v e  o f  t h e  b a t t e r y  
d ischarge  c o n d i t i o n s  d u r i n g  v e h i c l e  ope ra t i on .  V e h i c l e  a c c e l e r a t i o n  r e q u i r e s  
h i gh  power. The r e s u l t i n g  drop i n  v o l t a g e  r e q u i r e s  a  l a r g e  d ischarge  c u r r e n t  
f rom t h e  b a t t e r y  t o  m a i n t a i n  t h e  power l e v e l .  Dur ing  v e h i c l e  coast,  b a t t e r y  
power requi rements are low, and so are t h e  d ischarge  cu r ren t s .  Fu r the r ,  some 
v e h i c l e s  a re  capable o f  charg ing  t h e  b a t t e r y  d u r i n g  b rak ing .  Th i s  i s  termed 
" regene ra t i ve  b rak ing" .  Thus, an e l e c t r i c  v e h i c l e  b a t t e r y  i s  sub jec ted  t o  
v a r y i n g  d ischarge  cur ren ts ,  and p o s s i b l y  cha rg ing  d u r i n g  normal ope ra t i on  o f  
t h e  v e h i c l e .  To p r o p e r l y  des ign o r  choose a  b a t t e r y  f o r  t h e  e l e c t r i c  v e h i c l e  
a p p l i c a t i o n ,  t h e  e f f e c t s  o f  these  v a r i a b l e  ope ra t i ng  c o n d i t i o n s  upon b a t t e r y  
c a p a c i t y  and l i f e  should be known. 

The l a b o r a t o r y  equipment necessary t o  s imu la te  t h e  b a t t e r y  power p r o f i l e  
d u r i n g  v e h i c l e  ope ra t i on  i s  expensive as t h e  v o l t a g e  and c u r r e n t  must be var -  
i e d  approx imate ly  every  t e n t h  o f  a  second i n  o rder  t o  t r a c k  t h e  v e h i c l e  power 
demand p r o f i l e .  Therefore,  a  s i m p l i f i e d  b a t t e r y  power p r o f i l e  i s  d e s i r a b l e .  
Step changes i n  b a t t e r y  c u r r e n t  can be implemented w i t h  a  minimum o f  d i f f i -  
c u l t y  and equipment complex i t y .  Thus, a  c u r r e n t  p r c f i l e  i n c o r p o r a t i n g  t h r e e  
o r  f o u r  d i f f e r e n t  c u r r e n t  l e v e l s  can be r e a d i l y  implemented. Th i s  s e c t i o n  
o f  t h e  r e p o r t  descr ibes  t h e  procedure and r a t i o n a l e  used t o  a r r i v e  a t  such 
a  s i m p l i f i e d  p r o f i l e .  

It was f i r s t  necessary t o  s e l e c t  a  r e p r e s e n t a t i v e  b a t t e r y  power ou tpu t  
p r o f i l e .  Then, a  c a l c u l a t  i o n a l  procedure was de f i ned  f o r  c o n v e r t i n g  t h e  
power p r o f i l e  t o  a  stepped c u r r e n t  d ischarge.  A schematic o f  a  s tandard 
d r i v i n g  p r o f i l e  based on t h e  schedu1.e "DM c y c l e  o f  t h e  SAE J227a Test  Pro- 
cedure i s  shown by  t h e  dashed l i n e  o f  F i g u r e  V I I -4 .  A  v e h i c l e  would be sub- 
j e c t e d  t o  r e p e t i t i o n s  o f  t h i s  c y c l e  i n v o l v i n g  acce le ra t i on ,  cons tan t  velo-. 
c i t y ,  coas t ing ,  an'd b r a k i n g  s i m u l a t i n g  o p e r a t i o n  i n  an urban/surburban en- 
v i ronment.  The b a t t e r y  power p r o f i l e  assoc ia ted w i t h  t h i s  d r i v i n g  p r o f i l e  
i s  shown by t h e  s o l i d  l i n e  j n  F i g u r e  V I I - 4  and rep resen ts  t h a t  o f  t h e  GE/ 
Ch rys le r  v e h i c l e  (ETV-1) based on computer s i m u l a t i o n s  b y  General E l e c t r i c .  
The nega t i ve  p o r t i o n  o f t h e  power curve  represen ts  t h e  power a v a i l a b l e  f rom 
r e g e n e r a t i v e  b rak ing .  The r e q u i r e d  b a t t e r y  power ou tpu t  d u r i n g  each p o r t i o n  
o f  t h e  d r i v i n g  c y c l e  i s  dependent upon v e h i c l e  weight ,  v e h i c l e  road  load  
c h a r a c t e r i s t i c s ,  and e f f i c i e n c i e s  o f  t h e  v e h i c l e  d r i v e - t r a i n  components. 

