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A Chemical Energy Storage and Hydrogen Energy Systems Cont rac ts  
Review i s  he ld  annual ly  by t h e  DOE Divis ion  of Energy Storage  Systems 
(STOR). The review inc ludes  t h e  p r e s e n t a t i o n  of r e s u l t s  of con t r ac t ed  
and in-house e f f o r t s ,  w i th  ques t ions  and d i scuss ions ,  followed by an 
Executive Session i n  which i n v i t e d  reviewers  from o u t s i d e  t h e  program 
provide  eva lua t ions  ' t o  STOR. The f o u r t h  annual  review was he ld  a t  t h e  
Sheraton I n t e r n a t i o n a l  Conference Center a t  Reston, V i rg in i a ,  on 
November 1 3  and 14, 1979, followed by an  Executive Session on November 
15th.  

Brief  summaries of t h e  i n d i v i d u a l  a c t i v i t i e s  a r e  included i n  t h i s  
document, a long  wi th  one page summary shee t s .  An overview i s  given 
by t h e  Program Manager, D r .  Robert R. Reeves. This  i s  followed by a 
summary of t h e  Electrolysis-Based Hydrogen Storage Systems by Aless io  
Mezzina, Brookhaven National  Laboratory,  who manages t h a t  a c t i v i t y .  
Following t h e  summaries of wvrk under t h e  Erookhaven Program i s  a Summary 

L. of t h e  NASA Hydrogen Energy Storage Technology P r o j e c t  by James H. 
Kel ley,  Manager of Hydrogen Systems and Technology, J e t  Propulsion 
Laboratory. The f i n a l  pages of  t h e  document l i s t  t h e  Reviewers and 
o t h e r  p a r t i c i p a n t s  i n  t h i s  review. 

The Review t h i s  year  was arranged by t h e  J e t  Propuls ion  Laboratory 
wi th  Courtesy Assoc ia tes ,  Inc . ,  s e rv ing  as Conference Coordinator.  I 
would l i k e  t o  thank Congressman Charles  E. Grassley,  3rd D i s t r i c t ,  Iowa, 
f o r  s e rv ing  a s  ou r  gues t  speaker .  I would a l s o  l i k e  t o  thank our  re- 
viewers  f o r  t h e i r  c o n t r i b ~ ~ t i o n s  dur ing  t h i s  t h r e e  day review. I would 
l i k e  t o  express  my a p p r e c i a t i o n  t o  M r s .  Annmarie Pi t tman of  Courtesy 
Assoc ia tes  and t o  h e r  a s s i s t a n t ,  M i s s  Peggy Lyons f o r  t h e i r  outs tand-  
i n g  job i n  organiz ing  t h e  review, handl ing  t h e  correspondence and 
documentation and f o r  conducting t h e  t h r e e  days of t h e  review a s  an 
e f f i c i e n t  , smooth-running func t ion .  I would a l s o  l i k e '  t o  thank Mrs. 
Wanda Nelson of JPL f o r  reviewing f a c i l i t i e s  and s e l e c t i n g  t h i s  s i t e  
and f o r  e s t a b l i s h i n g  and managing ou r  c o n t r a c t  wi th  Courtesy Associates .  

James H. Kel ley,  Manager 
Hydrogen Systems and Technology 
J e t  Propulsion Laboratory 
Pasadena, C a l i f o r n i a  
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DOE CHB3ICAL/HYDROGEN EF!ERGY SYSTMS PROGP-A-M 

Rober t  R. Reeves 

U. S.  Department of  Energy 

I n t r o d u c t o g  - Comments 

T h i s  y e a r  marks a  change i n  t h e  managemeat 
s t r u c t u r e  of  t h e  hydrogen program. I n  a d d i t i o n ,  
D r .  Bever ly  Berger ,  program manager f o r  t h e  
l a s t  two and one h a l f  y e a r s ,  h a s  l e f t  f o r  p,reen'er 
p a s t u r e s  i n  DOE'S Biomass Program. The S t o r a g e  
D i v i s i o n ' s  funding  i n  t h e  hydrogen program has  
a l s o  changed,  w i t h  a  s i g n i f i c a n t  d rop  from FY 1979.  

The Program is now managed a t  t h e  Department of  
Energy ' s  Brookhaven Area O f f i c e  (BHO) by Rober t  
F r i e s s .  The Brookhaven N a t i o n a l  L a b o r a t o r y  
s u p p l i e s  s u p p o r t  by c o n t r a c t i n g  and managing 
p r o j e c t s  and p r o v i d e s  i n p u t  f o r  program p l a n n i n g  
and d i r e c t i o n  under t h e  l e a d e r s h i p  of  A1 Yezz ina .  
The J e t  P r o p u l s i o n  L a b o r a t o r y  c o n t i n u e s  t o  p r o v i d e  
t e c h n i c a l  gu idance  f o r  t h e  thermochemical  and 
advanced p r o j e c t s  a r e a .  Both l a b o r a t o r i e s  perform 
r e l a t e d  R and L. The Aerospace C o r p o r a t i o n  i s  
p r o v i d i n g  s u p p o r t  t o  BHO w i t h  L a r r y  Wi l l iams  a t  
t h e  hel.m, 

The Chemical. !!eat Pump (CHP) program e lements  
a r e  now i n c o r p o r a t e d  i n t o  t h e s e  a c t i v i t i e s .  
P r e v i o u s l y  CHP p r o j e z t s  were p a r t  of  t h e  thermnl  
program. Table  I i n d i c a t e s  t h e  management 
s t r u c t u r e ,  t h e  key p e o p l e ,  and t h e  main program 
a r e a s .  A l l  o f  t h e  a c t i v i t i e s  a r e  under t h e  
s u p e r v i s i o n  of Bob F r i e s s .  

I 

At DOE Washington, we now r e d i r e c t  o u r  a c t i v i t i e s  
some.?het w i t h  emphasis  on l o n g  r a n g e  p l a n n i n g ,  
budget  p r e p a r a t i o n s ,  and i n t e r - D i v i s i o n a l  
coord ina t ion . .  Gle e x p e c t  t h e s e  changes i n  
r e s p o n s i b i 1 i t j . e ~  t o  f u l f i l l  t h c ,  s p i r i t  o f  tile 
d e c e n t r a l i z a t i o n  phi losophy,  which i n c l u d e s  t h e  
t r a n s f e r  o f  program manzgement from Washington 
t o  a  f i . e l d  l o c a t i o n .  

!le a p p r e c i a t e  BHO and Bob F r i e s s  f o r  t a k i n g  on t h i s  
new r o l e  and look  forward t o  a  p r o d u c t i v e  working 
r e l a t i o n s h i p .  At t h e  same t ime,  A1 Mezzina,  
Brookhaven N a t i o n a l  Labora tory  (BNL), h a s  taken  
on management d u t i e s  i n  t h e  CHP a r e a  i n  a d d i t i o n  
t o  t h o s e  i n  hydrogen,  w h i l e  t h e  J e t  P r o p u l s i o n  
L a b o r a t o r y  (JPL) c o n t i n u e s  w i t h  J i m  !:ellev a s s i s t i n g  
i n  f u l f i l l i n g  commitments t o  t h e  I n t e r n a t i o n a l  
Energy Agencies under Annex 111 o f  t h e  hydrogen 
agreement concerned w i t h  market  and c o s t i n g ,  
p r o i e c t i o n s .  

A s p e c i a l  thanks  i s  due t o  t h e  JPL s t a f f  who 
p layed  an i m p o r t a n t  r o l e  i n  t h e  hydrogen p r o s r a n  
over  r e c e n t  y e a r s .  The d e c e n t r a l i z a t i o n  move 
r e q u i r e d  r e s t r u c t u r i n g  of  management d u t i e s ,  b u t  
we a r e  p l e a s e d  t h a t  we w i l l  c o n t i n u e  t o  h a ~ l e  
t h e i r  a s s i s t a n c e  i n  t h e  program. 

