
(SASA-Ti¶-8.3677) Y A S A  BED01 S'IOBAGE S Y S I  El! bie5-12465 
DBVELGPdZYT YIiOJBCT E i n a l  liegost (NASA) 
48 p HC AOJ/HE A01 C S C i .  1OC 

Unclaz 
G3/U4 24445 

* 
DOEINASAII 2726-24 
NASA TM-83677 

8 

NASA Redox Storage System 
Development Project 

Final Report 

Norman H. Hagedcrn 
National Aeronautics and Space Administration 
Lewis Research Center 

October 1984 

rn Prc,,ared for 

U.S. Department of Energy 
Conservation and Renewable Energy 
Division of Energy Storage Systems 



Work paformed for 
U.S. DEPARTMENT OF ENERGY 
Conser;*at~on and Renewable Energy 
Divisioh of E~lergy Storage Systems 
washing to^;, 0.C. 20545 
Under Interagency Agreement DE-A104-80AL12726 

DOEINASAII 2726-24 
NASA TM-83677 

NASA Redox Storage System 
Development Project 

Final Report 

Norman H. Hagedcrn 
National Aeronautics and Space Administration 
Lewis 8esearch Center 
Cleveland, Ohio 441 35 

October 1 984 



CONTENTS 

INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 

THEREDOXSYSTEH . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 
Character ls t lc  Advantages o f  Flow Bat ter ies . . . . . . . . . . . . . .  5 
The Ful l -Funct lon Redox System . . . . . . . . . . . . . . . . . . . .  5 
DesignConslderatlons . . . . . . . . . . . . . . . . . . . . . . . . .  6 

Shuntcurrents . . . . . . . . . . . . . . . . . . . . . . . . . . .  6 
Pump requlrements . . . . . . . . . . . . . . . . . . . . . . . . . .  6 
In t ras tack  f low ma ld l s t r i bu t i on  . . . . . . . . . . . . . . . . . . .  9 

. . . . . . . . . . . . . . . . . . . . . . . . .  Reactantbacknlxlng 9 

DEVELOPWENT OF MBIEHT-TEMPERATURE REDOX STORAGE SYSTEM . . . .  
Elecxrodes . . . . . . . . . . . . . . . . . . . . . . . . .  

Redoxcouplej  . . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . . . . . .  Substrates 

Catalysts . . . . . . . . . . . . . . . . . . . . . . . . .  
Hernbranes . . . . . . . . . . . . . . . . . . . . . . . . . .  
Scaleup: The -lent-Temperature 1-kw Redox Storage System . 
Rebalance Ce l ls  . . . . . . . . . . . . . . . . . . . . . . .  
CostAnalyses . . . . . . . . . . . . . . . . . . . . . . . .  

Redox system costs . . . . . . . . . . . . . . . . . . . .  
Redox reactant costs . . . . . . . . . . . . . . . . . . .  

Performance of Arablent-Temperature Iron-Chrornlum Redox System 

REDOX STORAGE SYSTEU AT ELFVATEO TEMPERATURE . . . . . . . . . . . . . .  26 
Mlxed-Reactant Hode of Operation . . . . . . . . . . . . . . . . . . .  26 
Electrodes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  27 
M r a n e s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  34 
Performance and Cost . . . . . . . . . . . . . . . . . . . . . . . . .  38 

COHCLUDING REMARKS . . . . . . . . . . . . . . . . . . . . . . . . . . .  40 

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  41 

iii 



NASA REOOX STORAGE SYSTEM DEVELOPHEN1 PROJECT - FINAL REPORT 

Norman H. Hagedorn 
Nat lona l  Aeronautics and Space Admln is t ra t lon  

Lewls Research Center 
Cleveland, Ohio 44135 ' 

The NASA Redox Storage System Technology Pro jec t  recelved NASA and U.S.  
Department o f  Energy support, the  l a t t e r  belng under Interagency Agreement 
DE-A104-80AL12726 (prev;oosly EC-77-A-31-1002). S t a r t l n g  i n  1979, p r o j e c t  
management was by the  Sandia Nat lona l  Laborator ies .  The overal :  ob jec t i ves  o f  
t he  p r o j e c t  were t o  develop t he  Redox f l o w  b a t t e r y  technology and t o  v e r l f y  
I t s  s u l t z b l l l t y  f o r  u t l l l t y  and stand-alone app l l ca t lons .  

rrom 1973 t o  1982 the  Redox system concept was based on 25" C operat lon 
and t he  use of anlon exchange membranes as separators t o  prevent ff i lxlng o f  the 
a c l d l f l e d  aqueous reactant  so1u:lons. New classes of such membranes were 
developed tha t ,  a l though no t  meeting the  r e s l s i l v l t y  and selectivity ta rge t s  
estab l ished f o r  economlc viability. were adequate t o  show t h a t  the basic system 
concepts were v a l l d .  By 1978 the I r o n  and chromlum redox couples had been 
se lected as the p o s l t l v e  and negat lve reactants.  respectively. A c a t a l y s t  
system, based on a go ld- lead comblnatlon, was developed fo r  the chromlurn elec 
t rode. Thls ca ta l ys t ,  i n  a d d l t l o n  t o  belng a c t i v e  f o r  the chromlum redox re-  
ac t ion .  a l so  i n h i b i t e d  hydrogen evo lu t lon .  Ana l y t l ca l  c a p a h l l l t l e s  were 
developed t 6  suppart the  deslgn o f  complete systems. These were used t o  study 
the var ious t r adeo f f s  between shunt cu r ren ts ,  reactant  f l o w  ma ld l s t r l bu t l on ,  
pumping pouer, reac tan t  f l o w  ra tes,  and c e l l  performance. System-level  func- 
t l o n s  such as rebalanclng, s ta te-of -charge monitoring, and the use o f  t r l m  
c e l l s  were reduced t o  practice. This work culminated I n  the  deslgn, f ab r l ca -  
t l on ,  and t e s t l n g  o f  a 1-kW, 13-CWh system. Th ls  system successfu l ly  va l lda ted  
the  many desirable c h a r a c t e r l s t l c s  clalmed f o r  f l o w  ba t t e r i es ,  o f  which the 
i r on - ch rm lum system I s  a c1ass:c example. 

Between 1980 and 1982 i t  was determlned t h a t  c e r t a l n  c e l l  performance 
problems were r e l a t e d  t o  the  existence o f  a chromlc ton species t h a t  was not  
e lect rochoin lca l ly  ac t i ve .  I t  was f u r t he r  shown t h a t  lnc reas lng  the temperature 
t o  65' C would cause an e q u l l l b r l u m  s h i f t  of  t h l s  species t o  an ac t t ve  form. 
The remainder o f  the p r o j e c t  e f f o r t  was devoted t o  the  e x p l o l t a t f o n  o f  these 
new l n s l gh t s .  The h igher  temperatures requ l red  f o r  these reasons reduced mem- 
brane se1ect:vlty t o  the  p o l n t  t h a t  t he  use o f  separate reactants  cou ld  no 
longer be considered. Thls,  then, l e d  t o  t he  mlxed-reactant concept o f  opera- 
t l o n ,  whlch i n  t u r n  perml t ted the  use of  membranes w l t h  very low r e s l s t l v i t i e s  
(-0.5 ohm-cm2!. I t  then became poss ib le  t o  routinely opera:. s l ng?e  c e l l s  a t  
cu r ren t  dens i t i e s  as h l gh  as 80 m~/cm* w l t h  energy e f f l c l enc tes  g rea te r  than 
80 percent.  Ear l y  system analyses lnd lca ted  t h a t  t h l s  l e v e l  of  performance, 
ccvpled w l t h  the  mass production of  system components, would r e s u l t  i n  an eco 
nomlca l l y  v l a b l e  Redox system. The ac tua l  achlevement o f  these h l gh  l eve l s  o f  
c e l l  performance has g r e a t l y  increase0 confldence t h a t  the  Redox system, a t  a 
cos t  o f  about $7S/kWh, cou ld  be a v a l l d  contender f o r  storage app l l ca t l ons .  A 
new c a t a l y s t  system us lng bismuth a i s c  was developed f o r  the chromium e lec t rode  
a t  e levated temperature. Thls ma te r l a l  has several  advantages over t he  gold- 
lead comblnatlon and has increased the opera t lona l  f l e x i b i l i t y  o f  t h e  system. 



Standard 011 o f  Ohio (Sohio) has undertaken t o  continue the development 
o f  the Redox system. An exclusive patent l icense was obtained from NASA by 
Sohio. The t rans fer  o f  the Redox technology from Lewis t o  Sohlo I s  supported 
by the NASA Technology U t i  l i z a t l o n  Of f ice.  

lNTRODUC1 ION 

l h e  NASA Redox Storage System Technology Project  was begun a t  the Lewls 
Research Center i n  1973. The endeavor was an outgrowth o f  the fue l  c e l l  devel- 
opment work car r ied  out a t  Lewis d u ~ i n g  the Apol lo p ro jec t .  The in-house capa- 
b i l i t i e s  i n  the area o f  electrochemical systems, which resul ted from t h i s  
support of the Apol lo pro ject ,  were seen t o  be d i r e c t l y  appl icable t o  the t e r -  
r e s t r i a l  need f o r  bulk storage of e l e c t r i c a l  energy. This need was newly per- 
ceived a t  tha t  t ime and grew out o f  the o i l  embargo. The increase i n  the cost 
o f  hydrocarbon fuels ,  r e s u l t i n g  from the embargo. placed a premium on the e f f l -  
c i e n t  use o f  these fue ls .  Adequate storage devices f o r  off-peak e l e c t r i c a l  
energy would a l l w  the e l e c t r i c  u t i l i t i e s  t o  maximize the use o f  t h e i r  most 
e f f l c l e n t  base-load plants. Storage would a lso  a l low bulk purchasers of elec-- 
t r i c l  y t o  minimize t h e i r  demand charges. F i n a l l y  storage devices would permit  
the use o f  stand-alone i n te rm i t t en t  energy sources such as photovol ta ic  c e l l s  
and wind turbines. 

I n  1975 the Energy Research and Development Agency (ERDA) began support of 
the NASA Redox pro jec t .  Subsequently, the Department o f  Energy, f i r s t  under 
DOE/NASA Agreement EC-77-A-31-1002 and then l a t e r  under Interagency Agreement 
PE-AI04-80AL12726 continued t h i s  support through 1982. The work a t  Lewis con- 
t inued u n t i l  ear ly  1984, uslng previously authorized but uncomnitted DOE funds. 

The Redox p ro jec t  a t  Lewis was supported In-house by the Electrochemistry 
Branch of the Space Power and Technology Div is ion.  I t  was managed by the DOE 
D iv ls ton  of Energy Storage Technology through the Sandla National Laboratories ' 
(SNL) Exploratory Technology Development Project.  The object ives of the Redox 
pro jec t  were t o  develop the Redox storage system technology and t o  v e r i f y  ! t s  
s u i t a b i l i t y ,  from both the technical and economic standpoints, fo r  use I n  u t i l -  
i t y  or  stand-a?one appl icat ions.  

The Redox storage system and i t s  development were based on an o r i g i n a l  
concept tha t  was patented a t  Lewis. A f te r  the select ion o f  the I r o n  and chrom- 
ium redox couples as the pos i t i ve  and negative reactants. respect ively,  much 
o f  the ensuing e f f o r t  focused on the development o f  su i tab le  membranes, elec- 
trodes, and electrode cata lysts .  I n  p a r a l l e l  w i t h  th i s ,  system concepts were 
developed and scaled-up s ing le  c e l l s  were evaluated, as were m u l t i c e l l  stacks 
of these scaled-up c e l l s .  The system-level work culminated i n  the assembly 
and tes t i ng  o f  a 1-kW, 13-kwh system tha t  was used as the storage device f o r  a 
photovoltaic array. The system design work and associated cost analyses were 
supported by contracted modeling studies. 

I n  1981, a t  the d i rec t ton  of the SNL p ra jec t  manager, the system- leve l  
e f f o r t  was hal ted I n  order t o  focus on d l f f i c u l t i e s  w i t h  the basic e lec t ro -  
chemical performance o f  the iron-chromium s ing le  c e l l .  This redirection sub- 
sequently led  t o  an understanding of the causes o f  the d i f f l c u l t l e s  and t o  
modi f icat ions f c r  t h e i r  circumvention. These modif icat ions t o  the basic oper- 
a t i n g  concept resul ted i n  a threefo ld increase i n  the operat ing current  density 



and a s i g n i f i c a n t  Improvement i n  electrochemical energy e f f i c iency ,  w i t h  no 
s ign i f i can t  increase i n  projected system cost.  

I n  the remainder o f  t h i s  report ,  the development o f  the iron-chromium 
Redox storage system technology i s  traced t o  i t s  present state. The basic sys- 
tem concept i s  discussed i n  some d e t a i l .  The development of the enabling tech- 
nologies f o r  the basic concept (e.g., membranes and e l e c t r ~ d e s )  i s  reviewed, 
w i th  considerable reference t o  e x i s t i n g  reports.  The discussion of the e f f o r t  
during the f i n a l  several years ~f the p ro jec t  I s  somwhat expanded, t o  place 
proper emphasis on the s i g n i f i c a n t  advancements I n  Redux system performance 
during those years. 

THE REDOX SYSTEM 

I n  i t s  o r i g i n a l  form, the iron-chromlum Redox system represents the c las-  
s ic  f low bat tery.  The most s i g n i f i c a n t  charac ter is t i c  o f  such a system i s  the 
complete s o l u b i l i t y  of reactants and products a t  a l l  states o f  charge. This 
charac ter is t i c  allows the storage o f  the reactants as a c i d i f i e d  aqueous solu- 
t ions  i n  tankage tha t  I s  external t o  the power-proLucing por t ion  o f  the sys. ,n. 
I n  the *two tanku version o f  a f low bat te ry  shown schematically i n  f i g u r t  1, 
each reactant I s  continuously c i r cu la ted  from i t s  storage tank, through the 
groupings o f  s ing le  c e l l s  t ha t  make up the power-producing subsystem, and back 
t o  i t s  storage tank. The f low ra te  of each reactant i s  always higher than the 
sto ich iometr ic  f low requirement, which would r e s u l t  i n  t o t a l  reactant u t l l l z a -  
t i o n  i n  one pass through the ba t te ry  c e l l s .  Typical ly ,  the c e l l s  would be 
zrranged I n  ser ies-para l le l  conf igurat ions of m u l t i c e l l  stacks. I n  each stack 
the c e l l s  would be series connected i n  the b ipo la r  mode, and the reactants 
would f low I n  p a r a l l e l  through the i nd i v idua l  c e l l s .  As w i th  acy bat tery,  each 
stack has terminals tha t  a l low f o r  dlscharge i n t o  a load o r  f o r  the acceptance 
of charge from an external power supply. I n  the iron-chromium Redox system the 
pos i t i ve  reactant i s  an aqueous so lu t lon  of t he . fe r r i c - fe r rous  redox couple. 
a c i d i f i e d  w i t h  hydrochlor ic acid. The negative reactant i s  s lm i l a r  so lu t ion  
o f  the chromus-chromic couple. For both reactants the charge and discharge 
react ions involve simple one-electron t ransfers:  

+ 3 dlscharge t2 
Pss i t l ve  electrode Fe + e 4  + F e  

charge 

dlscharge 
Negative electrode crt2 @- c r t 3  t e 

charge 

I n  f igure  1, the power-producing po r t i on  o f  the system i s  depicted as a 
s ing le  c e l l .  I n  each such c e l l  an anion exchange membrane separates the two 
f lowing reactant so lut ions.  The membrdne i d e a l l y  prevents cross d i f f u s i o n  of 
the i r o n  and chromium ions, which would r e s u l t  i n  a loss o f  capacity, yet per- 
mi ts  f ree  passage o f  ch lo r ide  and hydrogen ions fo r  completion of the e l e c t r i -  
ca l  c i r c u i t  through the c e l l .  These two desired charac ter is t i cs  o f  an idea l  
membrane - good s e l e c t i v i t y  and low r e s i s t i v i t y  - represent a s t r ingent  set o f  
condi t lons.  

I n  the Redox c e l l ,  each electrode i s  a porous carbon f e l t  or  graphite f e l t  
pad tha t  i s  compressed between the membrane and the respect ive terminal p la te .  
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Figure l. -NASA iron-chromium Redox flow battery. 

Hydrqen from chromium tank 

Figure 2 -"Fu!l functionuu Redox system, including bipolar working cells, open-circuit cell. and rebalance cell. 