The GE/Chrysler e l e c t r i c  v e h i c l e  i s  g e n e r a l l y  assumed t o  be representa-  
t i v e  o f  t h e  t y p e  o f  e l e c t r i c  passenger v e h i c l e  which may be commerc ia l ly  
a v a i l a b l e  i n  t h e  mid  1980's.  Thus, i t s  b a t t e r y  ou tpu t  power p r o f i l e  i s  
assumed t o  be r e p r e s e n t a t i v e ' o f  what any b a t t e r y  o f  t h e  same we igh t  must 
supp ly  i n  a  wel l -des igned commuter car  t r a n s v e r s i n g  t h e  SAE J227a/D cyc le .  
I m p l i c i t  i n  t h i s  asusumption i s  t h e  requi rement  t h a t  t h e  t o t a l  b a t t e r y  
weiqht  in L h i s  v e h l c l e  i s  488 k g  rega rd less  o f  t h e  b a t t e r y  t y p e  and charac- 
t e r i s t i c s .  Th i s  necess i t a tes  t h a t  t h e  motor, c o n t r o l l e r ,  and charg ing  sys- 
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FIGURE V I I - 4 :  STMIII-ATEn RATTFRY POWFR PR0FTI.E AND VEI-OCTTY 
P R O F I L E  FOR SAE J227a/D GE-CURYSLER VEHICLE  



tems be matched t o  t h e  b a t t e r y  vo l t age  l e v e l  and t h a t  -o ther  v e h i c l e  charac- 
t e r  i s t  i c s  (performance s p e c i f i c a t i o n s ,  gross weight,  and d r i v e - t r a i n  e f f  i- 

- c i e n c i e s )  are no t  g r e a t l y  a l t e r e d .  A f i r s t  s tep  i n  a r r i v i n g  a t  a  s i m p l i f i e d  
p r o f i l e  i s  t o  square up t h e  p r o f i l e  o f  F i g u r e  V I I - 4  so as t o  y i e l d  t h e  pro-  
f i l e  shown i n  F i g u r e  V I I - 5  hav ing  t h e  same d ischarge  and recharge energy, 
and ve ry  n e a r l y  t h e  same c y c l e  t ime.  

Based on t h e  above assumptions, de te rm ina t i on  o f  t h e  b a t t e r y  power ou t -  
p u t  p r o f i l e  f o r  any p a r t i c u l a r  b a t t e r y  i s  s imple.  The power l e v e l s  shown i n  
F igu res  V I I - 4  and V I I - 5  a re  m u l t i p l i e d  by t h e  weight  o f  t h e  c e l l ,  module o r  
b a t t e r y  pack d i v i d e d  by t h e  weight  o f  t h e  v e h i c l e  b a t t e r y  (488 k g ) i n  o rder  t o  
o b t a i n  t h e  a p p l i c a b l e  d ischarge  p r o f i l e .  