The Chemical Heat Pump program was managed 
under C. J .  Sve t  a t  DOE Washington by 
B i l l  Wilson and h i s  group a t  Sandia  L a b o r a t o r i e s ,  
Livermore (SLL). A t  t h e  r e q u e s t  o f  SLL, t h e  
management was t r a n s f e r r e d  and BNL a c c e p t e d  t h e  
r e s p o n s i b i l i t y  l a t e  i n  FY 79 and t h a t  t r a n s f e r  
i s  j u s t  a b o u t  com3le te .  C .  J .  h a s  l e f t  DOE t o  

go i n t o  p r i v a t e  b u s i n e s s ,  and we w i l l  i n c l u d e  
C & J . ' s  and o u r  own thanks  t o  t h e  SLL group 
f o r  t h e i r  many y e a r s  of e f f o r t  i n  e s t a b l i s h i n g  
and s t r u c t u r i n g  t h e  CHP program f o r  t h e  
S t o r a g e  D i v i s i o n .  

I t  may be no ted  h e r e  t h a t  t h e  D i v i s i o n  of  
Energy S t o r a g e  Systems is  now unde'r The 
A s s i s t a n t  S e c r e t a r y  f o r  Conserva t ion  and S o l a r  
Energy,  r a t h e r  than  Snergy Technology,  
which was r e c e n t l y  . d i s s o l v e d  i n  reoreani.z.at.ion. 

A t  t h e  t ime  of w r i t i n g ,  t h e  o f f i c i a l  budget  
n u m b e r s , a r e  n o t  a v a i l a b l e ,  b u t  i t  a F p e a r s  
t h a t  t h e  FY 80 budget  f o r  hydrogen w i l l  be  
$ 4 . 5  m i l l i o n ,  down from about  $6.3 n i l l i o n  
i n  FY 79,  w h i l e  t h e  Chemical Heat  Pump 
program w i l l  be a b o u t  $ 2 . 2  mil l . ion i n  FY SO 
compared t o  about  $ 2  m i l l i o n  i n  FX 79. 

Perhaps  i t  i s  a p p r o p r i a t e  t o  c l o s e  h e r e  -7j.th 
j l i s t  a  few comments concern ing  programmatic 
emphasis .  Hydrogen p r o d u c t i o n  is  c o n s i d e r e d  
of  paramount impor tance ,  and t h i s  i s  meant 
i n  t h e  c o n t e x t  of n o n - f o s s i l  f . .~el  d e r i v e d  
energy  i n p u t .  The SPE E l e c t r o l y z e r  development 
p r o j e c t  a t  Genera l  E l e c t r i c  remains  t h e  l a r g e s t  
s i n g l e  e f f o r t  i n  t h e  program. The e l e c t r o l y z e r  
h a s  t h e  p o t e n t i a l  f o r  v i d e  use  w i t h  s m a l l  
h y d r o e l e c t r i c ,  OTEC, p h o t o v o l t a i c s  a s  w e l l  a s  
w i t h  o f f - p e a k  e l e c t r i c i t y .  The loneer - te rm 
tliermochemical c y c l e s  a r e  b e i n g  emphasized f o r  
s o l a r  energy sys tems  a s  w e l l  a s  w i t h  o t h e r  
h igh  t e m p e r a t u r e  energy  s o u r c e s .  

The Chemical !!eat Pump program i n c l u d e s  b o t h  
h e a t i n g  and c o o l i n g  a p p l i c a t i o n s .  Technologies  
u t i l i z i n g  r a p i d  c v c l i n g  svs tems  have advantages  
i n  terms of p o t e n t i a l .  r a p i d  pay back ,  s i n c e  
t h e y  a r e  used more. S o l a r  powered sys tems  
w i t h  COP of 0.6 i n  a  c o o l i n g  mode, have p o t e n t i a l  
t o  i n c r e a s e  t h e  e f f e c t i v e  h e a t  energy  i n p u t  by 
60X, r e d u c i n g  t h e  r e q u i r e d  s o l a r  c o l l e c t o r s  and 
p r o v i d i n g  some s t o r a g e  c a p a h i l i t i e s  i n  a d d i t i o n .  

Th'e program h a s  a  l a r g e  number of  p r o j e c t s  w i t h  
e x c e l l e n t  p o t e n t i a l .  t o  c o n t r i b u t e  t o  t h e  
a l l e v i a t i o n  of  t h e  n a t i o n ' s  energy  problems.  
D r i v i n g  t h e s e  p r o j e c t s  ahead is  a  l a r g e  number 
of  e x c e l l e n t  s c i e n t i s t s  and e n g i n e e r s ,  who 
r e p r e s e n t  n o t  on ly  some oE t h e  b e s t  i n  t h e  
c o u n t r y ,  b u t  a l s o  some of t h e  most e n t h u s i a s t i c  
i n d i v i d u a l s  i n  t h e  e n t i r e  energy  f i e l d .  

The chemica l lhydrogen  program b r i n z s  w i t h  i t  
e x c i t e m e n t ,  and we l o o k  forward t o  t h e  
e x c i t i n g  r e s u 1 . t ~  a g a i n  and a g a i n  o v e r  t h e  
coming y e a r s .  \ *  
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ABSTRACT 

The Brookhaven Nat ional  Laboratory pro- 
gram management, monitoring and in-house 
research  and development a c t i v i t i e s  i n  
Chemical/Hydrogen Energy Storage Systems 
a re  summarized. The program ob jec t ives  
aim toward development of a technologica l  
base i n  chemical/hydrogen s to rage  tech- 
nology while i den t i fy ing  near-term oppor- 
t u n i t i e s  f o r  technology t r ans fe r .  The 
emphasis i s  on conversion of our inexhaust- 
i b l e  resources  i n  a cos t - e f f ec t ive  manner. 
Budget a l l o c a t i o n s  a r e  summarized showing 
e l e c t r o l y t i c  hydrogen production as  t he  
h ighes t  p r i o r i t y  a r ea  of R and D. A 
~ u d g e t / A c t i v i t y  Summary i s  presented.  The 
program o rgan iza t ion ,  in accordance with 
a work breakdnvn structure, ilrcludatl a 
newly assumed r e s p o n s i b i l i t y  t r ans fe r r ed  
from Sandia Livermore Labora tor ies  to  BNL 
in  Chemical Energy Storage/Chemical Heat 
Pump Systems Development. 

INTRODUCTION 

The BNL FY 79 program was h ighl ighted  by the  
broadening of focus of i t s  technica l  and management 
a c t i v i t i e s  t o  include Chemical Energy Storage/  . . 
Chemical Heat Pump technology development. In  the  
l a s t  qua r t e r  of FY 79, program management responsi -  
b i l i t y  fo r  CES/CHP work was s h i f t e d  by DOEISTOR from 
Sandia Livermore Labora tor ies  t o  Brookhaven Neeional 
Laboratory.  Thus, system inves t iga t ions  w i l l  be 
d i r ec t ed  toward a more comprehensive evaluat ion  of 
energy s to rage  and use a l t e r n a t i v e s .  The approach 
w i l l  be based upon ob jec t ive  and funct ion  and not 
neces sa r i l y  const ra ined by t i e s  t o  hydrogen as  an 
energy c a r r i e r  o r  working f lu id .  

' Programmatic ac t ions  begun in FY 78 and contin- 
ued through FY 79 have s h i f t e d  emphasis toward near- 
term payoff of technology app l i ca t ion .  The primary 
aim i s  the  more e f f e c t i v e  use of our renewable o r  
abundant resources .  It i s  recognized t h a t  un ive r sa l  
so lu t ions  and major impacts on our energy s i t u a t i o n  
a r e  h ighly  des i r ab l e .  Yet, there  i s  the  awareness 
t ha t  improvements in a l l  energy consumption s e c t o r s  
can be made equa l ly  e f f e c t i v e  in incremental  s t e p s  
through the in t roduc t ion  of modest, unique o r  spe- 
c i a l  purpose energy saving technologies.  

FY 79 OVERVIEW 

The t h r u s t  of the FY 79 program has been di rec-  
ted eva lua t ion  'of accomplishments as  wel l  as  bar- 
r i e r s  to  meeting the s t a t e d  objec t ives .  Each of the 
major areas  of inves t ' iga t ion  has been examined with 
regard t o  the  prospects  of a given innovation o r  
development t o  pene t r a t e  our energy i n f r a s t r u c t u r e .  
Promises a r e  weighed aga ins t  r e a l i t y .  

*Research performed under t h e  ausp ices  of t h e  U.S. 
Department of Energy. 