The f low of each reactant so lu t ion  i s  t o t a l l y  u i t h i n  the respect ive electrode 
structure, which provides an excel lent  mass-transfer environment. The carbon 
or  graphite f e l t  used f o r  the chromium electrode i s  l i g h t l y  catalyzed t o  prc- 
mote the chromium redox react ions and t o  provide an overpotent ia l  f o r  the 
hydrogen evolut ion reaction, which can otherwise occur a t  appreciable rates.  
Both porous electrodes serve as e lect ron conductors and provide the s i t es  a t  
which the electrochemical redox react ions occur. The electrodes themselves, 
however, are i n e r t  both chemically and electrochemical ly i n  the working c e l l  
environment and undergo no physical o r  chemical changes. 

Character is t ic  Advantages o f  Flow Bat ter ies 

Because the reactants of a f low bat te ry  are not confined w i t h i n  the l n d i -  
vtdual s ingle c e l l s  but are stored as solut ions i n  external tanks, i t  i s  pos- 
s i b l e  t o  independently s ize  the energy storage por t ion  (tanks plus reactants) 
and the power-producing po r t i on  ( c e l l  stacks) of the system. This i n  t u rn  
allows more e f f i c i e n t  use o f  the stored reactants and a lso permits simple sys- 
tem modi f icat ion and growth, both o f  which r e s u l t  i n  economic benefits. 

Another advantage t o  the external storage of the reactants i s  t ha t  ce r ta in  
operat ional funct ions can be car r ied  out a t  the system leve l  instead of a t  the 
s ing le -ce l l  l eve l .  For example, since a l l  c e l l s  are being supplied i n  p a r a l l e l  
w i t h  reactants from comnon sources, insofar  as t h e i r  i n l e t  reactant concentra-- 
t ions  are concerned, a l l  c e l l s  i i re a t  the same s ta te  of charge. This has sev- 
e ra l  rami f icat ions.  F i r s t  of  a l l ,  one need not be concerned about ind iv idua l  
c e l l s  ge t t i ng  out of balance w i th  one another. Thus i t  i s  not necessary t o  
monitor or manipulate i nd i v idua l  c e l l s .  Instead any imbalance tha t  does occur 
can be countered by deal ing d i r e c t l y  w i t h  the stored bulk of the reactants. 

Another aspect of a l l  c e l l s  always being a t  the same s ta te  o f  c t5 rge  (w i th  
respect t o  W e i r  I n l e t  reactants) i s  t ha t  d i f f e r e n t  c e l l s  can be used in d i f -  
ferent  ways, concurrent ly.  For example, some can be accepting charge from an 
external source whi le  others are being discharged. This makes i t  possible to 
use f low ba t te r i es  as dc-dc transformers ( r e f .  I ) ,  as mul t ivo l tage output 
devices, and as storage f o r  sources o f  i n te rm i t t en t  and var iable voltage such 
as wind turbines or  so lar  photovoltaic arrays. I n  a l l  cases the actual  s ta te  
of charge o f  the system i s  measured simply by determining the open-c i rcu i t  
po ten t i a l  between the stored reactants. 

Another advantage inherent t o  t h i s  f low bat te ry  i s  t ha t  a l l  o f  the elec- 
trode react ions occur i n  the so lu t ion  phase. Since nc phase changes take place 
a t  the electrodes, l i f e - 1  l m l t i n g  processes such as slumping, shedding, or  den- 
d r i t e  growth do not occur. F ina l l y ,  the continuous f low of l i q u i d s  through the 
c e l l s  of a f low bat te ry  serves t o  equalize t h e i r  temperatures, e l iminate hot 
spots, and provide a medium f o r  system heat re jec t ion .  

The Ful l -Funct ion Redox System 

The advantageous charac ter is t i cs  o f  the f low bat te ry  concept can be incor-  
porated i n t o  the design o f  c e l l  stacks and systems. Figure 2 represents a 
stack tha t  includes a b ipo la r  ser ies of uorking c e l l s  plus an open-c i rcu i t  c e l l  
and a rebalance c e l l .  The open-c i rcu i t  c e l l  i s  i den t i ca l  t o  the working c e l l s  



i n  a l l  respects bu t  i s  i s o l a t e d  e l e c t r i c a l l y  so t h a t  i t  does no t  ca r r y  any cur -  
r e n t .  The vo l tage  of t he  open-c i rcu i t  c e l l  can be r e l a t e d  d i r e c t l y  t o  the  sys- 
tem s t a t e  o f  charge. 

I n  the Iron-chromium system there  a re  two causes o f  chemlcal imbalance 
t h a t  can be t r ea ted  e lec t rochemica l l y .  The f i r s t  cause i s  t he  evo lu t i on  o f  
hydrogen i n  the  chromium p o r t i o n  of t he  system. This can occur e lec t rocheml -  
c a l l y  because o f  imper fect  c a t a l y s i s  o f  the  chromium e lec t rode  o r  chemical ly 
because o f  i m p u r i t i e s  t h a t  promote t h e  reduc t ion  o f  water by chromous ions.  
The second cause o f  imbalance I s  the  I n t r u s i o n  o f  a i r  (oxygen) i n t o  e i t h e r  
reac tan t  system. I n  any case the  r e s u l t  i s  always t h a t  the  i r o n  reac tan t  
becomes more h i g h l y  charged than t he  chromium reactant .  Thus the  purpose o f  
rebalancing !s t o  discharge the  i r o n  reac tan t  u n t i l  i t  i s  a t  the  same s t a t e  o f  
charge as t he  chromium reactant .  This I s  e a s i l y  accomplished by d ischarg ing an 
e lect rochemica l  c e l l  ( r e f .  2) suppl ied w i t h  a stream o f  the  i r o n  s o l u t i o n  as 
t h e  p o s i t i v e  reac tan t  and a stream o f  hydrogen, from e i t h e r  t he  .hrom+um tdnk 
u l l a g e  o r  an ex te rna l  source, as t he  negat ive reactant .  A schematic c f  such a 
rebalance c e l l  i s  presented i n  f i g u r e  3 ( r e f .  3). 

Since i t  i s  poss ib l e  t o  charge o r  discharge var ious c e l l s  i n  a f l ow  bat -  
t e r y  a t  d i f f e r e n t  ra tes  w i t hou t  causing c e l l - t o - c e l l  imbalance, the  use o f  t r i m  
c e l l s  becomes a f e a s i b l e  means f o r  c o n t r o l l i n g  the  Redox system bus vo l tage.  
Tr im c e l l s  a re  p h y s i c a l l y  the  same as the  other  working c e l l s  o f  a system, and 
reactants  f l o w  through them cont inuously,  as w i t h  a l l  o ther  c e l l s .  However, 
these c e l l s  can be switched sequen t i a l l y  i n t o  or ou t  o f  t he  electrical c i r c u i t  
as required, t o  mainta in  a r e l a t i v e l y  constant t o t a l  system vo l tage.  I n  t h i s  
way changes i n  i n d i v i d u a l  c e l l  vol tages can be accommodated as the  system load 
o r  s t a t e  o f  charge var ies .  

Design Considerations 

Flow b a t t e r i e s  such as t he  iron-chromium Redox system are  sub ject  t o  cer -  
t a i n  inheren t  f n e f f i c i e n c l e s .  I t  i s  t he  r e s p o n s i b i l i t y  o f  the designer o f  
such a system t o  minimize the  combined e f f e c t  o f  these i n e f f i c i e n c i e s  oa system 
performance. 

Shunt cu r ren ts .  - Figure 4 presents a schematic o f  a f o u r - c e l l ,  b i p o l a r  
stack of Redox c e l l s .  Included a re  the reac tan t  i n l e t  and o u t l e t  manifolds 
and the  po r t s  connecting the I m i f o l d s  t o  t he  i n e i v i d u a l  c e l l  reac tan t  cav i -  
t i e s .  The s i g n l f l c a n t  aspect o f  such a stack con f i gu ra t i on  l s  t h a t  e lec t ron-  
conducting b i p o l a r  p l a tes  a t  var ious p o t e n t i a l s  a re  in terconnected through 
ion-conduct ing f l u i d  paths. Provided t h a t  electrochemical  react ions can pro-  
ceed a t  the  b i p o l a r  p l a t e  - e l e c t r o l y t e  in te r faces ,  se l f -d ischarge w i l l  occur 
through the  conduct ive f l u i d  paths. These self--"$charge cur ren ts  a re  r e fe r red  
t o  as "shunt8', o r  ' ' c i r cu la t ing" ,  cur rents .  A p lanform o f  a t y p i c a l  Redox f l ow  
p l a t e  ( f i g .  5) shows f l o w  po r t s  and manifolds.  Mathematical ana lys is  ( r e f .  4) 
shows t ha t ,  f o r  a g iven  stack o f  Redox c e l l s ,  the  shunt cu r ren ts  a re  best 
reduced by inc reas ing  the  i o n i c  res is tance  o f  the f l o w  po r t s .  This can be 
done by inc reas ing  the  length o r  reducing the  cross-sect iona l  area o f  the 
p o r t s  ( r e f .  5 ) .  

Pump requirement:. - Unfor tunate ly ,  Increas ing the i o n i c  res is tance  o f  
the  c e l l  po r t s  a l s o  increases t h e i r  f l o w  res is tance.  Therefore a l l  e l se  be ing 
equal, as shunt-current losses a re  reduced, the  p a r a s l t i c  pump power requ i red  
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t o  keep the  reactants  f l ow ing  i s  Increased ( r e f .  6 ) .  Thus a t r adeo f f  must be 
made between the  two loss mechanisms represented by shunt cu r ren ts  and f l u i d  
pumping i n  order t o  minimize the sum o f  the losses. The c r i t i c a l  design param 
e te rs  a re  the  s i n g l e - c e l l  f l ow  p o r t  geometries and the reactant  f l o w  ra tes  
( r e f .  7 ) .  There i s  some degree o f  l a t i t u d e  I n  se l ec t i ng  the design f low ra tes :  
the  i d e a l  lower l i m i t ,  of course, would be the  s to ich iomet r i c  f l o w  ra te ,  but  
a t  t h i s  f l o w  r a t e  Nernst ian co r rec t ions  and concent ra t ion po la r i za t i ons  would 
impai r  working c e l l  performance and e f f i c i e n c y  ( r e f .  8 ) .  Therefore another 
t r adeo f f  occurs, between the reactant  f l ow  ra tes  (1.e.. pump power) and the 
electrochemical  performance o f  the  working c e l l s  i n  the  system. It thus can be 
appreciated t h a t  designing a f l o w  ba t t e r y  t o  maximize system energy e f f i c i e n c y  
i s  a  somewhat complex process requ? r i n g  ant l y t i c a l  models, experimental data, 
and i t e r a t i v e  so lu t ions .  

I n t r as tack  f l ow  m a l d i s t r i b u t l o n .  - I n  a  t y p i c a l  stack o f  Redox f l ow  c e l l s  
the f l o w  geometry i s  such t h a t  each reac tan t  enters  the  stack a t  r . i e  end, f lows 
through the  c e l l s  i n  p a r a l l e l  from the  i n l e t  mani fo ld  t o  the e x i t  manifold,  and 
leaves t he  stack a t  tne  o ther  end. I f  laminar f l a w  I s  assumed throughout, 
ana lys is  ind ica tes  t h a t  the reac tan t  f l o w  through the  center c e l l s  o f  the  stack 
w i l l  be less  than t h a t  a t  the ends ( r e f .  7 ) .  Unl 5 s  care i s  taken i n  c e l l  and 
stack design, the  cen t ra l  c e l l s  can be s tarved f o l  reac tan t  and s u f f e r  a  per-  
formance loss .  The c r i t i c a l  design parameter i s  the  r a t i o  o f  t he  f l o w  r e s i s t -  
ance o f  the f l o w  p o r t  t o  the f l ow  res is tance  o f  the mani fo ld  segment connecting 
adjacent c e l l s :  the  greater  the r a t i o ,  the  more un i fo rm the f!ow d i s t r i b u t i o n .  
There a re  several  wcys t o  deal w i t h  i n t r as tack  f l o w  m a l d i s t r i b u t i o n .  One would 
be t o  use a g rea t  enough f l o w  r a t e  so t h a t  even the c e n t r a l  cel3s o f  a  stack 
would rece ive adequate f l ow.  Another would be t o  increase the f low-por t  f l ow  
res is tance  o f  the  c e l l s .  Both o f  these approaches increase the pu~np power 
requirement o f  the  b a t t e r y  system and thus add even more complexi ty t o  the 
process o f  system design. 

Reactant backmixing. - Another e f f i c i e n c y  pena l t y  i s  associated w l t h  t b  - 
c l a s s i c a l  f l o w  b a t t e r y  ( f i g .  1 )  because o f  i t s  two-tank con f igu ra t ion .  I r  
discharge mode, f o r  example, p a r t i a l l y  depleted reactants  leav ing  the c e l l  r c  
cont inuous ly  re turned t o  t h e i r  respec t i ve  tanks, where they can mix w i t h  less -  
depleted reactants  (assuming t h a t  significant mix ing  does occur i n  the tanks) .  
Therefore t he  reactants  leav ing  the  tanks and en te r i ng  the  c e l l s  a t  any t ime 
a re  a t  a  lower concent ra t ion and a c t i v i t y  than would be the case had t h i s  mix- 
I n g  no t  occurred, and the c e l l  vol tages a re  correspondingly less .  One way t o  
circumvent the  loss  o f  performance and e f f i c i e n c y  associated w i t h  t h i s  con t in -  
uous reac tan t  d i l u t i o n  would be t o  use two tanks f o r  each reac tan t  ( r e f .  2 ) ,  
w i t h  one tank f o r  each reac tan t  serv lng as the  rece i ve r  f o r  t h a t  reac tan t  as 
I t  e x i t s  t he  c e l l s .  For a  system operat ing a t  constant cu r ren t  i n  t h l s  fou r -  
tank mode, vo l tage would remain constant u n t i l  a l l  o f  the  reacZants had passed 
through the  c e l l s  and been co l l ec ted  i n  t h e i r  respec t i ve  receivers. Flow could 
then be reversed and the constant -cur rent  discharge would proceed a t  ,I lower 
constant vo l tage.  A t  a l l  t lmes, however, t he  system vo l tage would be greater  
than would be t he  case f o r  t he  two-tartk opera t ing  mode ( f i g .  6 ) .  Analysis 
Ind ica tes  t h a t  a  b e n e f i t  o f  3 t o  5 percent i n  energy e f f i c i e n c y  can be obtalned 
i n  t h l s  way, a t  the  expense of increased system complexi ty and cost .  

The preceding d iscuss ion o f  the c l ass i c  f l o w  ba t t e r y ,  as exempl i f ied by 
t he  Redox Iron-chromium system, shows the  desJ1rable c h a r a c t e r i s t i c s  and capa- 
b i l i t i e s  t h a t  a re  unique t o  f l o w  ba t t e r i es .  However, t o  reap the  f u l l  b e n e f l t  
o f  these inheren t  advantages, g rea t  a t t e n t i o n  must be given t o  c e l l ,  stack, 



and system design. Otherwise the  I n e f f i c i e n c l e s  tha+ a re  a lso  ir,herent i n  such 
systems can f u l l y  negate the advantages. I n  a  l a t e r  sec t ion  a  1-kW Redox f low 
b a t t e r y  system designed, assembled, and tes ted  a t  Lewis I s  discussed. The 
f i n a l  design o f  t h i s  system gave a t t e n t i o n  t o  a l l  o f  the c h a r a c t e r i s t i c s  o f  
f l o w  b a t t e r i e s  t h a t  have been discussed here. 

DEVELOPMENT OF AMBIENT-TEMPERATURE REDOX STORAGE SYSTCM 

The basic Redox system was conceived a t  Lewis i n  1973 ( r e f  9 ) .  A t  t h a t  
t ime i t  was spec i f l ed  t h a t  system operat ion would be a t  o r  near ambient tem- 
perature.  Dur ing the next 7 years the concept was brought from a very small 
proof-of-concept demonstration c e l l  t o  a  f u l l y  f unc t i cna l  1-kW, 13-kwh system 
t h a t  operated i n  con junct ion w i t h  a  pho tovo l t a i c  a r ray .  The development proc- 
ess invo lved both In-house and con t rac t  f f o r t s  i n  the areas of  e lectrodes, 
membranes, system componenxs, c e l l  and stack scaleup, system analyses and cost  
s tud ies.  This development process i s  t raced here in .  