The second s tep  i n  a r r i v i n g  a t  a  s i m p l i f i e d  b a t t e r y  t e s t  p r o f i l e  i s  t o  
conver t  t h e  power ou tpu t  p r o f i l e  t o  a  stepped c u r r e n t  d ischarge.  AS a  ba t -  
t e r y  i s  d ischarged us ing  t h e  power p r o f i l e  g i ven  i n  F igu res  V I I -5 ,  t h e  v o l -  
tage  o f  t h e  b a t t e r y  w i l l  decrease and thus,  t h e  c u r r e n t  must increase t o  
m a i n t a i n  t h e  r e q u i r e d  power. Therefore,  a  r e p r e s e n t a t i v e  average c u r r e n t  
must be determined. For example, t h e  vo l t age -cu r ren t  c h a r a c t e r i s t i c s  o f  a  
Ni/Zn b a t t e r y  as a  f u n c t i o n  o f  t h e  depth o f  d ischarge  would be as dep i c ted  
i n  F i g u r e  V I I - 6 .  These 1  ines  . i l l u s t r a t e  t h e  v a r i a t i o n  o f  vo l t age  and cur -  
r e n t  as a  f u n c t i o n  o f  t h e  depth o f  d ischarge.  The n e a r l y  v e r t i c a l  dashed 
1  ines  i n  t h i s  f i g u r e  a re  1  ines  o f  cons tan t  power i l l u s t r a t i v e  o f  t h a t  needed 
f o r  t h e  a c c e l e r a t i o n  and cons tan t  v e l o c i t y  p o r t i o n s  o f  t h e  d r i v i n g  c y c l e .  
The average c u r r e n t s  t o  be used f o r  t h e  s i m p l i f i e d  p r o f i l e  are approx imate ly  
those  corresponding t o  t h e  i n t e r s e c t i o n  o f . t h e  two ,cons tan t  power l i n e s  w i t h  
t h e  vo l t age -cu r ren t  c h a r a c t e r i s t i c s  f o r  a  50% depth of  d ischarge.  

The c r i t e r i a  f o r  a  cho i ce  o f  vo l t age -cu r ren t  c h a r a c t e r i s t i c s  t o  be used 
i n  de te rmin ing  t h e  average c u r r e n t s  can be q u a n t i f i e d .    he o b j e c t i v e s  t o  be 
met i n  choosing t h e  average c u r r e n t s  f o r  t h e  s tepped-current  b a t t e r y  d i s -  
charge a re  t h a t  t h e  ampere hours and wa t t  hours d e l i v e r e d  by  t h e  b a t t e r y  and 
t h e  t o t a l  d ischarge  t i m e  o f  t h e  b a t t e r y  be t h e  same i n  bo th  t h e  s i m p l i f i e d  
and ac tua l  p r o f i l e s .  I t  appears t h a t  a l l  t h r e e  o b j e c t i v e s  can be met b u t  
c o n f i r m a t i o n  t e s t i n g  remains t o  be performed. Several  computat ional  schemes 
have been fo rmu la ted  f o r  a  p r i o r  es t ima te  o f  c u r r e n t  l e v e l s  and appear t o  
g i v e  good r e s u l t s ,  b u t  comparison w i t h  t h e  ac tua l  power p r o f i l e  d ischarge  
d d l a  awai ts  t h e  i n s t a l  1  a t  i o n  o f  t h e  necessary exper imenta l  equipment. 

Exper imenta.1 r e s u l t s  f o r  lead-acid,  ~ i / ~ n  and N i /Fe  b a t t e r i e s  sub jec ted  
t o  simp1 i f  i e d  d ischarge  p r o f i l e s  w i t h  and w i t h o u t  r e g e n e r a t i v e  b rak ing  a r e  
r e p o r t e d  i n  F i g u r e  111-6 o f  a  p reced ing  sec t i on .  

C. B a t t e r y  - A p p l i c a t i o n  Model Development 

The p r ima ry  emphasis o f  t h e  b a t t e r y  model ing e f f n r t  has been t h e  devc- 
loprnent o f  s i m p l i f i e d  a p p l i c a t i o n  models which p o r t r a y ' t h e  dynamic e l e c t r i c a l  
behav io r  o f  t h e  b a t t e r y  i n  v e h i c l e  use. Such models a r e  impor tan t  f o r  de te r -  
m in ing  v e h i c l e  range, f o r  s t u d i e s  o f  motor and c o n t r o l l e r  des ign parameters 
and e f f i c i e n c i e s ,  and f o r  t h e  development o f  s ta te -o f -charge  meters.  When 
coupled w i t h  thermal  models, temperature e f f e c t s  under va r i ous  loads and w i t h  
d i f f e r e n t  b a t t e r y  c o n f i g u r a t i o n s  can be s tud ied .  . 5 
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FIGURE V I I - 5 :  SQUARED UP BATTERY POWER SPECIF ICAT ION FOR THE 
GEICHRYSLER CAR (ETV-1) UNDERGOING THE SIMULATED 
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FIGURE V I  1 -6  : SCHEMATIC OF VOL1'AGE - CURRENT CHARACTERISTICS 
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Th i s  i n i t i a l  model ing e f f o r t  i s  based on a  semi-empir ica l  approach 
u t i l i z i n g  e q u i v a l e n t  e l e c t r i c a l  c i r c u i t s  c o n s i s t i n g  o f  va r i ous  combinat ions 
o f  r e s i s t o r s ,  capac i t o r s ,  e t c .  t o  s imu la te  t h e  b a t t e r y  vo l t age - t ime  behavior  
under v a r i o u s  c y c l i n g  c o n d i t i o n s .  The r e s i s t o r ,  capac i t o r s ,  e t c .  can be 
thought  o f  as r e p r e s e n t i n g  va r i ous  aspects o f  t he  chemical  k i n e t i c s  and mass 
t r a n s f e r  which occur  w i t h i n  t h e  b a t t e r y  c e l l s  d u r i n g  ope ' ra t ion o f  t h e  ba t -  