Hydrogen Production 

Engineering development of s o l i d  polymer 
e l e c t r o l y t e  water electrolysis mainta ins  the  high- 
e s t  programmatic p r i o r i t y .  Base technology advan- 
ces  have been appl ied  t o  the  des igns  and fabr ica-  
t i o n  of t e s t  modules and systems. It remains f o r  
t he  projec ted  systems cos t  and performance bene- 
f i t s  t o  be v e r i f i e d  and f o r  markets t o  be iden t i -  
f i e d  in order  to  j u s t i f y  f u r t h e r  development such 
as  scale-up t o  l a r g e r  multi-megawatt systems. 
Modest e f f o r t s  in advanced a l k a l i n e  systems have 
been pursued whereby advanced components have been 
i d e n t i f i e d  and have been t e s t e d  under condi t ions  
su i t ed  t o  a t t a i n i n g  opera t ing  e f f i c i e n c y  improve- 
ments. These improvements w i l l  be equated t o  cos t  
and used as  base l ine  comparison f o r  o the r  advanced 
systems. 

Storage  Systems and Mate r i a l s  

Metal hydrides have been i d e n t i f i e d  as s a f e  
and e f f e c t i v e  s to rage  ma te r i a l s  f o r  hydrogen. 
Evaluat ion  of cu r r en t  s ta te-of- the-ar t  ma te r i a l s  
development, looking t o  near-term a p p l i c a t i o n s ,  
s t e e r s  away from bulk hydride hydrogen s to rage  due 
t o  cos t  and economic cons ide ra t ions  as  appl ied  
from the  U.S. perspect ive .  Metal hydrides appear 
i n  a much more favorable  l i g h t  when viewed a s  
short-term s torage  media operated in a rapid  cy- 
c l i n g  mode. Mobile s to rage  systems, compressors 
and chemical heat  pumps su r f ace  as  p o t e n t i a l l y  
economically a t t r a c t i v e  systems. 

Chemical Energy StorageIChemical Heat Pump 
ac t ions  taken by BNL in the l a s t  q u a r t e r  of FY 79 
have been d i r ec t ed  toward mainta in ing the momentum 
of previous Sandia Livermore Labora to r i e s '  pro- 
grammatic e f f o r t s .  The systems under inves t iga-  
t i o n  include s u l f u r i c  acid-water,  methanol- 
calcium ch lo r ide  and metal  hydrides.  The cu r r en t  
development s t a t u s  of these  systems po in t s  toward: 
(1) costlperformance v e r i f i c a t i o n  t e s t i n g  of 
scaled-up "design-to-cost" H2S04/H20 systems; ( 2 )  
engineer ing development t e s t i n g  of p i lo t - s ca l e  
CH30~/CaCl2 systems; and ( 3 )  engineer ing des ign 
and evaluat ion  of the "proof-of-concept" HYCSOS 
systems. 

A new ma te r i a l  in terms of . i t s  use in hydro- 
gen s to rage  systems but commercially a v a i l a b l e  
owing to  i t s  app l i ca t ion  as  a p l a s t i c  f i l l e r  prom- 
i s e s  t o  take on the  r o l e  of hydrogen bulk s to rage  
and t r anspor t  media. The ma te r i a l  comprises hol- 
low g la s s  microspheres (approx. 40 micron) t h a t  
can be f i l l e d  t o  pressures  in excess of 6000 p s i .  
The d i f f u s i o n  c h a r a c t e r i s t i c s  a r e  such t h a t  re- 
l e a s e  of hydrogen i s  f i n i t e  but n e g l i g i b l e  a t  
ambient temperatures with rapid  r e l e a s e  e f f e c t e d  
in  the higher regimes. Pre l iminary  cha rac t e r i za -  
t i o n  of these  ma te r i a l s  v e r i f i e s  t h e i r  appl ica-  
t i o n  po ten t i a l .  



E f f o r t s  i n  de te rmin ing  t h e  v i a b i l i t y  of under- 
ground s t o r a g e  of hydrogen a r e  underway and i n d i c a t e  
p o s i t i v e  r e s u l t s  from a  t e c h n i c a l  and e n g i n e e r i n g  
s t a n d p o i n t  wi th  some c o s t  c o n s i d e r a t i o n  c o n s t r a i n t s  
due i n  l a r g e  p a r t  t o  t h e  c o s t  of hydrogen,  per  se.  

End-Use A p p l i c a t i o n s  and Systems S t u d i e s  

Procurement a c t i o n s  have been taken  .and com- 
p l e t e d  r e g a r d i n g  t h e  demons t ra t  ion of hydrogen pro- 
d u c t i o n  from small  hydropower s i t e s .  A l l  i n d i c a t i o n s  
a r e  t h a t  s p e c i f i c  s i t e s  a r e  i d e n t i f i a b l e  i n  reason- 
a b l e  proximi ty  t o  merchant hydrogen markets  and t h e  
. cos t  of producing hydrogen u s i n g  advanced w a t e r  
e l e c t r o l y s i s  technology i s  c o n s i s t e n t  with c u r r e n t  
market  requi rements .  

T h i s  e f f o r t  has  been implemented i n  c o o p e r a t i o n  
w i t h  t h e  D i v i s i o n  of H y d r o e l e c t r i c  Resource Develop- 
ment and h o p e f u l l y  s e t s  the  s t a g e  f o r  o t h e r  i n t e r -  
d i v i s i o n a l ,  i n t r a - d i v i s i o n a l  and even in te r -agency  
e f f o r t s .  Hydrogen can have l o g i c a l  t i e s  wi th  tech- 
nology development i n  s o l a r ,  t r a n s p o r t a t i o n  and 
s y n f u e l s  technology.  

A modest example of in te r -agency  c o o p e r a t i o n  
d e r i v e s  from a  c o o p e r a t i v e  arrangement between DOE/ 
BNL and MERADCOM, Ft .  B e l v o i r .  A meta l  h y d r i d e  
s t o r a g e  bed w i l l  be designed and f a b r i c a t e d  t o  pro- . 
v i d e  hydrogen f u e l  f o r  a  f u e l  c e l l l b a t t e r y  h y b r i d  
powered f o r k - l i f t  t r u c k  under t e s t  a t  F t .  Be lvoi r .  
E v a l u a t i o n s  of t h e  subsystems'  i n t e r f a c e  and p e r f o r -  
mance may permit  f u t u r e  programmatic d i r e c t i o n  con- 
s i s t e n t  w i t h  the  mutual  o b j e c t i v e s  of t h e  p a r t i c i -  
p a n t s .  

FY 80 Programmatic Guide L i n e s  

As i n  FY 79, scoping  a c t i v i t i e s  f o r  FY 80 w i l l  
focus  on t h e  a c c r u a l  of near-to-midterm b e n e f i t s  v i a  
e a r l y  technology t r a n s f e r  and a c t i o n s  t o  enhance 
technology  commerc ia l iza t ion .  Yet ,  BNL s t r o n g l y  
recommends t h a t  e x p l o r a t o r y  and fundamental  i n v e s t i -  
g a t i o n s  be cont inued  s i n c e  major breakthroughs  come 
about  p r i m a r i l y  from t h e s e  h i g h - r i s k  longer-term 
a c t i v i t i e s .  P r o j e c t  a c t i v i t i e s  f o r  FY 80 a r e  sum- 
mar ized  a s  fo l lows:  

. Hydrogen p r o d u c t i o n  w i l l  r e t a i n  program- 
mat i c  p r i o r i t y  but  key d e c i s i o n s  regard- 
ing f u t u r e  d i r e c t i o n  and budget o u t l a y s  
w i l l  be made based upon hard  c o s t /  
performance e v a l u a t i o n s  and market pro- 
j e c t i o n s .  

. Resource c o n v e r s i o n ,  e s p e c i a l l y  renewable  
r e s o u r c e s ,  w i l l  be a s s i g n e d  a  l e a d  p r i o r -  
i t y  with e f f o r t s  e x t e n d i n g  from s m a l l  
hydropower t o  o t h e r  t a r g e t s - o f - o p p o r t u n i t y  
such a s  OTEC. Hydrogen p r o d u c t i o n ' s  r e l a -  
t i o n s h i p  t o  s y n f u e l s  .from c o a l  r e s o u r c e s  
should be explored  i n  g r e a t e r  dep th .  