Electrodes 

Several f ac to r s  had t o  be considered w;th regard t o  f l o w - c e l l  e lec t rode  
development. The f i r s t  obv ious ly  was the  choice o f  the  redox couples t o  be 
used. I n  p a r a l l e l  w i t h  t h i s  determinat ion though was the se lec t i on  o f  the 
e lec t rode  subst ra te  ma te r i a l ,  1:; phys ica l  form, and the  associated c e l l  s t r u c -  
t u r e  and reactant  f l o w  regime. F i n a l l y  i t  was necessary t o  asce r t a i n  whether 
ca ta l ys t s  would be requi red f o r  any o f  t he  redox reac t ions  and, i f  so, t o  b;;ng 
about the1 r development. 

Redox cou les .  - The e a r l i e s t  c e l l  t e s t i n g  a t  Lewis was based on t he  + ~ e + 3 / ~ e  couple as the posit:ve reac tan t  and the  T I ~ ~ / T ~ o + ~  couple as the  neg- 
a t i v e  ( r e f .  10). This p a i r  soon was snown t o  be less  than i dea l ,  primarily 
because o f  low c e l l  vol tage, ooor oegat ive e lec t rode  k i n e t i c s ,  and TiO? solu- 
b i l i t y  i t y  problems. Nonetheless, i t  d i d  serve as a  s ta t . t ing p o i n t  f o r  c e l l  
development olt~d f o r  establishing t e s t i n g  procedures. I n  the meantime, a  con- 
t r a c t  e f f o r t  a t  Giner, Inl:., undertock t he  systematic screening o f  redox 
couples by the ro ta t i ng -d i sk  procedure ( r e f .  11). us ing  go ld  and v i t r f g u s  t2  
carbon as  the - working electrodes. The r e s u l t s  o f  t h i s  work+qhowpg Fe /Fe 
and Br . ,r3 t o  be a t t r a c t i v e  as p o s i t i v e  reactants ,  and C r  /Cr and 

Cu(NH, ) "/CU(NH ) " t o  be a t t r a c t i v e  as negat ive reactants,  when t he  meas- 
ured dxthange cugrants were used as c r i t e r i a .  The i r o n  couple was se lected by 
Lewis over the bromide couple f o r  reasons o f  safe ty ,  reac tan t  vapor pressure, 
and mate r ia l s  c o m p a t i b i l i t y .  This choice 3 e n  precluded the  copper couple as 
the  negat ive e lec t rode  because o f  i t s  a l k a l l n l t y .  The copper couple a l s o  su f -  
fered from poor s o l u b i l i t y .  Therefore i t  was decided t o  undertake the  develop- 
ment o f  an Iron-chromium Redox f l o w  ba t t e r y .  

Substrates.  - Another aspect o f  the  i n i t i a l  Giner con t rac t  was tho eva l -  
ua t i on  o f  several d i f f e r e n t  e lec t rode  s t ruc tu res  and c e l l  con f igu ra t ions .  The 
e lec t rode  s t ruc tu res  inc luded metal screens and sheets, carbon and g raph l t e  
blocks and c l o ths ,  and screens a?d carbon papers ac t i va ted  w i t h  Tef lon cata-  
l y s t  mix tures.  The c e l l  conf igurat ions Included e lect rodes adjacent t o  the 
membrane w i t h  f l o w  behind; e lect rodes adjacent t o  t he  te rm ina l  b locks w i t h  f l o w  
i n  f r on t ;  and c a v i t y - f i l l i n g  e lect rodes through which the  reactants  f lowed. 
Redox couple screening a t  Giner, Inc., i nd i ca ted  t h a t  each couple had a favored 
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c e l l  conf igurat ion. A t  Lewis, several electrode structures and c e l l  conf igura 
t ions were a lso being evaluated. These included a ca ta lys t  t ha t  was solvent 
bonded t o  the membrane, act ivated planar surfaces ( r e f .  12), and c a v i t y - f i l l i n g  
carbon/graphite c loths and f e l t s .  General1 j c e l l  structures i n  which the re -  
actant streams flowed e n t i r e l y  w i t h i n  the electrodes gave superior performance 
because o f  the lnducea turbulence and enhanced mass t ransport  a r i s i n g  from such 
a f low environment. A t  Lewis, m u l t i p l e  layers o f  carbon or graphi te c l o t h  were 
i n i t i a l l y  used i n  laboratory c e l l s ,  but  these c loths were soon replaced w l t h  
carbon or graphi te f e l t s .  With regard t o  the i r o n  redox couple, there were 
never any d l f f l c u l t i e s  w i th  the use o f  carbon or  graphi te f e l t s  as electrodes. 
These materials,  a f t e r  moderate cleaning i n  ac id  or  caust ic,  provided ac t i ve  
surfaces f o r  the h ighly  reversfb le i r o n  redox reactions. Such wis not the case 
f o r  the chromium redox react ions. As ca ta l ys t  systems were being developed and 
evaluated f o r  the chromlum reactant (discussed l a t e r ) .  i t  became apparent tha t  
the successful ca ta lys is  of an electrode was h igh ly  dependent on the character- 
I s t i c s  of the f e l t  substrate. The major d i f f l c u l t y  arose from var ia t ions  
between f e l t  l o t s  t ha t  ostensib ly  were the same, and even from v a r i a t i o n s w i t h -  
i n  a given l o t .  Cdnsiderable e f f o r t  was expended during the subsequent years 
by Lewis and Giner, Inc., t o  develop specl f lcat ions f o r  carLon and graphi te 
f e l t s  tha t  would form acceptable chromium electrodes when catalyzed. This 
endeavor was made easier by the cooperation o f  the suppl'er o f  the f e l t s ,  
Fiber Mater ials,  Inc. (FMI). The major r e s u l t  o f  t h i s  e f f o r t  was t o  show tha t  
the optimum f e l t  resul ted when the rayon precursor was pyrolyzed a t  about 
1650" C .  This determination was based on the measured r a t e  o f  hydrogen evolu- 
t i o n  from the chromlum electrode o f  a working c e l l  dur ing a standardized cyc le 
( f i g .  7 ) .  This work I s  discussed i n  d e t a i l  i n  references 2, 13, and ; 4 .  

Another aspect o f  the endeavor t o  assure reproducible production of we l l -  
bepaved chromlum electrodes  as the development o f  pretreatments t o  fu r the r  
normalize the f e l t  substrates before ca ta lys is .  Such pretreatment was deemed 
necessary t o  counter f e l t  hydrophobicity and t o  deal w i t h  possible a c t i v e  sur- 
face radlcals  t ha t  could a f f e c t  the subsequent ca ta lys is  processes. N i t r l c  
ac id and potassturn hydroxide were evaluated as cleaning agents, and heat and 
vacuum l rpregnat ion wer? tested as aids t o  the pretreatment process. This 
work, discussed i n  d e t a i l  i n  references 13 t n  17, resul ted l n  standardized pro- 
cedures tha t  grea,ly enhanced the a b i l i t y  t o  fabr ica te  catalyzed chromium elec- 
trodes of reproducible performance. 

Catalysts. - As mentioned e a r l i e r ,  carbon and graphite f e l t s  were shown t o  
provide excel lent  a c t i v i t y  f o r  the i r o n  redox react ions. The chromlum reac- 
t ions  on carbon and graphite, hodever, required hlgh po lar iza t ions  i n  order t o  
proceed i n  working c e l l s .  Therefore Giner, Inc., was contracted t o  screen 
possible ca ta lys t  mater ials f o r  the chromium react ions. These materials,  26 
i n  a l l  ( r e f .  18), included metals and metarlolds, a l loys,  p lated surfaces, and 
Teflon-bonded structures. Also f i v e  organic mater ia ls  were evaluated as pos- 
s i b l e  hydrogen evolut ion i nh lb i t o rs ,  but these proved t o  be i ne f fec tua l .  Eval- 
uations were b l l  based on l i nea r  sweep v o l t a m t r y  I n  s t i r r e d  solut ions.  

No s lngle mater ia l  tested gave both acceptable anodic and acceptable 
cathodlc performance f o r  the chromium redox react ions. However, gold served 
we l l  as an anodic e lec t rocata lys t  and lead was a good ca ta lys t  f o r  the 
cathodic reaction, having i n  add i t ion  a hlgh hydrogen overpotent ial .  Gold- 
lead comblnatlons were therefore evaluated, and they exhib i ted the good char- 
a c t e r i s t i c s  of the two const i tuents without the d4sadvantages shown by them 
individually ( r e f .  18). 



0RIGiNP.L PAGE 1$ 
OF POOR QUALITY 

- Scoured re* 
Felt processing - - - Unxwred felt 
temperature, 

Oc 

70 80 100 
State d charge, percent 

Figure 7. - I jdrqen evolution during charging d ctiromium e:ecCrode. sharing effed of felt 
processing temperature. 

Cleaning Gold process Felt lot 
agent 

HaSO4 Aqutauslthmmal rn 
.c 

Methanollthermal Old 
a Methanolltherma! Nm ----- W$ Aquewslthermal Old 

f 
/' 

/@f 
/ 

/** / 
/ *  ,0 

40- 

I /' 1 ,-+ ---- I 
1 1 4  1 1 6  1-18 L 20 1.22 L 24 1% 

C@n-cirarit voltage. V 

Figure 8 -Hydrogen evolution during charging of chromium eledrode. 
shwing effect of electrode preparation and catalyst application tt-hnique. 



The gold-lead ca ta lys t  can be formed I n  several ways, Inc luding sequen- 
t i a l  e lect rodeposl t lon o f  the const l tuents. sllaultaneous el.ectrodeposltlon, 
and thermal decoclposltlon of a gold s a l t  followed by e lect rodeposl t lon of lead. 
Nork by Lewis and by Glner tended t o  show tha t  the l a s t  technique produced 
electrodes of acceptable performance most consls tent ly .  Subsequent work was 
d l rec ted  toward r e f l n l n g  the gold app l ica t ion  technique and evaluat lng var la-  
t lons  I n  the constituent loadings. The net  r e s u l t  o f  these e f f o r t s  was a stan- 
dardlzed process f o r  the preparat lon of gold-lead-catalyzed f e l t s  f o r  use as 
chromlum electrodes ( re f s .  13, and 1 5  t o  17). Uork by Yeager and colleagues a t  
Case Western Reserve Un lvers l ty  has shown the probable s t ruc ture  o f  the gold- 
lead cornblnatlons t o  be the r e s u l t  of  underpotent lal  deposlt lon o f  the lead on 
the gold. 

One major c r l t e r l o n  by uhlch catalyzed chrmlum electrodes were evaluated 
was the r a t e  o f  hydrogen evolut lon dur lng the charqlng (cathodlc) react ion. 
Flgure 8 glves an l nd l ca t l on  o f  the progress tha t  was made durlng these studies 
I n  reducing hydrogen evolut lon. The varlous curves show the e f fec ts  o f  the 
f e l t  substrate, the cleanlng process, and the gold app l lca t lon  technlque on 
hydrogen evolut lon. 

I n  a wlde range o f  tes ts  the gold-lead ca ta l ys t  proved t o  be stable and 
durable. One 320-c& c e l l  uas cycled f o r  18 months, undergolng 20 000 acceler- 
ated cycles and 3000 standard cycles w l t h  no apparent loss o f  electrode a c t l v -  
l t y  ( f l g .  9). Durlng t h l n  tes t i ng  perlod the c e l l  was several t l m s  dr lven 
l n t o  deep reversal wlthout damage ( r e f .  17). Other tests.  though, showed tha t  
the a b l l l t y  o f  the ca ta lys t  t o  l n h l b l t  hydrogen evolu:!on could be l o s t  l f  the 
chrmlum electrode were exposed t o  a chemtcally ox id iz ing  e n v l r o m n t  a f t e r  
some perlod o f  normal usage. Such ox ldat lon could r e s u l t  from a i r  (oxygen) or 
f e r r i c  I on  In t rus ion  l n t o  the chroinlurn system ( r e f .  19). Nelther o f  these 
occurrences would be expected I n  normal operation. 

The gold-lead corablnatlon thus became the standard chromlum electrode 
ca ta l ys t  f o r  the amblent-temperature Redox system. Electrodes catalyzed as 
prevlously dencrlbed were used successful ly I n  the 1-kW Redox system. C r l t e r l a  
a lso were developed by whlch c y c l l c  voltammetry could be used t o  evaluate these 
electrodes before t h e l r  l n s t a l l a t l o n  I n  the c e l l  stacks ( r e f .  16). 

Membranes 

The membrane t o  be used I n  the amblent-temperature Redox c e l l  had t o  per- 
form two c r l t l c a l  functions: prevent, almost t o t a l l y ,  the cross mlxlng o i  the 
two reactant species and a t  the same tlme a l low f ree  passage o f  other tons 
such as protons and ch lo r lde  Ions t o  complete the e l e c t r l c  c l r c u l t  through the 
c e l l .  These requlred proper t les - good selectivity and low r e s l s t l v l t y  - 
unfor tunate ly  tend t o  be mutually excluslve: steps taken t o  improve one prop- 
e r t y  l nev l tab l y  cause the other t o  deter lorate.  Other requirements were tha t  
the membrane be phys lca l l y  strong, chernlcally i n e r t  i n  the c e l l  envlronment, 
and lnexpenslve. 

A t  the very beglnnlng of the Redox pro ject ,  several c o ~ n e r c l a l  1 y aval l ab le  
membranes were evaluated. Many of them were lncorrtgatlble w l t h  the Redox c e l l  
envlronment. Those tha t  were phys lca l l y  and chemjcally s table f a i l e d  t o  pro- 
v ide acceptable r e s l s t l v l t y  and s e l e c t l v l  t y  ( r e f  s. 20 and 21). 
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Therefore, ea r l y  I n  the program Ionlcs. Inc., was contracted t o  develop 
m r a n e s  s p e c l f l c a l l y  f o r  the Redox system. I t  was assumed from the begln- 
n lng  tha t  such nedranes would requl re an anion exchange character I n  order t o  
l n h l b ' t  cross d l f f u s l o n  o f  the reactant cat lons. Glvrng the ReRbranes a h igh 
ion-exchange capaclty (IEC) would a lso  enhance d r a n e  conduct lv l ty .  There- 
f o re  Ionlcs, Inc., f i r s t  invest igated and evaluated 15 membrane systems, each 
coraprislng a d i f f e r e n t  cornblnatlon o f  r e s l n  and ton exchange group ( r e f .  22). 
These c&lnatlons possessed a wlde range o f  both strong-base and weak-base i o n  
exchange groups, the l a t t e r  lnclud'ing examples o f  prlroary, secondary, and t e r -  
t l a r y  amlnes. Membrane constituents Included 2-v lny l  pyr ldlne, ethylene g lyco l  
dlraethacrylate, v inylbenzyl ch lo r lde  (VBC) post-amlnated w l t h  d le thy lenet r la -  
n ine  and dlmethylamloethyl methacrylate (DHAEHA). Methods o f  membrane f a b r l -  
ca t lon  Included bulk  polymerlzat lon fol lowed by ac t lva t lon ,  I f  needed; f l l r n  
castlng; and d l r e c t  a c t l v a t l o n  o f  preformed f i lms.  These i n l t l a l  evaluations 
(discussed l n  d e t a l l  I n  re f .  22) resul ted I n  conslderable lnq~rovecrents i n  a l l  
of  the c r l  t l c a l  membrane charac ter ls t l cs .  #onet;leless conslderable lmprove- 
ments were s t i l l  required. 

The next l e v e l  of develo-nr was therefore t o  select  the most promising 
candidate membrane systems and endeavo:. t o  f u r the r  i ~ p r o v e  them ( r e f .  23). 
These systems were prepared by bulk ~o l y rae r l za t i on  of the l l q u l d  monomers on 
synthet ic fabrqc backing. Variat'ons l n  the c r i t i c a l  synthesis parameters of 
cross- l lnk density, RonoRler r a t l o ,  and solvent composition were exanlned. Thls 
advanced screening e f f o r t  t r ten t l f led  the two most e f f e c t l v e  candidate Alerabrane 
types, deslgnated .CF41.' anu aCDIL.m As these membranes were fu r the r  re f ined 
and ch~1rac ter iz~4.  rhe contractor was more and more forced t o  come t o  gr ips  
w l t h  the basic technical  problem: improvements I n  s e l e c t i v l t y  general ly are 
accompanied by increases I n  r e s l s t l v l t y  ( r e f .  24) .  For the CP4L type o f  mem- 
brane, not only  was the r e s l s t l v l t y  r e l a t i v e l y  h lgh upon i n i t i a l  exposure t o  
a c l d l f l e d  f e r r l c  ch lo r lde  solut lons, but  I t  proceeded t o  Increase w l th  extended 
exposure. Pr i rnar l ly  on the basis of t h l s  cha rac te r i s t i c  o f  the CP4L, the CDlL 
was selected as the focus for  fur ther  developmental work. This membrane I s  a 
copolymer of VBC as the backbone and DRAEHA as the cross- l lnker ,  on a woven 
mdac r t :  c substrate. The VBC/OCIAEMA r a t i o  was 1/2 and the nonpolymerizable 
(NP) , ~ l v e n t  content was about 25 percent. 