h i  t y p e  o f  approach has been p r e v i o u s l y  used i n  t h e  l i t e r a t u r e  b y  
:E~ r i r dT50?  and i s  termed an equ i va len t  e l e c t r i c a l  c i r c u i t  (EEC) model. 

Several  EEC models o f  v a r y i n g  comp lex i t y  have been developed. One 
o f  t h e  s imp le r  c i r c u i t s  i s  dep i c ted  i n  F i g u r e  V I I -7 .  A l l  o f  t he  EEC models 
a re  capable o f  s i m u l a t i n g  t h e  most impor tant  f e a t u r e s  o f  t h e  vo l t age - t ime  be- 
h a v i o r  e x h i b i t e d  under an app l i ed  d r i v i n g  p r o f i l e .  

' F o r  example, t h e  vo l t age - t ime  behavior  o f  a  t y p i c a l  c e l l  i s  de- 
p i c t e d  i n  F i g u r e  V I I - 8  a l on  w i t h  an in~posed s,tepped c u r r e n t  d ischarge  which 
s imu la tes  a  d r i v i n g  c y c l e  o  ? about 120 seconds i n  d u r a t i o n .  Assuming t h a t  
t h e  v o l t a g e  source, r es i s tances ,  and capaci tance a re  constant ,  t h e  b a t t e r y  
v o l t a g e  as a  f u n c t i o n  o f  t i m e  and c u r r e n t  i s  g iven  by t h e  f o l l o w i n g  equat ions:  

EB = E i  - b i l l 2  - R i b 1  [1-e -t/RICI. , 

f o r  O i t i t l  

f o r  t u l i t < t . 2  

f o r  t21 ; t i t3  

where t h e  n o t a t i o n  i s  ' de f i ned  i n  F igu res  V I I - 7  and V I I -8 .  The v o l t a g e  source, 
r es i s tances ,  and capaci tance are assumed n o t  t o  v a r y  f o r  one s t o p / s t a r t  d r i v -  

, i n g  c y c l e  o f  120 seconds d u r a t i o n .  From da ta  ob ta ined  a t  NBTL, va lues f o r  
t h e  v o l t a q e  source and r e s i s t a n c e s  can be est imated.  I f  it i s  assumed t h a t  
t h e  v a l u e  o f  t h e  capaci tance i s  smal l ,  and hence t h a t  v o l t a g e  t r a n s i e n t s  d i e  
o u t  q u i c k l y ,  a  p l o t  o f  b a t t e r y  v o l t a g e  versus c u r r e n t  'as a  f u n c t i o n  o f  t h e  
depth o f  d ischarge  can be made. F l g u r e  V I I - 9  illustrates r;uch d p l u t  h i '  t h e  
Yardney Ni/Zn c e l l .  From t h i s  p l o t ,  t h e  o p e n - c i r c u i t  v o l t a g e  and t o t a l  r e s i s -  
t ance  f o r  each dep th  o f  d ischarge  can be obta ined.  These are 'shown i n  F i g u r e  
V I I -10 .  S i m i l a r  p l o t s  are shown i n  F igures  V I I - 1 1  and .12 f o r  t h e  Ni /Zn c e l l  
o f  ERC. For t h e  EV-106 lead-ac id  and t h e  Westinghouse N i /Fe  b a t t e r i e s ,  t h e  
vo l t age -cu r ren t  p l o t s  a re  non - l i nea r  and a re  dep.icted i n  F igures  V I I -13  and 
15, r e s p e c t i v e l y .  F i gu res  V I I -14  and 16 p rov ide  t h e  corresponding open c i r -  
c u i t  v o l t a g e  versus r e s i s t a n c e  p l o t s  f o r  t h e  EV-106 l ead -ac id  and t h e  Westing- 
house Ni /Fe b a t t e r i e s .  