. Storage  systems and m a t e r i a l s  development 
w i l l  a g g r e s s i v e l y  pursue t h e  near-to-midterm 
a p p l i c a t i o n s  with c o s t  e f f e c t i v e n e s s  be ing  a  
major c r i t e r i a  i n  s e l e c t i n g  o p t i o n s  and es-  
t a b l i s h i n g  p r o j e c t  p r i o r  i t  i e s .  

s a f e t y ,  envi ronmenta l  and economic bene- 
f i t s .  Value from an energy c o n s e r v a t i o n  
s t a n d p o i n t ,  w i l l  be equa ted  t o  c o s t s  and 
where n e g a t i v e  d i s p a r i t i e s  a r e  i d e n t i f i e d  
programmatic o r  t e c h n i c a l  r e d i r e c t i o n  w i l l  
be recommended. 

BNL PROGRAM MANAGEMENT 

The budgetary  breakdown f o r  t h e  E l e c t r o l y s i s -  
Based Hydrogen Energy S t o r a g e  Program is ihown i n  
Table  1. .Funding a l l o c a t i o n s  t o  each of t h e  a r e a s  
of technology and c o n t r a c t o r  funding f o r  s p e c i f i c  
p r o j e c t s  a r e  i l l u s t r a t e d  a long  w i t h  BNL in-house R 
and D and t e c h n i c a l  moni tor ing  suppor t .  

A d d i t i o n a l  funds (527K BA, 60K BO) have been 
provided  f o r  in-house and c o n t r a c t  a c t i o n s  i n  oup- 
p o r t  of t h e  Chemical Energy S torage /Chemica l  Heat 
Pump Program. I n  t h i s  r e g a r d ,  BNL h a s  implemented 
procurement a c t i o n s  f o r  e n g i n e e r i n g  development 
e f f o r t s  f o r  t h e  methanol /ca lc ium c h l o r i d e  and su l -  
f u r i c  a c i d l w a t e r  CES/ CHP systems a t  EIC and 
Rocket Research C o r p o r a t i o n ,  r e s p e c t i v e l y .  Pro j -  
e c t  f o r m u l a t i o n  a c t  ions  d e a l i n g  w i t h  a n a l y t i c a l  
and d e s i g n  e f f o r t s  in  connec t ion  wi th  HYCSOS have 
been taken  t o  permit  Argonne N a t i o n a l  Labora tory  
t o  c o n t i n u e  i ts i n v e s t i g a t i o n  i n t o  meta l  h y d r i d e  
chemical  h e a t  pump technology.  

The ~ u d g e t / A c t i v i t y  Summary f o r  FY 79 is pro- 
v ided  i n  T a b l e  2 summarizing management a c t i o n s  
taken  a t  BNL i n  t h e  Chemical/Hydrogen Energy S tor -  
age  Program. 

The Program O r g a n i z a t i o n  Char t  ( F i g u r e  1 )  
i d e n t i f i e s  t h e  work breakdown s t r u c t u r e  and p r o j -  
e c t  p r i n c i p a l s  a s s o c i a t e d  wi th  each of t h e  a r e a s  
of  technology.  

. Systems s t u d i e s  w i l l  complete technology  
development s p e c i f i c a l l y  i n  the  a r e a s  of 



FIGURE 1 

PROGRAM ORGANIZATION CHART 
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Program Manager 
A. Mezzina 

Hp S t o r a g e  
Systems 

G. S t r i c k l a n d  
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- 

CES/CHP 
T. B o t t s  

H2 S t o r a g e  
M a t e r i a l s  
J. Johnson  

End-Use 
A p p l i c a t i o n s 6  
S y s t .  S t u d i e s  
M. Bonner 
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TABLE 1 

CHEMICAL/HYDROGEN STORAGE SYSTEMS PROJECT 
BUDGETARY BREAKDOWN 

Budget $3800K 

H2 p r o d u c t i o n  GE 
1900 T e l e y n e  

Univ. o f  Va. 
Brooklyn  C o l l .  
BNL 

Hg S t o r a g e  Sys.  F o s t e r  Wheeler  
370 ORNL 

IGT 
EDRI 
B i l l i n g s  
BNL 

112 S t o r a g e  Mat. D R T  
330 INCO 

A i r  P r o d u c t s  
R.J. T e i t e l  
BNL 

End-Use Appl. NYSERDA 
850 A i r  P r o d u c t s  

BNL 

Chem. Heat 'pumps RRC 
527 EIC 

P r o j e c t  Mgmt. B  NL 

Budget $5200K 

H2 P r o d u c t i o n  GE 
1600 Te ledyne  

Univ. o f  Va. 
Brooklyn C o l l .  
BNL 

Hg S t o r a g e  Sys.  F o s t e r  Wheeler 
280 ORNL 

IGT 
EDRI 
B i l l i n g s  
BNL 
R.J. T e i t e l  

H 2 S t o r a g e M a t .  DRI 
250 INCO 

A i r  P r o d u c t s  
R.J. T e i t e l  

. + -  BNL 
EM1 

End-Use Appl. NYSERDA 
685 A i r  P r o d u c t s  

BNL (ERG) 

Chem. Heat  Pumps RRC 
2000 EIC 

BNL 

P r o j e c t  Mgmt. BNL 

*Carryover/SRSA commitments 



TABLE 2 

BUDGETIACTIVITY SUMMARY 

Total Budget $3,800,000 
Contracts 2,200,000 
Carry-over from FY 78 600,000 
BNL Technical/Management Support 1,000,000 

BNL 
In-house RCD . 480,000 
Technical Monitoring 170,000 
Program Management 350,000 

Activities 
Managed 18 RCD contracts .(including CESICHP) 
Evaluated 14 proposals 
Issued one major competitive procurement 

Documents 
Summary program ~lan/Annual Operating Plan 
Monthly Progress Reports 
Annual Report 
Formal Program Reviews 

. l i . ,  'l:,. 

Other 
Conducted FY 78 Contractors' Review Meeting 
Supported DOEISTOR in IEA activities . 
Interaction with,public and private sector 



D W L O P M W T  STATUS OF SOLID POLYMER ELECTROLYTE WATER ELECTROLYSIS 
FOR LARGE SCALE HYDROGEN GENERATION 

J. H. Russell 

General Electric Company 
Wilmington, Mass. 

ABSTRACT 

During 1979, progress continued on the joint 
Department of Energy, Electric and Gas Utili- 
ty and General Electric Company sponsored 
development of the solid polymer water 
electrolysis technology for large scale 
hydrogen generation. 

This program, which is aimed at achieving 
significant improvements in both capital 
cost and conversion efficiency, has pro- 
gressed to the point where systems with' 
capabilities of 500 and 2000 SCFH hydrogen 
are operational and are being used to 
evaluate multi-cell modules of 2.5 f t2 
active area cells. The systems are des- 
cribed and test results to date presented. 
Technology development in support of the 
scale up activities have resulted in Beveral 
component design modifications to enhance 
sealing and improve performance. These 
design modifications are currently being 
incorporated into full sized hardware. 
Design of a 10 ft2 active area cell - the 
next step in hardware scale up is in pro- 
cess. Manufacturing $evelopent of the 
10 ft2 is anticipated to begin in 1980 
after demonstration of 2.5 ft2 cells in a 
full 2000 S W H  module. 

Background , 

The solid paly&r electrolyte water elec- 
trolysis technology development for large 
scale hydragen generation began in 1975 
with a design study for Brookhaven National 
Laboratory (BNL) and has progrpssed since 
then under the sponsorship of the Department 
of Energy (ME), the New Yohk State Energy 
Research and Development Authority (NYSERDA), 
the Niagara Mohawk Power.Corporation (NMPC)I 
the Empire State Electric Energy Research 
Corporation (ESEERCO) , the Gas Research 
Institute (GRI) and *e General Eleotric 
Company. 

The general goals of the program, estab- 
lished On the basis of the 1975 BNL study 
of a 56) UW. ayatemr are. 