Subsequent e f f o r t s  by Ionlcs, Inc., consisted la rge l y  o f  va r l a t l ona l  
studles and f i n e  tuning of the CDlL composltlon and fab r l ca t l on  techrilque t o  
opt lmlze the nembrane charac ter ls t l cs  ( re f s .  25 and 26). The r e s u l t i n g  mem- 
brane, whlch became the standard f o r  use a t  Lewls, was deslgnated CD1L-AAS-LC 
(27.5 NP). ! t s  pertinent performance charac ter ls t l cs  ( r e f .  2) were r e s i s t l v l -  
t l e s  of 4 . 2  chm-cd t n  0.1 N HC1 and and 2.6 ohm-cm2 I n  a worklng Iron-chromlum 
Qedox ce, and a s e l e c t l v l t y  o f  about 20 pg fet3/h cm2 4. Thls membrane type 
tlad e ? . a l l e n t  s t a b l l l t y  I n  the amblent-temperature Redox c e l l  environment, as 
evA ?wed by analyses performed on a 320-cm2 membrane a f t e r  18 months of l n -  
c e l l  cyc l ing  a t  Lewls ( re fs .  2 and 26) .  There was v i r t u a l l y  no change !n water 
content, I E C ,  o r  r e s l s t l v l t y .  

I n  p a r a l l e l  w l t h  i t s  membrane development work, Ionlcs, Inc., evolved 
fab r l ca t l on  techniques tha t  led  t o  y ie lds  of 95 percent f o r  COlL membranes as 
la rge  as '07 by 51 cm (42 by 20 in . )  and f o r  batches as large as the 200 
46 by !b  cm (18 by 18 In. )  membranes prepared fo r  the 1-kW system a t  Lewls. 

The s e l e c t i v l t y  and r e s i s t i v i t y  given here f o r  the optimum CDlL membrane 
represent the best posslble t radeof f  between these two important characterts- 
t l c s  and made the CDlL superior t o  a l l  other types evaluated dur lng most of the 
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- l e n t - t q e r a t u r e  Redox system development. However, near the end o f  t h i s  
development phase, RAI Research was able t o  produce radiat ion-graf ted anion 
exchange f i lms  w i t h  s lm i l a r  performance charac ter is t i cs .  These character is- 
t i c s ,  although the best at ta inable.  were s t i l l  a long way from the goals of 
5 pg ~ e + 3 / h  c d  I4 and 1 ohm-cd then deemed desirable. #onetheless, as ev i -  
denced by the Lewis l-kW system, an aiebient-tewperature Redox system using the 
ava i lab le  nmbranes was a techn ica l l y  v iab le  storage system. 

With the exception of some development work on heterogeneous aembranes 
ea r l y  1,. the  Redox p ro jec t  ( re f s .  20 and 27), the membrane e f f o r t  a t  Lewis con- 
s is ted  p r l l aa r l l y  i n  the evaluat ion o f  membranes from Ionics, Icc.  These evalu- 
ations, discussed i n  references 12 and 28, consisted o f  screening tes ts  such as 
v isua l  examination f o r  pinholes and the measuring o f  s e l e c t i v i t y ,  fol lowed by 
cyc l i ng  i n  working Rrtdox ce l l s .  I n  general, there was a good co r re la t i on  
between resu l t s  a t  Lewis and measurements made a t  lon ics,  Inc. 

One membrane charac ter is t i c ,  the s ign i f i cance o f  whlch was not r e a l l y  
appreciated u n t i l  the t e s t l n g  o f  la rger  c e l l s  and stacks of c e l l s  began, i s  the 
osmotic t rans fer  o f  solvent from one reactant system t o  the other. This trans- 
f e r  would normally be expected t o  diminish and then cease as coctentrat ion 
gradients developed between the reactant systems. However, because o f  the corn- 
p lex i n te rp lay  o f  several t r -nspor t  phenomena ( r e f .  12). the so -ent t rans fer  
continued i n  some cases u n t i l  near deplet ion of one of the  reactant systems, 
t y p i c a l l y  the i r o n  (pos i t i ve )  system. I t  was shown t h a t  electro-osmosis, 
using a specia l  electrochemical c e l l ,  could be used t o  counter the t rans fer  
but  would r e s u l t  i n  an e f f i c i ency  penalty. On occasion i t  was a lso shown tha t  
the respect ive reactant concentrations could be i n i t i a l l y  adjested i n  such a 
way tha t  t ha t  solvent t rans fer  never began ( r e f .  19); bu t  t h i s  apparently was 
a pseudo-equilibrium t h a t  could be upset q u i t e  eas i l y .  The solvent t rans fer  
d i f f i c u l t y ,  t y p i c a l  o f  a l l  membranes, especia l ly  those bearing charge s i tes,  
thus introduced an operat ional requirement f o r  reactant volume maintenance fo r  
long- l ived systems. The amount o f  solvent t rans fer  i n  the 1-kW system was 
notable . 

Scaleup: The Ambient-Temperature 1-kW Redox Storage System 

When the c r i t i c a l  elements o f  the Redox s ing le  c e l l  - the reactant 
couples, the electrodes, and the membranes - had become f a l i l y  we l l  defined, 
the next steps i n  the  development process required the scaleup and t e s t i n g  o f  
s ing le  c e l l s  and m u l t i c e l l  stacks. The scaleu process proceeded from the P 14.5-cd ac t i ve  area laboratory c e l l  t o  320-cm and f i n a l l y  930-cm2 c e l l s  
( r e f .  5). A major element of concern w i t h  regard t o  these la rger  c e l l s  was 
whether the reactant f low would be uniformly d i s t r i b u t e d  w i t h i n  the respect ive 
porous electrodes. I f  not, "dead spotsm would be expected t o  occur, resu l t i ng  
i n  the development o f  concentration p o l a r i  zations . Such p o l a r i  zatlons were 
no t  observed w i t h  these c e l l s  over the normal operat ing ranges of current  den- 
s i t y ,  depth o f  discharge, and reactant f low rates, thus fndlcat!ng good react- 
an t  f l ow  d i s t r l b u t l o n .  

Most of the ear ly  rnu l t i ce l l  stack; were composed o f  the 320-cmi ce l l s ,  
although one f i ve -ce l l  stack o f  93b-end c e l l s  was successfully evaluated. One 
of  the more s l g n i f l c a n t  aspects of the m u l t i c e l l  stack t e s t i n g  wa5 the compar- 
i son  o f  the measured shunt-current losses w l t h  the lossen yredlc ted by a math- 
e m t i c a l  model. These losses were measured by charg'rng the stack a t  a f i xed  



voltage u n t i l  the charglng current tapered dcwn t o  a steady-state value. Thls 
steady charge-acceptance r a t e  j u s t  balanced the self-discharge ra te  caused by 
shunt currents. Discrepancies between the measured and calculated shunt losses 
Indicated the degree t o  which the actual  stack geometry d i f f e red  from the 
model. Tllese studies led t o  a series o f  design changes which, as shown I n  
tab le  I, brought the m u l t i c e l l  stack conf igura t ion  i n t o  close conformance w i t h  
the model and minimized the self-discharge ra te .  

A f te r  these f i v e - c e l l  stack studies, the next l eve l  o f  scaleup was a 
14-cel l  stack of the 320-cm2 ce l l s .  This stack, used as a demonstration 
devlce, was a f u l l - f u n c t i o n  u n i t  containing t r i m  ce l l s ,  a  charge ind ica tor  
c e l l ,  and a rebalance c e l l  I n  add i t ion  t o  the standard working c e l l s .  A 
photograph and a stack schematic are shown i n  f igures 2 and 10 ( r e f .  29). 

The largest  stacks assembled dur ing the course o f  the Redox pro jec t  were 
the 39-cel l  stacks (320-cm2 c e l l s j  f o r  the 1-kW system. Eight of these stacks 
were assembled and evaluated. The f t r s t  set o f  four stacks was subject t o  
unexpectedly h lgh hydrogen egolu?ion rates. Analysis o f  the problem led  t o  an 
improved method o f  cata lyz ing the chromium electrodes, and an electrochemical 
analytical technlque f o r  screening the electrodes before stack assembly 
( r e f .  16). These procedures, appl ied dur lng the preparat ion o f  the second set 
o f  four  stacks, reduced hydrogen evolut ion rates t o  f u l l y  acceptable levels .  
These l a t t e r  four  stacks subsequently became the power sect ion fo r  the 1-kW 
system. 

A l l  o f  these scaleups, whether I n  c e l l  s ize  o r  I n  the number of c e l l s  per 
stack, were successful: there was no loss i n  i n t r l n s l c  c e l l  performance ( i .e. ,  
no development o f  unexpected polar tzat ions)  a t t r i b u t a b l e  t o  the e f fec ts  of 
scal ing up. 

The design speci f jcat ions f o r  the 1-kW Redox storage system are given i n  
t ab le  11. Thls system ( f i g .  11) and i t s  evaluat ion are discussed i n  d e t a f l  i n  
references 12 and 30. The system was des1l;;led t o  serve as the storage devlce 
f o r  a photovol ta ic  array, thus simulat ing a remote, stand-alone appl icat ion.  
The main focus of the evaluat ion of t h i s  systea was t o  i ~ v e s t i q a t e  the i n t e r -  
actions a t  the in ter faces between the array, the storage system, and the load. 
The i n ten t i on  was tha t  the array contro ls  and the Redox system contro ls  never 
be allowed t o  work a t  cross-purposes. The respect ive cont ro l  concepks were 
simple, being based on meter-relay devices, and no conf l i c - -s  occurred. 

The evaluat ion o f  the various i n e f f i c i e n c i e s  and loss mechanisms during 
system operat ion gave considerable i ns igh t  regarding possible e f f i c i ency  
Improvements f o r  subsequent, larger  s9stems. These improvments would r e s u l t  
f rav  design changes, concept modif icat ions, and a l te red  operat ing modes and 
would requi re no tecnnological breakthroughs. 

The a b i l i t y  of a f low bat te ry  t o  use t r i m  c e l l s  was qu i te  s t r i k i n g l y  dem- 
onstrated. The Redox system was able t o  discharge t o  a load a t  120 V whi le  
simultaneously accepting charge a t  a lower voltage from the array dur lng per- 
iods of low tnqolat ion.  I t  thus acted as a dc-dc ( r e f .  1) transformer as we l l  
as a storage device. The system also recovered from induct ive load surges 
w i t h i n  50 ms. Several d i f f e r e n t  modes o f  connecting the array t o  the Redox 
system were examined I n  terms o f  advantages and disadvantages. The mode t o  be 
chosen would depend on the particular app l ica t ion  usder consideratton. 



TABLE I. - REDUCTION OF SHUNT-CURRENT LOSS (TAPER CURRENT) 
BY CELL DESIGN CHAKGES: FIVE-CELL STACKS, 1.20 V/CELL 

Conf igu ra t ion  ' Taper 
current ,  

--- - 
O r i g i n a l  2000 
B ipo la r -p la te  man i fo ld  ho les  i n s u l a t e d  irm f l u i d s  

'Membrane mani fo ld ho les  i n s u l a t e d  f rom f l u i d s  
Membranes i n s u l a t e d  f rom f l u i d s  i n  p o r t  s l o t s  

Mathemat ica l  model 7 

TABLE I I. - NOMINAL DESIGN SPECIFICATIONS FOR NASA LEUIS PREPROTOTYPE 

1-kW REDOX STORAGE SYSTEM 

- PP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1260 . . . . . . . . . . . . . . . . . . . . . . . . . . .  Nominal net  power, W 1000 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Voltage, V dc 120+5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  / ~ u r r b e r  o f  s tacks 4 . . . . . . . . . . . . . . . . . . . . . . . . .  1 Number o f  c e l l s  per  s tack 39 . . . . . . . . . . . . . . . . . .  Number o f  t r i m  packages ( s i x  c e l l s  each) 10 . . . . . . . .  /Depth-of-:ircharqe range ( u t f l i z a t i o n ) .  percent  80 - X (0.M) . . . . . . . . . . .  Reactant volume (each), l i t e r s  (U.S. ga l lons )  700 (186) . . . . . . . . . . . . .  Reactant energy dens ' t y  (end o f  1 i f e ) ,  W h l l i t e r  14.5 
C e l l  a c t i v e  area, c d  . . . . . . . . . . . . . . . . . . . . . . . . . . .  32a - - . . . . . . . . . . . . . . . . . . . . . .  j ~ o m i n a l  c u r r e n t  densi ty .  m A l c d  30 . . . . . . . . . . . . . . . . . . . . . . . . .  ]Reactants 1 M FeCl3, 2 N HC1 

1 M CrC17. 2 N HC1 . . . . . . . . . . . .  I ~ e a c t a n t  f l o w  r a t e s  (nominal), cm3/min c e l l  ; 100-150 
/ P a r a s i t i c  losses, W: I . . . . . . . . . . . . . . . . . . . .  I Pumps ( e f f i c i e n c y ,  percent)  120 (15) - -- ( . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Shunt power . . . . . . . . . . . . . . . . . . . . . . . . .  Number o f  rebalance c e l l s  . . . . . . . . . . . . . . . . . . . . . .  Number o f  charge- indicator  c e l l s  



Figure 10. - Full-func!ion Redox system demonstra!ion unit. 

Figure 1L - I-klV, 13-%bVh Redox system. 
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The e v a l u a t i o n  o f  s c a l e d - u p  s i n g l e  c e l l s ,  m u l t i c e l l  s tacks ,  and complete 
systems revea led no i n h e r e n t  d i f f i c u l t i e s  w i t h  t h e  bas i c  Pedox f l o w  b a t t e r y  
concept .  Rather,  t he  t e s t i n g  served t o  v e r i f y  t h a t  t h e  system was uncompl l -  
cated,  s imp le  t o  operate,  and ex t remely  f l e x l b l e  I n  terms o f  t h e  a v a i l a b l e  
des ign  op t i ons  and t h e  applications t h a t  n i g h t  be accommodated. 

Rebalance C e l l s  

The development o f  reba lance c e l l s  was n o t  a  major  p a r t  o f  t h e  Redox 
p r o j e c t .  As d iscussed e a r l i e r ,  t h e  purpose o f  these c e l l s  i s  t o  r e s t o r e  t h e  
two r e a c t a n t  systems t o  t h e  same s t a t e  o f  charge a f t e r  imbalance has occur red.  
Th is  reba lanc ing  was e a s i l y  accomplished by u s i n g  two very  we l l -behaved 
e l e c t r o d e s  - an i r o n  cathode i d e n t i c a l  t o  t h a t  I n  t h e  Redox work ing  c e l l ,  and 
a  hydrogen anode t y p i c a l  o f  hydrogen-oxygen f u e l  c e l l  techno logy .  However. 
t h e  hydrogen e l e c t r o d e  was always s u b j e c t  t o  a  s low l o s s  o f  performance dae t o  
f l o o d i n g ,  because t h e  membrane a l l owed  osmosis o f  so l ven t  f r om t h e  ad jacen t  
f l o w i n g  aqueous I r o n  r e a c t a n t  stream. Genera l ly ,  t h i s  performance l o s s  was 
r e v e r s i b l e  th rough t h e  occas iona l  use o f  an a c i d  f l u s h  o f  t h e  hydrogen e l e c -  
t r o d e  c a v i t y  f o l l o w e d  by d r y i n g  w i t h  a  n i t r o g e n  purge.  