From these  and o t h e r  da ta  on b a t t e r y  performance under d r i v i n g  p r o f i l e  
loads, t h e  f o l l o w i n g  genera l  observa t ions  were made' ( 1 )  The lead-ac id  and 
Ni /Fe b a t t e r i e s  e x h i b i t  a  s i m i l a r  non - l i nea r  vo l t age -cu r ren t  behavior ;  t h e  
Ni /Zn b a t t e r y  e x h i b i t s  a  n e a r l y  1  i nea r  vo l t age -cu r ren t  -re1 a t  i o n s h i p  u n t i l  
approx imate ly  80% depth o f  d ischarge,  a f t e r  which t h e  r e l a t i o n s h i p  i s  non- 
1  i nea r .  ( 2 )  As t h e  b a t t e r i e s  are d ischarged above 60% depth of d ischarge  
t h e  i n t e r n a l  r e s i s t a n c e  increases r a p i d l y .  The da ta  ana l ys i s  has a l so  been 
used t o  d e f i n e  t h e  exper iments ,necessary t o  o b t a i n  t h e  da ta  accuracy r e q u i r e d  
t o  f i t  t h e  model c o e f f i c i e n t s .  The de te rm ina t i on  o f  these  c o e f f i c i e n t s  
( r es i s tances ,  e t c . )  and t e s t s  t o  e s t a b l i s h  t h e i r  v a l i d i t y  w i l l  be performed 
i n  FY 1980. 

A genera l  o r  phys icochemica l  t y p e  o f  model i s  a l s o  planned f o r  develop- 
ment i n  FY 1980. I n  i t s  s i m p l i f i e d  forms it w i l l  be more complex than  the'  
EEC model, b u t  have a  w ider  range o f  a p p l i c a t i o n .  I n  i t s  more complex form, 
i t w i l l  be used t o  h e l p  understand t h e  e f f e c t s  o f  t h e  phys icochemica l  i n t e r -  

' 
a c t i ons  upon b a t t e r y  performance d u r i n g  e l e c t r i c  v e h i c l e  ope ra t i on .  

FIGURE V I I - 7 :  SIMPLE tUUIVALENT ELECTRICAL CIRCUIT 
FOR A BATTERY 
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FIGURE V I I - 8 :  .VOLTAGE-TIME I3CllAVIOR OF A TYP'ICAL CELL AS A 
RESULT OF AN IMPOSED STEPPED CURRENT DISCHARGE 
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F i g u r e  V I  1-10: RESISTANCE AND OPEN CIRCUIT  VOLTAGE AS A '  FUNCTION 
OF DEPTH OF DISCHARGE FOR A YARDNEY N I / Z N  CELL 

CURRENT, A 
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F I G U R E  VI  I -12: R E S I S T A N C E  AND 'OPEN C I R C U I T  VOLTAGlE A S  A FUNCTI'ON 
O F  DEPTH OF 8DI SCHARGE FOR AN ERC N I C K E L  f:ZP NC CELIL 



FIGURE V I I - 1 3 :  BATTERY VOLTAGE VERSUS CURRENT FOR THE 
EV-106  LEAD-ACID BATTERY 
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FIGURE V I  1-14:  RESISTANCE AN'D .OPEN CIRCUIT VOLTAGE AS A 
FUNCTION OF DEPTH OF DISCHARGE FOR AN 
EV-106 LEAD-ACID BATTERY 



FIGURE VII-15 : BATTERY VOLTAGE VERSUS CURRENT FOR THE 
WESTINGHOUSE NICKEL/IRON 5-CELL BATTERY 
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FIGURE V I I - 1 6 :  RESISTANCE ARD OPEN C I R C U I T  VOLTAGE AS A . . 
FUNCTION OF DEPTH OF DISCHARGE FOR'A , 

. .  . - WE.STINGHOUSE N ICKEL / IRON BATTERY . 
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