Overall system efficiency 85-90% 

rn Syrmm aaprtal m e t  ( ~ B L L ~ L ~  limits) - 
GlSO/KW equivalent (1980 dollars) 

Life - Cells 40,000 8rs 

System Life 20 Years 

Scale Up 2.5 ftz, 10 ft2 

Program Goal 5 MW Demonstration 
Svstem 

E U  Hodub DBD 
z t n n 2 ~ o d r b h ~ ~ o r . o ~ .  
A"""L1.N 
t o w  Mddu* w w  
O I w m - 1 0 1 1 2 ~  
10nZUrutrtunm-1 
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80 cnmuHhm-6 G M ,  
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KW Module 
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~~ 
muem Roou8dF.n 
~/Um.LChclcaut 
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Figure 1. Major Milestones - Bulk Hydrogen 
Generation Program 

2.5 ft2 Cell Evaluation 

Operational evaluation of full sized 2.5 ft2 
cells in a 50 KW test bed system whigh had 
begun late in GFY 78, continued throughou$, 
GFY 79. A total of 17 modules, containing 
from 1 to 12 cells, were tested with xitore 
than 2500 operational hours logged during 
GFY 79. Figure 2 shows a 2.5 ft2 module on 
test in the 50 KW test system. As a result 
of this testing, design modificati6ns aimed 
at i ~ r o v e d  performance, improved water flow 
and improved sealing were identified and are 
being incorporated into the 2.5 ft2 hardware. 

Figuse a .  2.5 ft2 Module on Test in 50 KW 
- Test Bed Systean 

- 
Performance 

The overall milestone chart for the prog 
is shown in Figure 1, the heavy lines 
indicating the present status. 



OPERATING TEMP. 980'00~ I 
I I 1 I I 
6m 1000 1mn 7(1*1 

CURRENT DENSITY - *OF 

2 Figure 3. 2.5 ft Cell Performance 
Comparison 

Initial cells utilized molded carbon current 
collectors which contained a phenolic resin 
binder. The phenolic resin was found to 
be a source of electrode contaminant which 
caused significant performance loss in  the 
range o*f 1000 AMP per ft2 current density 
as shown in Figure 3. Short periods of 
operation at high current density (2000 ASF), 
as indicated by the dashed line, would 
temporarily restore the cells to baseline 
perf orxnance . 
An alternative fluoropolymer binder was 
identified under the technology development 
program which eliminated the contamination 
and offered a significantly shorter molding 
cycle and thus reduced cost. 

sealing. The collector molds have been 
modified to produce molded-in force ampli- 
fiers, sham in Figure 5. Evaluation of 
collectors molded with force amplifiers 
will take place in the near future. 

0 ( 0.2 0.3 
VOLUMETRIC WATER RATE IOPM) 

Figure 4. Effect of: Various Anode Supports 
on Feed Water Flow 

R I B  MOUND PORTHOLES 
Full sized 2.5 ft2 collectors utilizing the ON ANODE SIDE, NUS 
fluoropolyrner/carbon mixture were success- AWOCWSITE E w e  ONLY 

n RI~PPER HOLE) 
fglly molded and demonstrated stable and 

'i 

improved peZfomance in the range of 1000 1 .m 
ASF as can be seen in Figure 3. However, 
the resistance of the initial fluoropolymer 
collectors was relatively high with the 
protective foil to carbon/fluorocarbon 
interface being a major contributor. This ANODE a1m 
i?tieTs-currently being optimized. laom+ 10.497 

Water Flow - 10317 

In the 2.5 ft2 size modules, it was found 
that the 1 mil thick perforated titanium 
foil anode support allowed sufficient 
deflection into the oxygen/water flow field 
to cause increased pressure drop and reduced 

10'517 -1 PORTIIOLE DIA - 0.472 . lOsOO 
water flow which restricted operation at 

RIBS I AROUND PORT 
the higher purrent densities. 

Under the technology developwnt prayram, 
techniques ko fabricate an alternative 
porous titanium plate anode stlppOrt.weYo. 
devezoped. TUs type of support prevides 
significantly fmproved anode suppart and, 
as shown in Figure 4, greatly reduced 
oxygen side pressure drop and imprw8d 
water flow. J 

Cell Sealinq 

With the initial collector configuration, 
practical flatness tolerances in the mold 
collector led to marginal sealing even wi 
extensive application of heat and com- 
pression pressure. The use of force ampli 
fiers (sealing ridges) around the internal 
manifold ports and around the periphery Dimensions and 
of the collector were shown to improve 



200 KW System 

During GFY 1979, assembly and checkout of 
a 200 KW (2000 SCFH) system was completed. 

The system schematic is shown in Figure 6. 
The system is modularly constructed and 
arranged as shown in Figure 7. Photogrephs 
of the main fluid control console and the 
electrical control console are shown in 
Figure 8 and 9 respectively. The system 
is fully monitored and configured with 
automatic shutdown provisions for safe, 
unattended operation. 

I 

1 
I 
I 
I -- 

Figuze 6. 200 KW System Schematic 

Figure 7. 200 KW System Layout 
Scale Drawing 

Figure 8. Fluid Component Sub Assembly 

Figure 9. Electrical Control Console 

The system has been operated using 6 cell 
(25 KW) modules for over 500 hours to date 
with no major difficulty. The majority of 
this time has been unattended operation. 



It is planned to test a full 200 KW module 
in this system early in 1980. 

10 ft2 Cell Design 

The next step in scale up - or cell with 
10 ft2 active area - is well underway. 
The collector design has been completed 
and design of the end plates, fluid plates 
and the remaining compression hardware is 
in progress. The cell is rectangular with 
overall dimension of approximately 75" x 
24". The rectangular shape was selected 
based on anode side pressure drop, manu- 
facturing process and material availability 
considerations. 

Projected Production Cost 

The results of the technology development 
program to date is shown in Figure 10. 
The present technology represents a 79% 
cost reduction relative to the 1975 base 
line. This is approximately 85% of the way 
toward the 93% cost reduction established 
in 1975 as the program goal. The primary 
cost reductions have been in the areas of 
current collectors and catalytic electrodes. 
To date, no suitable lower cost electrolyte 
material has been identified. 

OVERALL GOAL - 93% COST REDUCTION ------- 

Figure 10. Electrolyzer Module Cost 
Reduction Resulting from 
Technology Development Program 

cost and cost of generated hydrogen (in 1980 
dollars) is shown in Figures 11 and 12 
respectively. 

1 2  .s 1 2 S 10 m W 100 

PLANT SIZE IMWI 

Figure 11. Installed Cost Vs. Plant 
Size (1980 Dollars) 

1980 DOLLARS 
PRESENT MATURE PRODUCTION 

26 
GOAL 

00X PLANT EFFICIENCY 
lDOO W F  CURRENT DENSITY 
AMORTIZATION 17% PER YEAR 
OP AND MAINT. 6.4% PER YEAR 

NOTE4 

1MW EQUIV, H W T  - IQ.700 SEFH 
FOR DIFFERENTCOST OF ELECTRICITY 
ADJUST COST OF GAS BY .33$/MBTU 
PER MlLlKWH 

.5 1 2 6 10 20 
PLANT SIZE (MW) 

i%' 12. Cost of Gas Vs. Plant Size 



Y SELECTION AND EVALUATION W' MATERIAf,S FOR ADVANCED WATER ELECTROLYZERS 

S. Srinivasan, R.S. Yeo, G. Kissel, E. Gannon, 
F. Kulesa, J. Orehotsky and W. Visscher 

Department of Energy and Environment 
Brookhaven National Laboratory 

Upton, New York 11973 

Abstract 2. Anode Electrocatalysts for Solid Polymer 
Electrolyte Water Electrolyzers 

Efforts are being made to find better arid more 
stable (i) anode electrocatalysts for solid polymer 
electrolyte water clcctrolyzars and (ii) cell com- 
ponents (e.g., electrdes, separators) for advanced 
alkaline water electrolyzers. Of several mixed ox- 
ides of ruthenium examined as anode electrocatalysts 
in 1 N HzSOs, the ternary system (Ru-Ir-Ta) shows 
most promise. Most of these mixed oxides, prepared 
by the thermal decomposition method, exhibit low 
Tafel slopes for oxygen evolution. As with Pt and 
Ir, multicycling of a Fa-Ir electrode in H2SO4 pro- 
duces a thick oxide layer, as ascertained ellipsom- 
etrically, with enhanced electrocatalytic activity 
for oxygen evolution. High surface area nickel or 
mild steel and nickel whisker electrodes reduce cell 
potentials for water electrolysis in alkaline elec- 
trolyte by about 100 mV. Composite barrier struc- 
tures show prospects of improving chemical and me- 
chanical stabilities of separators in alkaline elec- 
trolyte. The FY 1980 projects will consist of (i) 
assembly of LEED-Auger-ESCA system and development 
of methods to correlate electrocatalytic activity 
and surface properties; (ii) examination of promis- 
ing ruthenium based mixed oxide electrocatalysts in 
single .cells; (iii) electrochemical-ellipsometric 
investigation of Ru-Ir and Fa-Ir-Ta alloys; (iv) 
elucidation of role of hydrogen permeation in metals 
on time variation of hydrogen overpotential; (v) 
improvement of electrode configuration to lower over- 
potential losses; and (vi) examination of composite 
barrier materials. 