A more se r i ous  d i f f i c u l t y  a rose w i t h  regard  t o  t h e  s t a b i l i t y  o f  t h e  p l a t -  
inum c a t a l y s t  o f  t h e  hydrosen c e l l .  Small rebalance c e l l s  were used r o u t i n e l y  
i n  t h e  t e s t i n g  o f  Redox s i n g l e  c e l l s  i n  t h e  l a b o r a t o r y  t o  mon i to r  t h e  hydrogen 
e v o l u t i o n  f rom t h e  chromium e l e c t r o d e s .  I t  was noted t h a t  o f t e n ,  a f t e r  about 
4 months o f  t e s t i n g ,  t h t s  hydrogen e v o l u t i o n  r a t e  would s t a r t  t o  i nc rease  s ig - -  
n l f i c a n t l y .  Th is  was always a t t r l b u t e d  t o  a  d e t e r i o r a t i o n  o f  t h e  Redox c e l l ' s  
chromium e l e c t r o d e .  However, when t e s t i n g  a t  65" C began (d iscussed i n  l a t e r  
s e c t i o n s ) ,  i t  was noted t h a t  t h e  hydrogen e v o l u t i o n  began t o  i nc rease  alrnost 
imned ia te l y .  An x-ray a n a l y s i s  o f  t h e  component p a r t s  o f  t h e  work ing  c e l l s  
revea led t h e  presence o f  p la t i num.  Thus i t  was l ea rned  t h a t  i t  was p c s s i b l e  
f o r  t h e  hydrogen e l e c t r o d e  c a t a l y s t ,  p la t i num,  t o  d i s s o l v e  a n o d i c a l l y ,  m i g r a t e  
i n t o  t h e  f l o w i n g  i r o n  stream, and then  work i t s  way th rough t h e  work ing  c e l l  
membrane t o  t h e  chromium h a l f - c e l l ,  where i t  was reduced. The p l a t i n u m  meta l  
c o u l d  then c o n t i n u o u s l y  c a t a l y z e  t h e  r e d u c t i o n  o f  water  by chromous i ons ,  
e v o l v i n g  hydrogen. 

The anodic d i s s o l u t l o n  o f  t h e  p l a t i n u m  has seve ra l  causes. One i s  exces-  
s i v e  p o l a r l z a t i c n  o f  t h e  hydrogen h a l f - c e l l  d u r i n g  d i scha rge  o f  t h e  reba lance 
c e l l .  Another i s  t h e  d i f f u s i o n  o f  f e r r i c  i o n s  th rough t h e  membrane when t h e  
c e l l  i s  I n  a  standby mode. I n  p r i n c i p l e ,  these c o n d i t i o n s  a r e  e a s i l y  avoided.  
The use o f  a  re fe rence  e l e c t r o d e  would make i t  p o s s i b l e  t o  m o n i t o r  t h e  per fo rm-  
ance o f  t h e  hydrogen e l e c t r o d e  and a v o i d  excessive p o l a r i z a t i o n .  When i n  
standby, a  cont inuous t r i c k l e  charge o f  t h e  reba lance c e l l  would c a t h o d i c a l l y  
p r c t e c t  t h e  hydrcgen e l e c t r o d e  c a t a l y s t .  The e f f e c t  o f  these s teps  on system 
c o s t  o r  e f f i c i e n c y  would be n e g l i g i b l e ,  b u t  they  would rep resen t  an additional 
o p e r a t i o n a l  requ l rement .  

Several  approaches were eva lua ted  t o  t o t a l l y  remove t h e  p l a t l n u m  f rom t h e  
system. The f l r y t  was t o  r e p l a c e  t h e  p l a t i n u m  e l e c t r o d e  c a t a l y s t  w l t h  t ungs ten  
c a r b i d e  (WC) I h l s  m a t e r i a l  d l d  show some i n l t i a l  e lec t rochemlca l  a c t l v i t y  
when used j n  a  reba lance c e l l  b u t  soon pass iva ted,  p robab ly  because o f  e l e c -  
tr;;~ f l o o d i n g .  I t  i s  b e l i e v e d  t h a t  a  smal l  development e f f o r t  would r e s u l t  
I n  a  WC-catalyzed hydrogen e l e c t r o d e  o f  s u f f i c i e n t  a c t i v i t y  f o r  r e b a l a n c i r g  
purposes. 



The o t h e r  approach, which was adopted f o r  l a b o r a t o r y  t e s t s  near t h e  end 
o f  t h e  p r o j e c t ,  embodied a  c e l l  I n  which t h e  hydrogen-consuming anode was 
rep laced by a  c h l o r i n e - g e n e r a t i n g  anode. The e l e c t r o d e  m a t e r i a l  was a  porous 
carbon f e l t  i d e n t i c a l  t o  t h a t  i n  t h e  i r o n  h a l f - c e l l .  The r e a c t a n t  supp ly  f o r  
t h e  anode o f  t h i s  c e l l  was a  smal l ,  separate st ream o f  3  N HC1 t h a t  a l s o  con- 
t a i n e d  1  M FeC13 and 1  M CrC13 t o  min i ln ize  osmot ic  e f f e c t s .  I n  operation, 
e l e c t r i c a l  energy was s u p p l i e d  t o  t h e  c e l l  t o  b r i n g  about  t h e  e v o l u t i o n  o f  
c h l o r i n e  and t h e  ca thod ic  r e d u c t i o n  o f  f e r r i c  i o n s .  Makeup HCl was occa- 
s i o n a l l y  added t o  r e p l a c e  t h e  c h l o r i n e  generated i n  t h e  reba lance c e l l  and t h e  
hydrogen evo lved f rom t h e  work ing  c e l l .  O p t i o n a l 1  y,  t h e  c h l o r i n e  and hydrogen 
cou ld  be recombined c a t a l y t i c a l l y  i n  t h e  presence o f  u l t r a v i o l e t  l i g h t .  The 
use o f  such a  reba lance c e l l  would i n t r o d u c e  a  system ~ f f i c l e n c y  p e n a l t y  and 
increased o p e r a t i o n a l  c o s t s .  Nonetheless, these p e n a l i i e s  shodld PO! have a  
marked e f f e c t  on o v e r a l l  system c o s t  and e f f i c i e n c y  and caulcl 2e trore accept -  
a b l e  than t h e  t h r e a t  o f  system con tamina t i on  by p l a t i n u m  assoc ia ted  w i t h  t h e  
hydrogen- 1 r o n  reba lance c e l l .  

I > e  performance o f  t h e  i r o n - c h l o r i n e  reba lance c e l l  was e x c e l l e n t .  The 
a b i l i t y  o f  t h i s  c e l l  t o  r e s t o r e  f u l l  c a p a c i t y  t o  a work ing  c e l l  i s  shown i n  
f i g u r e  12.  Because j t  i s  e l e c t r i c a l l y  d r i v e n ,  I t  a l l o w s  p r e c i s e  c o n t r o l  o f  
t h e  balance process - a  d e f i n i t e  advantage. As d iscussed here,  seve ra l  op t i ons  
a r e  available f o r  reba lanc ing  t h e  Redox sysiem r e a c t a n t s .  Each has i t s  own 
unique advantages and disadvantages.  A moderate development e f f o r t  should 
r e s u l t  i n  t h e  cho ice  o f  t h e  b e s t  approach, w i t h  no se r i ous  e f f e c t  on system 
c o s t  o r  e f f i c i e n c y .  

Cost Analyses 

The sca led-up s i n g l e  c e l l s ,  t h e  m u l t l c e l l  s tacks ,  and t h e  complete Redox 
system assembled a t  Lewis f o r  e v a l u a t l o n  were expensive.  The reasons, o f  
course, a r e  t y p i c a l  o f  those f o r  a l l  developmental hardware: smal l  q u a n t i t i e s  
o f  m a t e r i a l s  a r e  used; requirements a r e  o v e r s p e c i f i e d ;  t o le rances  a r e  exces- 
s i v e l y  t i g h t ;  t h e  des ign  does no t  f a c i l i t a t e  assembly; some components are ,  
themselves, developmental and i n c l u d e  t h e  c o s t s  o f  development; and a l l  opera 
t i o n s  a r e  car rqed o u t  by hand. I n  s p i t e  o f  a l l  t h i s ,  i t  i s  necessary, I n  o rde r  
t o  e s t a b l l s h  t , e  viability o f  a  dev i ce  such as t h e  Redox system, t o  v e r i f y  n o t  
o n l y  t h e  techno logy  b u t  a l s o  acceptab le  economics f o r  t h e  dev i ce .  

For t h i s  l a t t e r  purpose severa l  c o n t r a c t  s t u d i e s  were c a r r i e d  o u t  d u r i n g  
t h e  course o f  t h e  Redox p r o j e c t  t o  es t ima te  t h e  c o s t  o f  p roduc ing  Redox hard-  
ware and r e a c t a n t s  i n  a  mass-product ion envlr.onment. U n i t e d  Technologies 
Corpo ra t i on  (UTC) was se lec ted  f o r  t h e  hardware c o s t  s tudy  because o f  t h e i r  
l ong  exper ience I n  t h e  p r o d u c t i o n  o f  hydrogen-oxygen f u e l  c e l l  systems. These 
e lec t rochemica l  dev ices  have many component s i m i l a r i t i e s  t o  f l o w  b s t t e r l e s .  
For t h e  s tudy  o f  r e a c t a n t  production costs ,  two c o n t r a c t o r s ,  t h e  A l l i e d  
Chemical Co. and Char les R ive r  Associates (CRA), were se lec ted .  The former 
company i s  a  major  producer o f  chromium chemicals;  t h e  l a t t e r  company, a  con- 
s u l t i n g  f i r m ,  has e x p e r t i s e  I n  t h e  f i e l d  o f  h y d r o m e t a l l u r g i c a l  processes.  

Redox system c ts f i .  - The system c o s t  a n a l y s i s  c a r r i e d  o u t  by UTC was f o r  
two separa te  system s l zes  and p r o d u c t i o n  l e v e l s  specified by Lewis. The f i r s t  
was a  10-kJ, 500-kwh system produced a t  a  r a t e  of 1000 per  year .  The second 
was a 10-MW, 100-MWh system w i t h  100 b e i n g  produced y e a r l y .  The former system 
was assumed t o  ope ra te  a t  a  nomlnal 54 mW/cm2, u s i n g  one-molar r e a c t a n t s ;  
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TABLE 111. - TOTAL COSTS FOR PRODUCTION OF RE30X CHEMICALS 

[Values i n  m i l l i o n s  of 1981 d o l l a r s .  Chromium, 22 700 metrlc tons per  year. p l u s  equ iva lent  FeC12 
and HCl.] 

( a )  A l l i e d  Chemical Company s tudy 

Ch lo r i na t i on  o f  I preredured I chromite ore  

/ ~ o t a l  investment 1 $72.00 1 $71.50 / $109.50 1 $275.00 1 

Methanol 
r educ t i on  o f  

sodium chromate 

Annual charges: 
Raw ma te r i a l s  
Energy 
Labor and re1  ated 
F ixed c a p i t a l  charges 
Admin i s t ra t i ve  expense 
Return o l  investment (30 percent) 

E l e c t r o l y t i c  Reduct ive 
reduc t i on  o f  c h l o r i n a t i o n  o f  

sodium chromate I c h r m i t e  o re  , 

ITo ta l  annual charqes 1 $68.50 1 185.16 

To ta l  reactant  cost :  
Per k g  CrC13 $ 0.99 $ 1.23 I 8.13 10.10 -L 

( b )  Charles River  Associates s tudy 

I F r m  1 chro:;: ore 1 ferrochrome I c h l o r i n a t i o n  Reductive o f  1 
I I I c h r o s i t e  o r e  ! 

Annual charges: 
Raw ma te r i a l s  
E ~ ~ e r g y  
Labor and r e l a t e d  
F ixed c a p i t a l  charges 
Admin i s t ra t i ve  expense 
Return on investment (30 percent) 

To ta l  annual c h a r g . ~  
I 

To ta l  reactant  cos t  
Per k g  CrCl3 

(unmtxed - r a r t a : ~ t s l  :::! 
--- -- 

alnc ludes c r e d i t  f o r  sa le  o f  MgC12 and AlC13, $33 m i l l i o n .  



the l a t t e r  a t  108 mH/cm2, us ing two-molar reactants .  I n  both cases the r e -  
ac tan t  cost  was assumed t o  be about $22/kWh. 

The r e s u l t s  o f  the UTC study ( r e f .  31) i n d i c a t e  a system cos t  o f  S74/kWh 
f o r  the  500-kwh system and $63/kWh f o r  the 100-MWh system. These cast  p ro jec -  
t i o n s  were encouraglng. Although they were g rea te r  than the t h e n - e x i s t i n g  
estimates f o r  several  competing technologies, they were much less than some o f  
the more d j r e  p red ic t tdns ;  and they f e l l  w i t h i n  the  goals pu t  forward f o r  the 
major t a r g e t  app l i ca t i ons .  

For both system sizes the  preponderant p o r t i o n  of  the cos t  was associated 
w i t h  the reactants  and t h e i r  tankage. Th is  amounted t o  81 percent f o r  the 
smal ler  system w j t h  i t e  t.xtended cyc l e  leng th  and 58 ~ e r c e n t  f o r  the  large,  
shor ter - term system. Thus the  r e s u l t s  o f  the  reactant  cost  i l ~ d ' ~ ~  were 
awaited wSth Lome anticipation. 

R F ~ O X  reac tan t  costs .  - S ix  processing routes f o r  the -- - c t i o n  ot  +he 
comp'ete Redox system reactant  package, whicb, inc luded ac lz  ~queous  so iu -  
t i c i t s  o f  ferrous-ch1c:'lue and chromic ch l o r i de ,  were aaalyzc -, the two coc- 
t yac to rs .  A l l  brocesses began w i t h  e i t h e r  chromite ore (Cr/Fe = 1 . 5 8  mass 
r a t i o ) ,  f ~ : r och rome  (Cr/Fe = 1.64). o r  the  chemical in termediate .  sodium chro- 
;,ute. rz; rhe sodium chromate s t a r t i n g  ma te r i a l  the necessary i r o n  would be 
suppl ied t o  the  process as scrap i r o n .  O f  t he  processes examined, on ly  those 
i ~ v o l v i n g  the  reduc t i ve  c h l o r i n a t i o n  o f  chromite ore would r equ i r e  new o r  un- 
c e r t a i n  technology. The remaining processes a re  wel?  understood and t h e i r  
associated cos t  est imates a re  t he re fo re  accepted as being q u i t e  accurate. 
These s tud ies a re  presented i n  d e t a i l  i n  references 32 and 33. The r e s u l t s  o f  
the  two s tud ies,  ad justed t o  a  comnon basis,  a re  sumnarized i n  t ab l e  111. The 
s p e c i f i c  costs i n  d o l l a r s  per k i l owat t -hour  assume an 80-percent u t i l i z a t i o n  
o f  reactants  and an average c e l l  d ischarge vo l tage o f  0.9 V. 

I f  the assumed reac tan t  cos t  o f  $22/kWh, which was used i n  t ke  UTC system 
cos t  analys ls ,  i s  adju;ted t o  the  same basis,  i t  becomes $lS.SO/kWh. This I s  
roughly equal t o  the most expensive process evaluated by A l l i e d  and CRA.  The 
remaining processes t h a t  were evaluated ind ica ted  reac tan t  costs as low as 
about 45 percent o f  the most expensive. For example, the  reactant  cos t  f o r  the 
methanol reduc t ion  o f  sodium chromate, a  process evaluated and w e l l  underst-;U 
by t h r  A l l i e d  Chemical Co. i s  p ro jec ted  t o  be about $lO/kWh. Since t h i s  i s  
about S6/kWh less  than the  UTC assumption, i t  can be i n f e r r e d  t h a t  the  t o t a l  
jystcm costs would be c loser  t o  $57 t o  $68/kWh than $63 t o  $74/kWh. 

The r e s u l t s  o f  the system and reac tan t  cos t  analyses served t o  lend 
f u r t h e r  c r e d i b i l i t y  t o  the  ambient-temperature iron-chromiurr, Redox storage 
system concept. To the a t t r a c t i v e  c h a r a c t e r i s t i c s  inheren t  i n  f l ow  b a t t e r i e s  
and t he  proven techn ica l  v i a b i l i t y  o f  the  systen~, economic v i a b i l i t y  had now 
been added - provided, o f  course, t h a t  the  assumed performance l eve l s  were 
a t t a i nab le .  

Performance of  Ambient-Temperature Iron-Chromlam Redox System 

I n  s p i t e  o f  a l l  of  the p o s l t l v e  aspects o f  the  amblent-temperature i r o n -  
chromium f l o w  ba t t e r y ,  as evidenced espec ia l l y  i n  the  development and operat ion 
o f  t he  1-kW system and i n  the  var ious cos t  analyses, i t  ye t  f a i l e d  t o  s a t i s f y  
the  perceived techn ica l  requirements o f  t he  marketpiace. The problem was t h a t  



s a t i s f a c t o r y  electrical/electrochemlcal performance of  the i n d i v i d u a l  working 
c e l l s  remained unproven. The d i f f i c u l t i e s  resldea i n  two s p e c i f i c  technica l  
areas: the membranes and the s o l u t i o n  chemistry o f  the chromium reac tan t .  

A; discussed e a r l i e r ,  the t a r  e t s  f o r  the c r i t i c a l  membrane p roper t ies  9 were a  s e l e c t i v i t y  of  5 vg Fe/h cm M and a  r e s i s t i v i t y  o f  1  ohm-cm2. 1he best 
combination o f  p roper t ies  a c t u a l l y  achieved I n  g iven anion exchange membranes 
was a  s e l e c t i v i t y  o f  20 vg Fe/h cm2 M and a  r e s i s t i v i t y  o f  2.6 ohm-cm2. A l ,  
developmental work ind ica te*  t h a t  the re  was very l i t t l e  prospect o f  a  membrane 
technology breakthrough r e s u l t i n g  i n  a  s i g n i f i c a n t  improvement i n  e i t h e r  
rncrnbrane c h a r a c t e r i s t i c  t h a t  would no t  be accompanied by an unacceptable degra 
da t i on  i n  the  o ther .  Ana l y t i ca l  s tud ies ( r e f .  19)  showed t h a t  the poor se lec-  
t i v i t i e s  achieved would r equ i r e  some method o f  pe r i od i c  reactant  s o l u t i o n  
refurbishment i n  order t o  avoid complete reac tan t  cross-mixing. This would, 
o f  cour?e,  in t roduce  an operat iona l  expense t h a t  would a t  some p o i n t  become 
unacceptable. T ~ L  p rev ious ly  discussed osmotic so lvent  t r ans fe r  through the 
membranes would a l so  r equ l r e  some method o f  co r rec t i on  and Increased opera 
t i o n a l  c .t. The same a n a l y t i c a l  s tud ies a l so  showed :hat the h i gh  membrane 
r e c i s t i v i t i e s  would e i t h e r  r e s u l t  I n  poor system vo l tage e f f i c i e n c i e s  o r  
r e v d i r e  opera t ion  a t  very low cur ren t  dens i t i e s ,  w i t h  at tendant increases i n  
c e l l  stack costs .  Thus the f a i l u r e  t o  achieve the des i red me, j rane  character-  
i s t i c s  had a  de le te r ious  e f f e c t  on the  p ro j ec t i ons  f o r  both system cost  and 
e f f i c i e n c y .  

The d l f f i c u l t i e s  encou~ te r sd  w l t h  the chromium reactant  s o l u t i o n  proved t o  
be much more t r ac tab le .  The e x l s t t n g  problem was manlfested dur ing  the c e l l  
charging process: the cnarge acceptance ra tes  were poor and capac i ty  u t i l i z a -  
t i o n  was low. An e f f i c i e n c y  penal ty  w?: incur red  as a  r e s u l t .  A t y p i c a l  
constant-vol tage charging curve i s  shown i n  f i g u r e  13. I t  can be seen t h a t  
the charge acceptance r a t e  s t a r t ed  t o  f a l l  dramatically even a t  ?ow sta tes o f  
charge. By the  t ime the c e l l  was hal f -charged, the acceptance r a t e  was too 
low t o  be s i g n i f i c a n t .  A s i ng l e  c e l l ,  o t  course, even tua l l y  could be f u l l y  
charged a t  these low ra tes,  a l b e i t  w l t h  poor e f f l c l e n c y .  For a m u l t i c e l l  
grouping, however, the acceptance r c t e  soon would f a l l  t o  a  l e v e l  t h a t  would 
j u s t  balance the l css  mechanlsms such as shunt c u r r e r ~ t s .  Effective chaig lng 
would cease a t  t h a t  po in t ,  and as much as 50 percent o f  the t h e o r e t i c a l l y  
ava i l ab l e  capac i ty  would no t  be used. 

These performdnce cha rac te r i s t i c s ,  p lus  observed hysteresis e f f e c t s  rot- 
both  the o p e n - c i r c u i t  vo l tage and the chromium s o l u t i o n  co l o r  as func t ions  o f  
s t a t e  o f  charge ( r e f .  2 ) ,  l ed  even tua l l y  t o  the  understanding t h a t  more than 
one chromic i o n  species was being encountered. Spectrophotometric methods 
were used ( r e f .  34) t o  v e r i f y  t h a t  the re  were, !n f a c t ,  two predominant chro 
m i c  i o n  species, the  hexaaquo chromium (111) and the monochloropentaaquo chro- 
mium ( I I I ) ,  i n  equ l l i b r t um  a t  room temperature. They were about equal I n  
concentration and the  e q u i l i b r a t i o n  r a t e  between them was q u i t e  low. Host 
s i g n i f i c a n t l y ,  on ly  one o f  these species, the  monochloropentaaquo chromium 
(111). was e lect rochemica i l+ .  ac t i ve .  Thus the poor c h ~ r g t n g  c h a r a c t e r i s t i c s  
were understood t o  r e s u l t  from the dep le t i on  o f  the a c t i v e  chromtc I o n  species 
e a r l y  i n  the  charglng process. The hys te res jz  e f f e c t s  a l so  r esu l t ed  f rom t.his 
depletion. 

The same spectrophotometric s tud ies next revealed t h a t  an increase I n  the 
chromium s o l u t i o n  temperature would s h i f t  the  e q u i l i b r i u m  t o  favor  the a c t i v e  
chromic i o n  species and a lso  speed up the  r a t e  of e q u i l i b r a t i o n .  F igure 1 4  
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TABLE I V .  - EFFECT OF TtMPERATURE ON SELECTIVIT? OF 

MEMBRANES DEVELClPEn F0Q AMBIENT-TEMPER4TUdE 
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compares the  constant - -vo l tage charge acceptance ra tes  o f  a c e l l  havlng room 
temperature-equlllbrated chromium re2ccant and a c e l l  havlng chromlum reac tan t  
equilibrated a t  elevated temperature. The dramatlc , upe r l o r l t y  o f  t h e  l a t t e r  
case I s  revealed i n  the  a b i l l t y  t o  charge a t  h i gh  ra tes  t o  nea r l y  100 percent 
s t a t e  o f  charge. Subsequent I n - c e l l  t e s t s  ( r e f .  35) v e r l f l e d  an a d d i t l o n a l  
advantage ~f elevated-temperature operat ion,  a reduc t ion  I n  membrane and e lec  
t r o l y t e  r e s l s t l v i t y .  Also, from a systems standpoint ,  i t  1s obvlous t h a t  
h lgher  temperatures would g r e a t l y  s j m p l l f y  t he  rejc?ct lon o f  waste heat.  

A l l  o f  t h i s  experlmental work overwhelmingly l nd l ca ted  t h a t  i t  was lmpera- 
t l v e  t o  operate the iron-chromlum Redox system a t  elevated temperature. The 
b e n e f i t s  were too  g rea t  t o  do otherwise. However, the re  was a s l g n l f l c a n t  
det r lment  - the  s e l e c t l v l t y  o f  the anlon exchange membranes belng used o r  eva l -  
uated a t  t h a t  tlm became worse by f ac to r s  of 4 t o  more than 10 ( t a b l e  I V )  when 
the  temperature was ra l sed  t o  65" C.  As s t z t ed  e a r l i e r ,  the  best  anlon 
exchange membrane ava l l ab l e  f o r  t he  arnblent-temperature Redox system, the  COIL, 
w d i  miy ~ i a r ~ i n a t ; ~  a c c e p t a b ; ~  'In 'Its aS'Il'Ity t~ keep the reac tan t  cat:on; 
separate a t  25" C.  Wlth t h l s  same membrane belng used i n  c e l l s  a t  65" C ,  com- 
p l e t e  cross-mlxlng o f  the  reactaets  occurred r a p i d l y .  The l l k e l l h o o d  o f  
developing a new membrane w l t h  low r e s l s t l v l t y  and good s e l e c t l v l t y  f o r  use a t  
65" C was much less  even than t h a t  f o r  25" C operat lon.  For these reasons the 
p o s s l b l l l t y  o f  operat lng w l t h  mlxed reactants  a t  e levated temperature became 
the  next  f x a l  p o i n t  o f  development f o r  the Iron-chromlum Redox storage system. 

REDOX STORAGE SYSTEM AT ELEVATED TEHPERATUSE 

As was explained i n  the  prevlous sect ion,  the  equ l l l b r t um  between a c t l v e  
and i n a c t l v e  chromic i o n  species d i c t a t e d  t h a t  t he  iron-chromium f l ow  b a t t e r y  
be oper8tcd a t  about 65" C. Although t h l s  Increase from the  prevlous 25" C 
opera t lng  p o i n t  solved t he  t hen -ex l s t i ng  opera t lona l  d l f f l c u l t l e s ,  l t  a l s o  
Introduced the  p o s s l b l l l t y  o f  prot lems w l t h  ma te r i a l s  c o m p a t l b l l l t y  and cc r -  
ros lon .  I t  was there fo re  necessary t o  reevaluate a t  65" C the  c e l l s  and c e l l  
components t h a t  had been developed f o r  use a t  25" C. 

It soon became obvlous t h a t  no s ta te -o f  -the-ar - a lon exchange membrane 
cou ld  prov lde adequate s e l e c t l v l t y  a t  the  h lgher  te~nperatures.  Thus t he  near- 
p e r f e c t  separat ion o f  t he  reac tan t  metal cat lons,  as c a l l e d  f o r  by the  c l ass l c  
f l o w  ba t t e r y  concept, ceased t o  be a v i a b l e  opt lon.  This f a c t  lead t o  the 
r e a l i z a t i o n  t ha t ,  f o r  the  Iron-chrcmium b a t t e r y  t o  f unc t l on  acceptably a t  
65" C, I t  would have t o  be ab le  t o  operate w i t h  reactants  t h a t  had undergone 
complete cross-mlxing. 

Mixed-Reactant Wode of Operation 

I n  t h i s  operat lng mode, both reac tan t  solutions, when f u l l y  discharged, 
a re  l d e n t l c a l .  Typically they would be 1 H FeCl2, 1 H CrC13, and 2 t o  3 N HC1. 
The f u l l y  charged p o s i t i v e  reac tan t  stream would be 1 N FeC13, 1 H CrC13, and 
2 t o  3 N HCl. S l m l l a r l y ,  t he  f u l l y  charged negat lve reac tan t  stream would be 
1 M FeC12, 1 H CrC12, and 2 t o  3 N HC1. 

Once t h i s  concept was considered, severa: p o t e n t l a l  advantages became 
apparent. For example, s ince s e l e c t l v l t y  would no longer be a s l g n l f l c a n t  
c r l t e r l o n  f o r  membrane se lect ion,  I t  would be poss lb le  t o  s t ress  low r e s l s t i v l t y  



since the primary purpose of the membrane then would be merely to prevent con- 
vective (bulk) cross-mixing of the reactant streams. The new, low-resistance 
d r a n e s  would result in operatlon at hlgh voltage efficiencies, but with the 
penalty of lower coulomblc efficiency, because of increased diffusional self- 
discharge across the membrane. However. the loss of capacity due to this 
cross-diffusion, plus any osmotlc solvent transfer, could be countered easily 
by occas7onally discharging the system fuily, reblending the twu reactants. 
and then repartitloninq them to their respective tankage systems. Thls. plus 
proper rebalanclny to compensate for hydrogen evolution (or air intrusion), 
would make the system capacity virtually Invariant. As S~IOW In following 
sections, the actdallty of these advantages and others for ralxed-reactant oper- 
ation has beeq verified. 

In addltion to the operational advantages perceived for the mlxed- 
reactant, elevated-temperature mode of operation, several economic benefits 
were aibu a~tieipateri: i o n  membrane resistance would allow opert n at hlgh 
current densities. thus greatly reduclng cell and stack stze and therefore 
cost. Also, lou-resistivity membranes uith poorer selectivity would te expec- 
ted to be much less expensive than their highly selective counter~arts. On 
the other hand, th2 cost of reactants would be doubled for the mlxed-reactant 
mode. Another negative aspect, mntloned earlier, is t9e reduction in coulom- 
bic efficiency. Open-circuit voltages would also be reduced at zll states of 
c h a r ~ e  by the thermodynamic effects of elevated temperature and reactant activ- 
ity changes. Thest! effects (fig. 15, ref. 36) resulted in a penalty of about 
50 mV. Subsequent evaluation of the elevated-temperature, mlxed-reactant oper- 
ating mode has s h o w  the advantages to considerably outwelgh the disadvantages. 

Electrodes 

Because of the importance to system operation of proper chromium electrode 
performance, it was of iranedlate concern that the elevated temperature or the 
mixing of reactants might prove deieterlous to the performance of the chromlum 
electrode catalyst. Several evaluations were carri2d out in-house and zt 
Glner, Inc., to examine these possibilities. 

With regard to the mixing of reactants, per se, several tests were carried 
out at Glner, Inc. (ref. 14), uslng cyclic voltamnetry. The effect of ferrous 
chloride (FeC12) on the electrochemical performance of a gold-catalyzed elec- 
trode In a chromic ion solution was first determined. The FeC12 concentration 
of the chromium solution was Incrementally increased from 0 to 0.5 molar. The 
results (fig. 16) show that the chromic ion reductios reaction was shifted to 
slightly more negative potentials and that the total quantity of chromium 
reacted increased as the FeC12 concentration Increased. In addition, hydrogen 
evolution decreased with increasing FeC12 concentration. Thus It seems that 
the presence of FeC12 in the chrmium reactant solution has a beneficial ef- 
fect, perhaps because of a shlftlng of the chrom.: ion equilibrium to favor the 
electrochemically active monochloropentaaquo species. 

The effect of chromic chloride (CrC13) on the iron redox reactions was 
observed in a similar way (fig. 17). The incremental additions nf CrC13 
increasingly depressed the level of the ircn redox reactions. From these 
unexpected results It is apparent that the presence of CrC13 interferes with 
the iron redox reactions, perhaps by increasing the chloride complexes of the 
ferric Ion. 
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How these resu l t s  r e l a t e  t o  ,ctual working c e l l  performance i s  unclear, 
especia l ly  i n  l i g h t  o f  the f a c t  tha t  the concentrattsn of the spec!es being 
reduced and ox id l red  I n  each case was only  50 d, whl le  tha t  of tne 'cross 
mixed' species was varied t o  500 RH. Also these tes ts  were car r ted  out a t  
25" C.  I n  any event, the observed e f fec ts  are probably j u s t  a  very ;mall pa r t  
o f  the ove ra l l  thermdynarrlc e f f e c t  of cross-mlxing discussea earlier. 

A t  Lewis the possible e f f e c t  of temperature on electrode per fo rwnce was 
invest igated by using a  standard laboratory c e l l  containing an R A I  anion 
exchange membrane and the gold-lead ca ta l ys t  ( r e f .  19) w i t h  onmlxed react an^^ 
Af te r  104 e l e c t r i c a l  cycles, which were accompanied by thermal cyc l l ng  t o  
65' C, p o l a r l z a t l ~ r !  tes ts  ind lcated no loss of r e  e r s i b l l i t y .  Burino +he 
testqng o f  t h i s  c e l l  there a lso was no increase i n  the r a t e  o f  hydrogzn evulu- 
t l an .  Hasaver, the evo lu t lc?  r ? ' e  was about 6 percent of the charge capacity, 
rh+ch was three or  four  tfmes greater than normal f o r  room-terrrper?+!~re opera- 
t t o t ~ .  I n  general, the tes t l ng  o f  seveidl  c e l l s  or'lth z9e geld-lead ca ta lys t  
revealed no loss of r e v e r s l b i l l t y  nor increase !A t r r ! ro~en evolut ion r a t e  
dur ing continued operation a t  elevated temperature. However, the hydrogen 
r a t e  d l d  vary considerably from c e l l  t o  c e l l .  ranging from a  low o f  about 1  
percent t o  the e a r l i e r  mentioned 6 percent o f  charge capac t y .  This l r~cor is ls-  
tency was considered t o  be s l q n l f i c a n t  and led  t o  the e v a l u a t i o ~  c f  other can- 
d idate cata lysts  f o r  the chromium electrode. 