1. Introduction 

The activities at BNL during the year were con- 
centrated in two areas: (i) finding better and more 
stable anode electrocatalysts for the General Elec- 
tric Solid Polymer Electrolyte (SPE) Water Electro- 
lyzer and (ii). evaluation of some materials as elec- 
trocatalysts or separators for advanced alkaline wa- 
ter electrolyzers. The Hewlett-Packard Data Acqui- 
sition System was programmed to collect and plot the 
results of current-potential measurements in four 
cells simultaneously. This included half and single 
cell measurements. The slowness of the oxygen elec- 
trode reaction is the major cause of efficiency los- 
ses in water electrolyzers(1). The overpotential 
for this reaction is at least 300 mV during acid or 
alkaline water electrolysis at desired current den- 
sities. A second problem, needing solution, is the 
increase of cell potential for water electrolysis 
with time. In acid electrolytes, this phenomenon is 
due to increase of oxygen overpotential with time 
while in alkaline electrolyte it is predominantly 
due to an increase of hydrogen overpotential(2). 
Efforts are in progress to elucidate the mechanism 
of time variation of overpotential and develop meth- 
ods for its inhibition at BNL and the University of 
Virginia (WA) . 

2.1 Sthenium Based Mixed Oxides 

With the aim of stabilizing ruthenium based 
electrocatalysts for SPE water electrolyzers(3), 
mixed oxides of ruthenium with Ta, Zr, Hf, Ir, W, La, 
Mn, Pb and Sr were prepared by the thermal decomposi- 
tion method on a titani' substrate and were examined 
as ox gen evolution ele2rocatalysts in 1.0 N HzSOt, X 
at 25 C. With some of these oxides, the current- 
potential plots, obtained using the slow potential 
sweep technique, exhibit hysteresis, as shown in 
Figure 1 for WRuOx. This behavior is characteristic 
of electrodes at which there is a time variation of 
overpotential. The mixed oxide LaRuOx behaved in a 
similar manner while the hysteresis was not observed 
with the other mixed oxides. The current-potential 
relations for oxygen evolution on Faox, IrOx, IrRuOx, 
TaRuOx, Tao.sIro.sRu0, and TaIro.sRuo.sOx were ob- 
tained using steady state techniques and the Tafel 
lines are shown in Figures 2 and 3. The time varia- 
tion of over otential at a constant current density 
of 50 mA cm-' is considerably less on the binary and 
ternary oxides than on RuOz. Elucidation of the 
mechanism responsible for improving and stabilizing 
the electrocatalytic activity of ruthenium by alloy- 
ing with tantalum and iridium oxide awaits a detailed 
study of both the surface states and phase diagram 
of the TaIrRu oxide system. 

2.2 Electrochemical and Ellipsometric Studies on 
Ru-Ir Alloy 

A combined electrochemical-ellipsometric method 
was used with the aim of (i) drawing correlations 
between electrocatalytic and optical properties of 
oxide films formed on surfaces and (ii) elucidating 
the mechanism of the time variation of overpotential. 
Investigations were.made on a Ru-Ir alloy (50-50 
atomic percent) in 1.0 M H2s04. Preliminary results ' 

showed that oxygen evolution kinetics can be improved 
by multicycling of the electrode between 0.1 to 1.5 
volts vs DHE. Similar effects were observed with 
multicycling of Pt and Ir electrodes(4.5)'. A Tafel 
slope of 60 mV/decade was obtained, as shown in Fig- 
ure 4. The performance improvement is attributed to 
the growth of oxide layer with thickness of about 30 
2. This layer is enriched in Ir(0H) 3'XHzO due to 
preferential dissolution of Ru. The oxide layer dis- 
solved when oxidized at higher anodic potentials 
(say 2.1 volts vs DHE) and the resulting oxide layer 
is a poorer electrocatalyst. A Tafel slope of 80-85 
mv/decade was observed on this oxide layer. In con- 
trast to the oxide formed on Ir metal, this oxide 
layer on the Ru-Ir alloy cannot be reduced completely 
even at high cathodic' potential which indicates the 
presence of ruthenium oxide. However, the composi- 
tion of Ru in the oxide layer is lower than that in 
the bulk material. 



3.  Mate r i a l s  f o r  Advanced 
Alkal ine  Water E lec t ro lyze r s  

3 .1  Anode and Cathode E l e c t r o c a t a l y s t s  

During t h e  r epor t ing  pe r iod ,  beryll ium copper 
n i c k e l  a l l o y  (0.44 Be, 30.25 N i ,  69.31 0.1). obta ined 
from Kawecki Berylac I n d u s t r i e s  (KBI), high su r face  
a r e a  n i c k e l  deposi ted  on mild s t e e l  (from Interna-  
t i o n a l  Nickel Company-INCO) and n icke l  whisker e l ec -  
t rodes  with a high su r face  a r e a  deposi ted  on mild 
s t e e l  from WA were evaluated a s  e l e c t r o c a t a l y s t s .  
The beryl l ium copper n i c k e l  a l l o y s  exh ib i t ed  higher  
anodic and cathodic  o v e r p o t e n t i a l s  than n icke l .  The 
high su r face  a rea  n i c k e l  e l e c t r o d e s  from INCO and 
from UVA were t e s t e d  only  a s  anodes. The deposi ted  
e l e c t r o d c s  chould be on n j c k e l  s c reens  t o  be evalu- 
a t e d  a s  cathodes.  These high su r face  a rea  n i cke l  
e l e c t r o c a t a l y s t s  showed a lowering of  a c t i v a t i o n  
o v e r p o t e n t i a l  and mer i t  f u r t h e r  i n v e s t i g a t i o n s  a t  
BNL i n  smal l  c e l l s  and a t  Teledyne Energy Systems 
(TES) i n  t h e  5 -ce l l  t e s t  r i g .  The whisker e l e c t r o d e s  
showed a p e c u l i a r  behavior i n  t h a t  t h e r e  was a low- 
e r i n g  of hydrogen ove rpo ten t i a l ,  which f u r t h e r  de- 
creased with time. Th i s  was a t t r i b u t e d  t o  t h e  ob- 
se rva t ion  t h a t  b lack d e p o s i t s  of  n i cke l  were found 
on t h e  cathode. This  process  could have occurred 
only by d i s i n t e g r a t i o n  o r  d i s s o l u t i o n  of t h e  n i cke l  
p a r t i c l e s  from the  high su r face  a r e a  whisker anodes 
and subsequent deposi t ion of t h e  n i cke l  i ons  o r  par-  
t i c l e s  i n  t h e  e l e c t r o l y t e  on t h e  cathode. 

3.2 Sepa ra to r s  

There was a modest e f f o r t  t o  develop sandwich 
b a r r i e r  ma te r i a l s  o f  a sbes tos  coated on both  s i d e s  
with Teflon bonded potassium t i t a n a t e .  This  type  
of approach may se rve  a two-fold purpose - mechani- 
c a l l y  s t a b i l i z e  Tef lon bonded potassium t i t a n a t e  and 
chemically s t a b i l i z e  a sbes tos  - i n  advanced a l k a l i n e  
water e l e c t r o l y z e r s  ope ra t ing  a t  temperatures  above 
1 0 0 ~ ~ .  A Mallory suggest ion of  a sbes tos  sandwiched 
between Permion 300 showed a h igh e l e c t r i c  r e s i s -  
tance .  Tin hydrosol t r e a t e d  a sbes tos  from WA in-  
creased t h e  cathode ove rpo ten t i a l .  Polybenzimida- 
z o l e  (PBI),  although acceptable  a s  f a r  a s  e l e c t r o -  
l y t e  r e s i s t a n c e  is  concerned, showed poor phys ica l  
s t a b i l i t y .  . 