The f i r s t  question addressed was whether, a t  elevated temperature, any 
ca ta lys t  was indeed requtred. I t  was hoped tha t  a t  65" C the carbon f e l t  elec- 
trode substrate would have s u f f i c i e n t  i n t r i n s i c  electrochemical a c t l v l t y  f o r  
the chromlum redox react jons. Therefore a  c e l l  was assembled w i t h  a  bare car- 
bon f e l i  chromium electrode and cycled a t  65' C. Unmixed reactants were used, 
and the standard quant i ty  o f  saturated Pbd12 so lu t ion  was addea t o  the chromium 
so lu t ion  so tha t  dur ing chargtrig a  t h i n  lead deposit would lessen the tendency 
toward hydrogen evolut ion.  The c e l l  d i d  charge w i t h  very low hydrogen genera-. 
t i on .  However, polarization curves a t  50 percent s ta te  of charge ( f i g .  18) 
revealed i r r e v e r s t b l e  behavior f o r  both charge and discharge. Next a  planar 
carbon surface was i on  etched t o  increase I t s  surface area. Tested a t  room 
temperature, the ion-etched p l a t e  unfor tunate ly  showed f a r  more a c t i v i t y  f o r  
hydrogen evolut ion than f o r  the chromium redox react ions. Heated t o  55" C, the 
p l a t e  performed even more poorly.  Adding bismuth and lead s a l t s  t o  the chro- 
mlum reactant so lu t ion  i n  order t o  suppress hydrogen evolut ion was benef ic ia l ,  
but  the net Improvement l e f t  much t o  be desired. Probably the attempt t o  de- 
p o s i t  mater ia ls  on t h i s  surface resul ted I n  an uneven d i s t r i bu t i on ,  w i t h  high 
spots being p lated whi le  recessed regions were not. Also, the Ufuzzytl charac-- 
t e r  of the ion-etched surface undoubtedly led  t o  the growth o f  an appreciable 
mass-transport boundary layer  t ha t  inhibited performance. 

An analog of the gold-lead ca ta lys t ,  using s i l v e r  instead o f  the gold, was 
next evaluated. The ra t i ona le  f o r  t h l s  se lect ion was tha t  s i l v e r ,  having a  
lower reduct ion po ten t i a l  than gold would be more easI ly  str ipped and redepos- 
i ted ,  making possible a  res tora t ion  o f  performance a f t ? r  any de ter io ra t ion  ev i -  
denced by increasing hydrogen evolut ion rates. A t  65' C w i th  mixed reactants, 
the i n i t i a l  hydrogen r a t e  from a  c e l l  using t h l s  chromium electrode ca ta l ys t  
was low. However, the electrode was i r r e v e r s i b l e  f o r  the chromium redox reac- 
t ions  and i t s  current-voltage curves showed several steps during constant-load 
discharges. 



iJE!GlRAL Fk:i.i k3 
'JF POOR Q U A L ~  

Current density, rnAkm2 

Figure 18 - Charge and disckrge polarization curves for cell 
with leadatatwed chromium electrode Statc of chame. 
40 percent: temperature. 65 OC: unmixed reactants. * 

0 
Time 

Figure 19. - Occasional cMrging anomaly. when ing bismuth-leed catalyst for chrornlum 
elect rod^ Constant-current charge, 60 rn Akm? temperature. 65 OC: mixed ractank. 



Another gold-lead analog, t h i s  time replacing the gold w i t h  bismuth, was 
se'iected f o r  t es t i ng  according t o  the same ra t i ona le  as f o r  s i l ver - lead.  Under 
ce r ta in  t e s t  condit ions t h i s  ca ta lys t  combination exhib i ted some unexplained 
performance anomalies ( f i g .  19). Typical ly  a t  some po in t  during a constant- 
current charge cyc le an unexpected accelerat ion would occur i n  the r a t e  i ~ t  
which the c e l l  voltage was r i s i n g .  This was indicated by the % l i p N  i n  the 
voltage-versus-ttme curve. The ra te  o f  voltage Increase would then decl lne, 
and the voltage would approach more-or-less normal values near the completion 
o f  charge. The s i g n i f i c a n t  th ing  about t h i s  anomaly i s ,  t ha t  i f  po la r i za t i on  
data were taken a t  any time a f t e r  such an excursion but before the s t r i pp ing  of 
the ca ta l ys t  from the chromicrn electrode (3.e.. before complete discharge). the 
c e l l  perfwmance would be i r reve rs ib le .  This i r r e v e r s i b i l i t y  i s  indicated by 
the curvature i n  the po lar iza t ton  curves and by an apparent c e l l  resistance 
greater than tha t  indicated by an ac br idge ( f i g .  20). As the amount of b l s -  
muth s a l t  i n  the chromium so lu t ion  was increased r e l a t i v e  t o  the amount of lead 
sa l t ,  the anomaly occurred a t  higher states o f  charge and I t s  apparent magpi- 
tude becane less. Nonetheless, no matter how small i t  was, i f  the anomaly was 
allowed t o  occur, i r r e v e r s i b i l i t y  ensued. As mentioned e a r l i e r ,  the physics 
of these occurrences i s  not understood and has not been explored. I t  seems 
apparcnt, however, t h a t  f o r  some reason a change occurs i n  the physical s t ruc-  
t u re  of the bismuth-lead ca ta lys t  comblnation tha t  destroys i t s  electrochemical 
a c t i v i t y .  

I n  sp i t e  of the foregoing, the bismutn-lead ca ta lys t  behaved we l l  as long 
as the s ta te  of charge of the working c e l l  was not too high. Spec l f i ca l l y  
performance was revers ib le  and the hydrogen evolut ion r a t e  was very low. Two 
c e l l s  t ha t  were i d e n t i c a l  except f o r  the use of gold-lead i n  one case and 
bismuth-lead i n  the other were compared ( f i g .  21). The e f f ~ c i e n c i e s  of the 
two c e l l s  dur ing 64.5-m~/cm~ cycles were nearly i den t i ca l ,  and the bismuth- 
lead hydrogen evolut ion r a t e  was s i g n i f i c a n t l y  lower. 

Since i t  was the lead component of the bismuth-lead c ,nb ina t ion  tha t  
seemed t o  cause the performance d i f f i c u l t i e s ,  and since b i s i u t h  i s  known t o  
have an appreciab!e ~ydrogen overpotent ia l  o f  i t s  own, bismuth next was eval- 
uated alone as the chromium electrode ca ta lys t .  The performance of t h i s  
mater ia l  was excel lent  i n  v i r t u a l l y  a l l  respects and g rea t l y  enhanced the oper- 
a t i ona l  charac ter is t i cs  of the Redox system i n  the elevated-temperature, mixed- 
reactant mode of operation. 

To date, the only known c r i t e r i a  t ha t  had t o  be s a t i s f i e d  f o r  good per- 
formance w i t h  the b i r ~ u t h  ca ta l ys t  were an operat ing temperature above 45" C 
( f i g .  22) and a bismuth loading of about 35 pg/cm2 of electrode area ( f t g .  23) .  
S l i g h t l y  more hydrogen d i d  tend t o  be evolved from bismuth than from bismbth- 
lead, but  the amount was s t i l l  only about 1 percent of charge capacity, which 
i s  f u l l y  acceptable. 

Several advhntages are I n t r i n s i c  t o  the bismuth ca ta l ys t  when compared 
w i t h  gold-lead. These are re la ted  t o  the f a c t  t ha t  the bismuth i s  solublz I n  
the chromium reactant f l u i d  when the reactant waz f u l l y  discharged. Thuc the 
bismuth ca ta l ys t  surface i s  eas i l y  formed by electrodeposit ion, whereas gold 
required a cumbersome thermal deposit ion process preceded by extensive pre- 
treatment of the carbon f e l t  substrate. The bismuth s o l u b i l i t y  a lso  resulted 
i n  a very " fo rg iv ingn ca ta lys t  system t h a t  can be f u l l y  restored, should any 
d i f f i c u l t y  occur, simply by s t r i pp ing  and rep la t ing .  This i s  I n  contrast t o  
gold, which i s  very difficult t o  remove from I t s  carbqn f e l t  substrate ~ i i d  
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performance. Bismuth catalyst: state of charge. 75 percent: mixed reactants. 



which, as discussed e a r l i e r ,  I s  suscept ib le  t o  a t t ack  by oxidizing agents, w i t h  
subsequent loss  o f  r e v e r s i b l l i t y  or  an increase i n  hydrogen evo lu t ion .  No suc- 
cess fu l  method f o r  r e s t o r i n g  the performance o f  a  gold-catalyzed e lec t rode  was 
developed. 

One unique c h a r a c t e r i s t i c  o f  a  Redox system operat ing w i t h  mixed reactants  
and a  so lub le  c a t a l y s t  such as bismuth i s  t h a t  t he  choice o f  which e lect rode i s  
t o  be p o s i t i v e  i s  e n t i r e l y  a r b j t r a r y .  That I s  t o  say, i f  the  proper amount o f  
bismuth s a l t  i s  added t o  both f u l l y  discharged reactants ,  the  system I s  t o t a l l y  
symnetr lcal  and the respec t i ve  h a l f - c e l l s ,  p lus  t h e i r  assoc!ated reactants ,  a re  
i nd i s t i ngu i shab le .  This cou ld  be o f  advantage, f o r  example, i f  over t ime there 
were a  ne t  p a r t i t i o n i n g  o f  reactants  by e l e c t r o d i a l y s i s  o r  a  ne t  so lvent  t rans -  
f e r  by electro-osmosis.  The system could be discharged and then placed back 
i n t o  operat ion w i t h  i t s  p o l a r i t y  reversed, thus d r i v i n g  the t r ans fe r red  mater- 
i a l s  back toward t h e i r  I n i t i a l  l oca t ions ,  ye t  no t  i n t e r f e r i n g  w i t h  the system's 
f unc t i on  as a  storage device. This mode o f  operat ion has been used r o u t i n e l y  
I n  t he  labora to ry .  Po la r i za t i on  data f o r  a  c e l l  i n  i t s  i n i t i a l  con f i gu ra t i on  
and a f t e r  two subsequent p o l a r i t y  reversa ls  ( f i g .  24) show c e l l  performance t o  
be t o t a l l y  unaf fected by t h i s  t reatment.  

The ne t  r e s u l t  o f  the  development e f f o r t  f o r  a  chromlum e lect rode c a t a l y s t  
f o r  opera t ion  w i t h  mixed reactants  a t  e levated temperature was the emergence o f  
bismuth as the most a t t r a c t i v e  candidate, by f a r .  The use o f  the bismuth cata 
l y s t  was shown t o  r e s u l t  i n  a  very f o r g i v i n g  system w i t h  a  s u r p r i s i n g l y  broad 
range o f  opera t iona l  flexibility. 

Membranes 

A s  mentioned e a r l i e r ,  the i n a b i l i t y  of the present generat ion o f  an ion 
exchange membranes t o  r e t a i n  acceptable s e l e c t i v i t y  a t  temperatures of  approxi- .  
mately 65" C made necersary the  swi tch t o  the mixed-reactant mode o f  Redox 
system operat ion.  Table V presents s e l e c t i v i t i e s  a t  ambient and elevated tem- 
peratures f o r  the ion-exchange membranes, both anion and ca t ion ,  evaluated a t  
Lewis. These s e l e c t i v i t t e s  should be viewed i n  the  context  o f  the  o r i g i n a l  
t a r g e t  value of 5 pg ~ e + ~ / h  cm2 M deemed necessary f o r  e l e c t r i c  u t i l i t y  a p p l i -  
ca t ions  us ing unmixed reactants .  

Although i n i t i a l l y  both anion and c a t i o n  exchange membranes were screened 
f o r  use a t  65" C,  a t t e n t i o n  soon was focused on the  c a t i o n  types. The reasons 
f o r  t h i s  s h l f t  i n  emphasis had t o  do w i t h  the  membrane's s t a b i l i t y  o f  r e s i s -  
t i v i t y ,  ease of f ab r i ca t i on ,  phys ica l  d u r a b i l i t y ,  and cost .  Developmental 
membranes f o r  eva lua t ion  a t  Lewis were acquired from Ion ics ,  Inc . ,  and from R A I  
Research Corporat ion.  Several others were provided by the  E lec t ro techn lca l  
Laborator ies  of Japan. 

The pr imary c r i t e r i o n  used t o  de f ine  the new membrane development goals 
was t h a t  t he  r e s i s t i v i t y  should be less than 0.5 ohm-cm2. I t  was acknowledged, 
o f  course, t h a t  the  g rea te r  the success i n  ach iev ing t h i s  goal, the poorer 
would be t he  membrane selectivity and the g rea te r  would be the r e s u l t i n g  c e l l  
se l f -d ischarge ra te .  Therefore there ex i s t s ,  f o r  a  g iven membrane, an optimum 
cur ren t  dens i t y  t h a t  w i l l  maximize the c e l l  energy e f f i c i e n c y .  The e f f e c t  of  
cu r ren t  dens i t y  on working c e l l  coulombic and energy e f f i c i e n c y  f o r  the mem. 
branes evaluated a t  Lewis i s  shown i n  f i g u r e  25. A change i n  cu r ren t  dens l ry  
can be p i c t u red  as occur r ing  I n  e l t h e r  of two ways: a  change i n  cu r ren t  f o r  a  
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TABLE V. - EFFECT OF TEMPERATURE ON SELECTIVITY OF 

MEMBRANES FOR ELEVATED-TEMPERATURE OPERATION 

WITH MIXED REACTANTS 

1- 1 Type ( Sourcc 1 Temperature, *C 
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c e l l  o f  f i x e d  s i ze  ( t h e  normal laboratory  procedure), o r  a  change i n  c e l l  s i ze  
f o r  a f i x e d  cur ren t  (as i n  the redeslgn o f  a  system). I n  e i t h e r  case, increas 
i n g  cu r ren t  dens i t y  w t l l  reduce the vo l tage e f f i c i e n c y .  But the  coulomblc 
e f f j c i e n c y  w i l l  improve because o f  the snor ter  cyc l e  o r  the reduced membrane 
area, depending on how the cur ren t  dens l t y  increase was implemented. 

The p r e c l s ?  r e l a t i o n s h i p  between resistivity and selectivity f o r  a  g lven 
membrane type cannot be pred ic ted,  beyond the f a c t  t h a t  i t  i s  an inverse  func- 
t i o n .  Nor can e i t h e r  o f  the two c h a r a c t e r i s t i c s  be var ied independently o f  the 
o ther .  Thus the membrane eva lua t ion  task a t  Lewis evolved i n t o  the process o f  
obtaining new membranes o f f e r i n g  a  wide range of  r e s i s t i v i t y / s e l e c t i v i t y  com- 
b i na t i ons  and opera t ing  them i n  xo rk ing  c e l l s .  R e s i s t i v i t y  i s  p l o t t e d  agalnst  
s e l e c t i v i t y  i n  f i g u r e  26 f o r  the  membranes tes ted  a t  Lewls. Each membrane was 
evaluated a t  e levated temperature, us ing mixed reactants .  Constant-current 
cyc les were c a r r i e d  ou t  between f i x e d  c u t o f f  vol tages ( r e f .  37) .  For each mem- 
brane the coulomblc and energy e f f l c l e n c l e s  typically were determined f o r  such 
cyc les over the  cu r ren t  dens i t y  range 40 t o  120 mA/c,n2, depending on where 
the  peak energy e f f i c i e n c y  occurred. Table V I  presents a t y p i c a l  set  o f  data 
f o r  one o f  the  developmental membranes. This mapping process r e s u l t  d i n  a  
data base present ing,  a t  l eas t  : n~ ; l l i c i t l y ,  the  relationships between r e s l s t i v -  
I t y ,  s e l e c t i v l t y ,  cu r ren t  dens i ty ,  and c e l l  operat ing e f f l c i e n c y  f o r  each o f  
the  developmental membranes. Table V I I  summarizes these d a b ,  showing f o r  
each membrane the  r e s i s t i v i t y ,  se:ect iv i ty ,  and performance c h a r a c t e r i s t i c s  a t  
I t s  optimum cur ren t  dens i t y .  

The most s i g n i f i c a n t  aspect o f  these data, o f  course, i s  t h a t  exce l l en t  
energy e f f i c i e n c i e s  were o b t ~ i n e d  a t  cu r ren t  dens l t i e s  much greater  than usual 
f o r  f l ow  b a t t e r y  operat ion,  which i s  about 30 mA/cm2. The associated h igh  
power dens i t i e s  ( i n  m i l l i w a t t s  per square cent imeter )  w i l l  r e s u l t  i n  much 
smal ler ,  and there fo re  less expensjve, c e l l s  and stacks than p rev ious ly  
requi red f o r  a g iven system power l e v e l .  The data a l so  I nd i ca te  t h a t  membranes 
might be se lected f o r  t h e i r  s u i t a b i l i t y  f o r  p a r t i c u l a r  app l i ca t ions  ( r e f .  1 ) .  
For example, i f  a  storage system must be used i n  a  standby mode f o r  extended 
per iods,  a membrane o f f e r i n g  good coulomblc e f f l c i e n c y  might be p re fe rab le  t o  
one capable o f  h igh - ra te  operat lon.  On the other  hand, applications t h a t  
p lace a  premium on c a p i t a l  cos t  might r equ i r e  the  smal lest  poss ib le  c e l l s  and 
stacks. 