4. Proposed S tud ies  f o r  FY 1980 

The major t a s k s  i n  FY 1980 w i l l  be ( i )  t he  as-  
sembly of t h e  LEED-Auger-ESCA system and ( i i )  t h e  
development of  methods us ing t h i s  ins t rument  f o r  
identifying the  chemical na tu re  of m e t a l l i c  and non- 
m e t a l l i c  e l e c t r o c a t a l y s t s  before  and a f t e r  e l e c t r o l -  
y s i s  and f o r  e luc ida t ion  o f  e f f e c t s  of c r y s t a l l i t e  
s i z e ,  o r i e n t a t i o n  and a l l o y i n g  on e l e c t r o -  
c a t a l y t i c  a c t i v i t i e s .  A d e t a i l e d  e lec t rochemical -  
e l l i p s o m e t r i c  i n v e s t i g a t i o n  on Ru, Ru-Ir and Ru-Ir- 
Ta w i l l  be made t o  draw c o r r e l a t i o n s  between the  
e l e c t r o c a t a l y t i c  a c t i v i t i e s  f o r  oxygen evolut ion and 
o p t i c a l  p r o p e r t i e s  of t h e  oxide f i l m s  formed on these  
s u b s t r a t e s  i n  the  p o t e n t i a l  region f o r  oxygen evolu- 
t i o n  i n  a c i d  e l e c t r o l y t e s .  The promising ruthenium 
based mixed oxide anode e l e c t r o c a t a l y s t s  w i l l  be 
t e s t e d  i n  ac id  e l e c t r o l y t e  s i n g l e  c e l l s  a t  BNL. 
Recommendations w i l l  be made t o  t h e  General E l e c t r i c  
Company f o r  f u r t h e r  eva lua t ion  of these  m a t e r i a l s  
i n  SPE water  e l e c t r o l y z e r s .  Inves t iga t ions  w i l l  be 
i n i t i a t e d  t o  screen and eva lua te  low c o s t  membranes 
a s  s u b s t i t u t e s  f o r  t h e  expensive Nafion i n  SPE wa- 
t e r  e l e c t r o l y z e r s .  E f f o r t s  w i l l  be made t o  e l u c i -  
d a t e  t h e  r o l e  of hydrogen permeation i n  me ta l s  (e .g . ,  

n i c k e l )  on t h e  mechanism of  t ime v a r i a t i o n  of  hydro- 
gen ove rpo ten t i a l  i n  a l k a l i n e  e l e c t r o l y t e .  The 
p rospec t s  f o r  reduct ion i n  ove rpo ten t i a l  l o s s e s  i n  
a l k a l i n e  water e l e c t r o l y z e r s  by changes i n  e l ec t rode  
conf igurat ion w i l l  be examined. Composite b a r r i e r  
m a t e r i a l s  w i l l  be f u r t h e r  developed and t e s t e d  i n  
t h i s  e l e c t r o l y t e  medium. 
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Figure 1. Voltage-current relationship for oxygen 
evolution reaction for WRuO, in 1.0 N 
HZSO~ at 2S0c. Sweep rate: 1 mV/sec. 
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Figure 3. Tafel plots for oxygen evolution on RuO,, 
RuTaO,, Ihio.sIro.sTa4( and RuIro.sTao.sO, 

I . ' ........ ' . . . " " I  . 
in 1 N H2SOs at 25Oc. 

Figure 2. Tafel plots for oxygen evolution on IrO,, 
IrRu4( and RuOX in 1 N HzSOI, at 2S0c. 

Figure 4. Tafel plots for oxygen evolution on oxides 
formed on Ru-Ir alloy in 1 M H~SOI; at 25O~. 



NEW DEVELOPMENTS IN ALKALINE WATER ELECTROLYSIS 

M. R. Yaffe and J. N. Murray 
Teledyne Energy Systems 
110 West Timonium Road 

Timonium, Maryland 21093 

Abstract 

Work toward the advancement of alkaline water 
electrolysis technology has proceeded at  Teledyne Energy 
Systems (TES) under contracts BNL 380750-S and BNL 
4804214 during Government Fiscal Year (GFY) 1979. 
Operation of asbestos electrode separator cells for over 
1000 hours at  100 C was demonstrated which included 
several short term periods at  125 C. Using the TES-C- 
110 cathode technology, cell voltages of 1.83 V a t  450 
ma/cm2 and 100 C with negligible performance degrada- 
tion was recorded for periods of over 1000 hours. Ten 
alternative advanced cathodes and anodes were tested 
during the year. The best performance observed was 
from cells containing the recently available, inexpensive 
TES-C-AN cathodes and nickel screen anodes (1.73 V at  
100 C, 450 ma/cm2). This value represents a 17% 
voltage improvement and allowed Ha production a t  86.5% 
thermal efficiency. Testing of polybenzimidazole (PBI) 
separators in the 5-cell, 300 cm2 test module was also 
initiated. Summaries of the electrolysis cell component 
testing is  presented in this report a s  well a s  preliminary 
plans for work in GFY 1980. 

I. Introduction 

Teledyne Energy Systems (TES) is a major manufac- 
turer  of water electrolysis systems for the production of 
high purity hydrogen. The current generation of TES 
technology utilizes a low temperature (60 C), medium 
pressure (100 psig), alkaline solution (25 w/o KOH), 
bipolar plate style electrolysis modules. For  the last 
three years, TES has been involved in an alkaline water 
electrolysis technology development and testing effort in 
conjunction with the Brookhaven National Laboratory 
( ~ ~ ~ ) / ~ e p a r t m e n t  of Energy (DOE) hydrogen energy 
program. This report presents a review of work done 
on this effort during the Government Fiscal Year (GFY) 
1979, and outlines the anticipated effort fo r  GFY 1980. 

The major thrust of the advanced alkaline electrol- 
ysis program has been to increase process efficiency 
along two lines, first by electrolyzing at  higher tem- 
peratures, and second by demonstrat& higher 
efficiency electrocatalysts, electrode structures, and 
separators. concomitant with this is the need to 
demonstrate better overall process economics as meas- 
ured by the cost of the product, hydrogen gas. 

The commercial baseline technology described 
above utilizes relatively low surface area nickel screen 
electrodes and relatively thick (0.075 cm) chrysotile 
asbestos a s  the interelectrode separator. The nominal 
current density for this design in TES commercial 
single i r r i  ous (single flowing electrolyte) hardware i s  
373 ma/cmY, corresponding to a cell voltage of greater 
than 2.2 volts o r  a voltage efficiency of less  than 67%. 
In early BNL contracted experiments, a baseline cell 
voltage of 2.07 V at 100 C and 450 ma/cm2 was estab- 
lished using the "ARIES" (Applied Research Industrial 
Electrolysis System) in which both sides of the cell a r e  
supplied with electrolyte. This value corresponds to a 
71% voltage efficiency at  a temperature of 100 C based 
on a 10% thermal efficiency equivalent to 1.48 volts. 

The program in GFY 1979, briefly summarized in 
this report, was undertaken in two separate contracts, 
BNL 380750-S which was concluded on 30 April 1979 and 
BNL 480421-S which was started on 17 April 1979 and 
continues to date. The work itself can be separated for 
discussion purposes into three areas: (a) advanced elec- 
trode and separator screening tests,  (b) extended 
advanced component testing, and (c) the hydrogen 
economics study. The results and detailed analysis 
from the evaluation of the first five electrode screening 
modules were recently summarized. This report 
will restate the major findings from that task and include 
the results from the most recent screening module 
(Module #11). One additional module was constructed 
(Module #12), however, evaluation was not started at the 
time of submittal of this report. 