The c y c l i n g  o f  Redox c e l l s  a t  h l gh  cu r ren t  dens l t i e s  between f i x e d  c u t o f f  
vol tages ra i ses  t he  quest ion o f  the  e f f e c t  o f  cu r ren t  dens i t y  on reactant  
u t i l i z a t i o n  For example, f o r  a  c e l l  being j ischarged, the greater  the cu r -  
r en t  dens i ty ,  the higher w i l l  be the s t a t e  o f  charge when the c u t o f f  vo l tage 
i s  reached. Computations w.,e done us ing a model based on c u r r ? n t  dens i ty ,  
c e l l  r e s i s t l v i t y ,  c u t o f f  voltages, and reactant  f l o w  ra tes .  The r e s u l t s  
( t a b l e  VIII) i n d i c a t e  t h a t  even a t  cu r ren t  dens i t i e s  o f  100 m ~ / c m ~ ,  a  c e l l  o f  
0.8-ohm-cm2 r e s i s t i v i t y  would operate between state-of-charge l i m i t s  of  4.7 and 
95.3 percent, g i v i n g  a  reac tan t  u t i l i z a t i o n  of 90.6 percent.  Normal operat lon 
o f  a  Redox system t y p i c a l l y  i s  assumed t o  be between 10- aod 90-percent s t a t e  
o f  charge, g i v i n g  a  u t i l i z a t l o n  o f  80 percent.  Thus operat lon even a t  3 igh 
cu r ren t  dens i t i e s  w i l l  no t  have a  significant e f f e c t  on reactant  utilization. 

The t r anspo r t  processes occur r ing  across a  charged membrane I n  t h e  pres- 
ence o f  i o n i c  species and p o t e n t i a l  grad lents  a re  complex ( r e f .  12 ) .  As men- 
t i oned  e a r l i e r ,  there l l sua i l y  i s  a  net  amount o f  so lvent  t r ans fe r  from one 
reactant  system t o  the other .  There a l so  w i l l  be a  partition in^ o f  t he  
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TABLE V I .  - EFFECT OF CURRENT PENSITY ON REDOX 

CELL EFFICILYCY 

[ l o n i c s  W285-09 ( 7 mi 1 ) membrane; temperature, 
65' C, , . ~ ~ t d  reactants . ]  

TABLE V I I .  - REDOX CELL PCDFORMANCE FOR VARIOUS MEMBRANES AT THEIR RESPECTIVE 

PPTIMUM CURRENT DENSITIES 

114.5-cm2 c e l l ;  temperature, 65' C; mixed reactants . ]  
---- - -----  emb bran;^^^^ ~ ~ ~ y ~ ~ T + ~ [ ~  curren t ,  r e s i s t i v ' t y ,  e f f i c i e n c y ,  e f f i c i e n c y ,  [ ug Se Fe /h r  1 ec t i cr'. v i !&I 
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210 1 

200C 1 
W 285-9039 I o n i c s  3700 
1155-213-45 1.19 

.53 2900 I 

1155-214-45 .59 93 3100 1 
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TABLE V I I I .  - EFFECT OF CURRFNT 

DENSITY ON REACTANT UTILIZATION 

FOR CONSTANT-CURRENT CYCLES 

BETWEEN CUTOFF VOLTAGES 

OF 1.20 V and C.76 V 

[ C e l l  r e s i s t i v i t y ,  0.8 ohm-cm2; 
r e a c t a n t  f l o w  ra te ,  1.5 t imes 
s t o i c h i o m e t r i r .  1 

u t i l i z a t i o n ,  



reactants  depending on, among other  fac to rs ,  the d l f f u s i v i t i e s  o f  the  vario*.s 
reactant  i o n  specles. 

For operat ion i n  rhe unmixed-reactant mode these t ranspor t  processes 
threaten severe r e a c t m t  maintenance d i f f i c u l t i e s ,  espec ia l l y  over iong dura- 
t i o n s .  I n  the  mtxed-reactant mode, however, they a re  e a s i l y  accommodated. 
E i t h e r  on a scheduled bas is  o r  i n  respo9se t o  the  evceeding o f  an establ4.hed 
l i m i t ,  the  c e l l  o r  systec can be f u l l y  dtscharyed and the  two reac tan t  volumes 
completely mixed. I f  the reactants  have been kept chemica l ly  i n  balance, ~ n d  
i f  both con ta in  adequate bismuth s a l t ,  the r o d i s t r i b u t t o n  o f  equal reactant  
volumes t o  the resoec t i vs  tankage systems a f t e r  reb lendlng w i l l  completely 
reverse the  e f f e c t s  o f  any ne t  reac tan t  o r  so lvent  t ranspor t .  This process 
was c a r r i e d  out  many times i n  the  labora to ry  and became a r o u t i n e  p a r t  o f  t l  
normal operat ion o f  c e l l s .  F:gure 27 inc ludes p o l a r i z a t i o n  data M e n  before 
and a f t e r  a  per iod  o f  c y c l i n g  dur ing  which the  reactants  were reblended t h ree  
cimes. The po1ar:zation curves a re  unchanged, showing t h a t  t h i s  t reatment,  
which i s  made necessary by the  mewbrane cha r ( i c t e r i s t l c s ,  has no adverse e f f e c t  
on the  a c t i v i t y  o f  e i t h e r  c e l l  e lec t rode.  

The development e f f o r t  f o r  m~mbranes s p e c i f i c a l l y  f o r  use I n  Redo- c e l l s  
operat ing a t  65" C w i t h  mixed rea t t sn t s  thus h ~ s  had constderable ;uccess. '. 
se r ies  o f  ca t i on  exchal.ge membranes w i t h  low r e s l s t i v i t l e s  have been developed 
by two pr imary suppl iers ,  Ion ics ,  Inc. ,  and the  R A I  Research Corporat ion,  and 
evaluated a t  Lewis. Ce l l s  u s l r ; ~  these membranes have beell ihown t o  operats a t  
h igh  e f f i c i e ~ c y ,  even a t  cu r ren t  dens t t ies  approachfng 100 m'!cm2. The mcm- 
branes a re  s tb tdy  and showed no d e t e r i c r a t l o n  wh i l e  being tested.  tiowever, 
t e s t  du ra t ions  were shor t ,  none exceedjng 4 months; l i f e  t e s t l n g  would be an 
Important requirement f o r  any f u r t h e r  development e f f o r t .  

Performance and Cos+ 

The improvement i n  Redox c e l l  performance t h a t  has rss~St:t j  from ;he 
change t o  operatSon w i t h  mixed reactants  a t  65" C i s  i l l u s t r a t e d  :.: "able I X .  
A comparison i s  made between a c e l l  opera t ing  i n  the neg mode and a c e l l  a t  
25" C w i t h  unmlxed reactants .  Ezch c e l l  i s  shown t o  be opera t ing  a t  a  cu r req t  
dens i t y  t y p i c a l  f o r  I t s  respec t i ve  opera t ing  mode; eacn c c l l  i s  assumed t o  be 
i n  a b i p o l a r  stack sc t h a t  t o t a l  r r l l  r e s l s t l v i t y  i s  near l y  equal t o  the mem-. 
brane r e s i s t i v i t y .  

The wost s i g n i f i c a n t  d i f f e rence  between the  c e l l s  i s ,  o f  course, the  f i v e -  
f o l d  reduc t ion  I n  membrane r e s i s t i v i t y  f o r  the  new operat ing mode; Thlc i n  
t u r n  r e s u l t s  i n  an increase i n  power dens i ty ,  Cram 29 t o  73 mW/cmL, w l t h  v i r -  
t u a l l y  no loss i n  energy e f f i c i e n c y .  

For the  new operat ing mode the  e f f e c t  o f  the hlghe: temperature or, the  
e q u i l i b r i u m  between chromic i o n  species permi ts  f u l l  reac tan t  u t i l i z a t i o n ,  com- 
pared w l t h  40 t o  50 percent f o r  the  25" C system. I D  the l i g h t  o i  t h i s  charac- 
t e r i s t i c ,  the  argument could be made t ha t ,  i n  order f o r  t he  two systems t o  have 
equal capac l ty ,  t he  25"  C system would r equ i r e  a 100 percent excess o f  chromlum 
reac tan t  t o  a l l o w  f o r  the  f r a c t i o n  o f  chromic ch l o r i de  t h a t  was e lec t rochea i -  
ca:ly i n e r t .  Thus the apparent cost  pena l t y  f o r  operat iun w i t h  mixed reactants  
would become l n s i g n l f  i c a n t  . Even d is regard ing  t h i s  argument, though, i t s t 1  11 
seems u n l i k e l y  t h a t  the  cos t  of reactants  per k i l owat t -hour  of mlxed-reactant 
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TABLE I X. - COMPHRISOh OF REWX SYSTEM 

OPERATING WOES 

1 7 " i x e a  reac tan ts  I ; r e a r t a n t s  ~ i z - 1  
\ a t  25' C 1 a t  65. C I 

l~eslbrane r e s i s t i v i t y ,  o m-cm2 9 2.5 1 
I ~ e l e c t i v i t ~ ,  ~g F e l h  cm H I 20-30 
IOpen-c i rcu i t  vo l tage  a t  1 I 

SC-percent s t a t e  o f  charge, 3 ; 1.05 1 
N m i n a l  c u r r e n t  densi ty .  null m / 30 5 /Nominal power density, N I c m  1 29 1 
Cell ef f i c iency ,  percent: 1 Vol tage 

I i 87 
Coulombic i 99 
Energy ! 86 i 
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operat lon would be tw ice  t h a t  f o r  operat ion w i t h  separate reactants .  The rea-  
son i s  t h a t  t he  expensive separat ion o f  i r o n  and chromlum s a l t s ,  necessary f o r  
t he  >roduct lon processes s t a r t i n g  w i t h  chromite ore o r  ferrochrome, could be 
e l  lmlnated . 

As discussed e a r l i e r ,  the system cos t  study by UTC indicated t h a t  a  system 
operat ing a t  108 rnW/cm2. w l t h  separate reactants  a t  $22/kWh and tankage a t  
$0.6O/gal, would cost  about $63/kbiq-I. On the  bas is  o f  the reac tan t  cost  s tud ies 
by the A l l i e d  Chemical Co. and CRA, a  cos t  o f  $2O/kWh f o r  m!xed reactants does 
no t  jeem unreasonable. By making a co r rec t i on  per the  previous tab le ,  f o r  
operat lon a t  73 rnW/cm2, a  t o t a l  system cos t  f o r  mixed-reactant operat lon of  
$bS/kWh t o  $75/kWh can be der ived from the  UTC analys is ,  depending on the 
assumptions concerning tankage cost.  (The h igher  f i g u r e  corresponds t o  the 
UTC assumption.) 

I t  thus aprears t h a t  the  Redox c e l l  performance improvements associated 
w i t h  operat ion a t  65" C u l t h  mixed reactants  a re  nea r l y  ' free." That I s  t o  
tay,  the re  i s  no obvious cos t  pena l t y  t h a t  would m i l i t a t e  against  the  use o f  
t h i s  operat ing mode. 

CONCLUDING REMARKS 

The completion o f  the Redox p r o j e c t  f l nds  the s t a t e  o f  Iron-chromium f l ow  
b a t t e r y  technology t o  be q u i t e  encouraging. Dur ing the e a r l i e r  phases o f  the 
p ro j ec t ,  a ~ d  !n s p i t e  o f  r e l a t i v e l y  poor electrochemical  performance a t  t h a t  
time, the  baslc concept o f  t he  Redox b a t t e r y  was shown t o  be t e c h n i c a l l y  
v iab le .  This was p a r t i c u l a r i y  t r u e  f o r  the  system-level func t ions  such as 
rebalanclng, determining t he  s t a t e  o f  charge, and us lng t r l m  c e l l s .  These 
funct ions,  p lus  the  remarkable opera t iona l  f l e x i b i ! l t y  of the Redox system were 
demonstrated dur ing  t ne  t e s t i n g  o f  a  1-kW, 13-kWh system uced as storage f o r  a  
p t ~ o t o v o l t a i c  ar ray.  Also, w l t h  regard t o  s i n g l e - c e l l  development, t he re  were 
several  very s i g n i f i c a n t  accomplishments. Probably the  most notab le  o f  these 
was the  development o f  the  go ld- lead c a t a l y s t  f o r  chromium e lec t rode  reactions. 
For the  f i r s t  t ime i t  became poss ib le  t o  ob ta in  good redox reac t ion  k i n e t l c s  
wh; re mln lmlz ing hydrogen evo lu t ion .  New classes o f  anlon exchange memtranes 
a l s o  were developed. Although no t  ach iev ing the  e x i s t i n g  t a rge t  values f o r  
r e s i s t i v i t y  and s e l e c t i v i t y ,  these membranes were " f i n e  tuned" u n t i l  they 
o f f e red  the  best t r adeo f f  between these twc c h a r a c t e r i s t i c s  a v a i l a b l e  among the 
present generat ion o f  membranes. 

The long-sought-af ter  breakthrough i n  e lect rochemica l  performance came 
through the l e a l i z a t i o n  t h a t  t he  chromium reac tan t  contalned a chromic i o n  
species t h a t  was e lect rochern lca l ly  nonreact ive.  This revealed t he  need t o  
increase t he  operat ing temperature from 25" t o  65" C, which I n  t u r n  made neces- 
sary operat ion w i t h  mlxed reactants .  The new mode o f  operat ion permi t ted  the 
use -' membranes tha t ,  a l though having very poor s e l e c t i v i t i e s ,  had t he  advant- 
age o f  very low r e s i s t i v i t i e s ,  around 0.5 ohm-cm2. These changes I n  the 
design and mode o f  operat lon o f  Redox c e l l s  increased t he  operat ing cu r ren t  
dens i t y  from 20 t o  30 mA/cm2 t o  60 t o  80 mA/cm2 w i thou t  an at tendant  loss 
of e f f i c i e n c y .  

A new chromlum e lec t rode  ca ta l ys t ,  bismuth, was developed f o r  opera t ion  a t  
e levated temperature. This c a t a l y s t  I s  a c t i v e  f o r  t he  chromlum redox react ions 
ye t  has a h i gh  hydrogen overpo ten t ia l .  I n  add i t i on ,  i t  i s  e a s i l y  s t r i pped  and 



reformed, which makes poss lb le  a verv " f o r g l v i n g u  bystem, capable o f  rnaintaln 
i n g  o r l g i n a l  l e ve l s  o f  performance. l s ing  t h i s  c a t a l y s t  a l so  Increases the 
inherent  f l e x l b i l i t y  o f  the Redox sy  m. 

Cost analyses f o r  the 25" C ,  separate- reactant  mode o f  operat ion i nd i ca ted  
a s e l l i n g  p r i c e  f o r  mass-produced Rsdor syqtems o f  SbO t o  $70/kWh. Pre l lminary  
ana lys is  f o r  the 65" C, mlxed- reactant  mode suggested t ha t  the increased reac t  
ant cost  e s s e n t l a l l y  i s  balanced by the a b l l i t y  t o  use smal ler  stacks and less 
expenslve ma te r i a l s .  Thus the cost p ro j ec t i ons  s t i l l  show the Redox system t o  
be capable of meeting the  goals estab l ished by most p o t e n t i a l  users. 

Dur ing the  r e l a t i v e l y  b r l e f  development per iod  f o r  the 65" C, mixed- 
reactant  opera t ing  mode (about 2 y r ) ,  no l i f e - l i m i t i n g  c h a r a c t e r l s t l c s  were 
discovered. However. any f u t u r e  renewal o f  work on the iron-chromium system 
should inc lude  extended, methodical c yc l e  l i f e  t es t i ng .  Other than tha t ,  the 
Redox system i s  now considered t o  be ready f o r  scaleup t o  a s l ze  adequate t o  
evaluate i t s  t r u e  p o t e n t i a l  f o r  the comnercial market f o r  energy storage. 
Standard O i l  o f  Ohio (Soh!o) has undzrtaken such an eva lua t lon  o f  the tech- 
nology, to  be fol lowed by f b r t h e r  development, i f  warranted, and subsequent 
comnerc la l izat ion.  The t r a n s f e r  o f  the  technology t o  Sohlo i s  supported by 
the NASA Technology Ut l l l ;a t !on Of f i ce ,  and an exc lus ive  l j cense  f o r  patents 
owned by NASA was obtained from NASA by Sohio. 
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