11. Advanced Component Screening Tests 

As the increase in operating temperature of the 
electrolysis process itself resulted in an increase of 
(thermal) voltage efficiency to only 71% at 100 C using 
conventional technology, the attention was shifted to 
improvements via electrodes and electrocatalysts. A 
ser ies  of six advanced electrode screening modules were 
assembled and tested. These tests were conducted 
the ARIES system. F o r  each screening test, two 
distinct pairs of advanced electrode cells and one base- 
line cell were assembled into a five-cell module. Each 
module was subsequently put on test in the ARIES system 
for periods of up to three weeks. Of the six electrode 
screening modules, three were dedicated to anode, and 
three to cathode evaluation. The normal operating 
procedure for these tests was to conduct specific module 
and individual cell characterizations such a s  cell voltage 
vs imposed current, voltage (at constant current) vs 
operating temperature, and voltage (at constant current) 
vs operating pressure. The electrolysis module was 
kept operating between these experiments and the normal 
system conditions were 50 psig gas generation pressure, 
flowing electrolyte of 25 w/o K H at  100 C and module B current of 135 amp (450 ma/cm ). Table 1 summarizes 
the basic components of each screening module tested to 
date. 

To compare the results of the various tests,  the 
current-vollage ta la  were broken down into linear and 
logarithmic portions using a least square regression 
about an equation of the form, 

where I and V a r e  current and voltage, and E ,  S, R a r e  
best fit parameters roughly corresponding to electrode 
potential terms (E + S log I) and a resistive term 
( I .  R). The results of the analysis of the current- 
voltage curves at 100 C a re  summarized in Table 2. 
The table quotes values of total voltage at 135 amp (450 
ma/cm2) cell potential a t  135 amp, and total cell pseudo 
Tafel slope and resistivity independently. The values 
a re  averaged from many experiments; all  data a r e  from 
time stabilized modules with values taken after 10 hours 
operating time. 



Anode Results and Discussion 

Five different "advanced" anodes were tested in 
three screening modules along with cells containing the 
baseline nickel screen anode. Three different electrode 
structures were tried, these being (a) catalyst applied to 
the baseline nickel screen, (b) thermally sintered nickel 
powder (battery plaque), and (c) Teflon-bonded powder 
structures. Perhaps the most significant, although not 
encouraging, result from these cells was the lack of 
significant change in the potential o r  "I-R free1' cell 
voltage term in the current-voltage curves among all  the 
anodes. The best cell among the anodes tested was a 
Teflon-bonded cobalt nickel oxide spinel (Co2Ni0 40 
mg/crn2) purchased from Dr. A.  C. C. Tseung ot i l~e  
City University, London. The improvement, -80 to 90 
mV, however, seemingly resulted from a low cell 
internal resistance rather han a truly catalytic effect 
suggested by the supplier.; More will be said about the 
cause of this effect later. It should be noted that the 
mathematically derived "R" term is  a true resistance 
only insofar a s  Eq. (1) i s  a valid cell model and therefore 
some electrode effects may show up in the linear term. 
One certainly does not expect a Teflon-bonded semi- 
conductor like Co2NiO4 to be more conductive than a pure 
metal screen. What was more telling is  the analysis of 
results from the A-010-00 and A-010-10 anodes. These 
TES electrodes were similar Teflon-bonded powder 
structures, the first having only a 100 mg/cm2 nickel 
powder loading a s  active material while the second had 
90 mg/cm2 Ni powder mixed with 10 mg/cm2 Co2Ni04 
catalyst also prepared at  City University. The net 
voltage difference between the two formulations was only 
5 to 10 mV, which in a cell configuration like the ARIES 
module is  well within the measurement uncertainties 
caused by other factors. Therefore, little significant 
electrochemical benefits can be attributed to the freeze- 
dry prepared Co2Ni04. To summarize the results of the 
anode testing to date, no significant anode improvement 
has been demonstrated--or stated another way, the TES 
baseline screen anode is  reasonably effective and superi- 
o r  in price relative to the other structures tested. 

Cathode Results and Discussion 

Definitely more encouraging than the anode testing, 
the advanced cathode work showed several relatively low 
cost cathodes significantly better than the baseline tech- 
nology. All of the cathodes tested were based on 
catalysis and/or surface roughening processes applied to 
baseline nickel screen. The nickel boride technology 
(Ni2B) is a proprietary process supplied by Deutsche 
Automobilgesellshaft (DAUG). The C-110-0, C-110, 
and C-110-A processes a r e  all TES proprietary tech- 
nologies similar in concept to each other, the latter two 
containing an additional light noble metal catalyst loading 
( < 1  mg/cm2 PT). The C-AN structure also involves a 
proprietary process and was supplied to TES. 

of this variability. In view of this, the cell components 
for module #11 were carefully chosen to yield an asbestos 
thickness of 0.038 + 0.008 cm a s  opposed to past com- 
pression thicknesses of 0.046 * 0.010 cm. The baseline 
cell of this module showed -125 mV improvement at 
standard operating conditions over the average of pre- 
vious baseline results and had a resistance of 1 m n  
compared to a value of 1.6 m n  found with previous 
baseline cells. This compressive effect could also serve 
to explain the slightly favorable results from the Teflon- 
bonded Co2Ni04anode cells a s  that electrode, being 
thicker than the baseline screen, would also increase the 
asbestos compression. 

The temperature effect on voltage measured on the 
screening tests was also significant in that all  cells, the 
baseline included, show simi a r  AV/AT values. The 4 value obtained at  450 ma/cm was -4.5 mv/C * 0.5 m ~ /  
C. This slope was fairly constant over the 75 C to 125 C 
range with no sign of flattening out a s  the temperature 
approaches 125 C. This implies that a potential voltage 
reduction in the 100 to 125 mV/cell range is possible by 
operating at 125 C. 

Separator Studies 

At the time of writing, construction of the first high 
temperature separator screening module, module #12, 
was completed. The experimental separator material to 
be tested is  polybenzimidazole (PBI) paper. This paper 
is 0.025 cm thick and prepared by Kimberly-Clark, 
Schweitzer Division, from a PBI fibrid developed and 
produced by Celanese Corporation. The PBI paper was 
tested by TES in a 50 cm2 cell earlier this year in order 
to demonstrate viability with respect to the following 
questions: (a) Can the 0.025 cm thick material be used 
in multiple layers (since the asbestos i s  0.076 cm thick? 
@) Can the edges of the separator be adequately sealed? 
(c) Is the resistivity much greater than asbestos of a 
similar porosity? (d) Is  the plastic s t ress  creep phe- 
nomenon of manageable proportions ? (e) Does the 
material rapidly decompose o r  begin to cross  leak at low 
differential pressures ? and (f) Can PBI be handled, i. e ., 
i s  the physical integrity of the material adequate?. The 
results from limited testing have shown that none of 
these concerns have been manifest with thePPBI separator 
and therefore the preliminary results were extremely 
encouraging. The thermal stability of wet PBI in KOH/ 
0 2  and Hz environments has been demonstrated in earlier 
studies and was reported last year. 6, 7 

The module was designed for PBI compression of 
3 layers, 0.025 cm thick each, compressed to a final 
thickness of 0.038 cm. Electrodes will be three TES- 
C-110 cathodes, two nickel wire screen baseline cathodes, 
and conventional wire screen anodes. The testing will 
emphasize evaluation of the cell resistance relative to 
the asbestos separator cells and the test results will be 
discussed during the oral presentation. 

According to results seen in cathode screening 
module testing, the best total cell voltage obtained was 
with the C-AN structures and the observations were a s  
low as  1.71 volts (nv = 8%) at 100 C and 450 ma/cm2. 
This compares to a baseline cell voltage of 2.07 V 
(n= 71%) at the same current density and temperature. 
The module (#11) showing this performance contained 
plain wire screen anodes, asbestos separators and 
included the TES-C-110-A cathodes for comparison. 

The internal resistance question mentioned in the 
anode discussion occurs in the cathode results also. 
From in-house studies done recently at  TES, the sep- 
arator compression has been indicated a s  a major sourc 

m. Extended Testing - Modules #9 and #10 

The major portion of Task 1, Contract 480421-5, 
consisted of an extended test of the best advanced 
electrodes seen to date. The cathodes chosen were 
TES-C-110 cathodes while the anodes were TESA-010 
type. These anodes were chosen not so  much because 
they were "good" electrochemically but because they 
represent a well characterized and controlled test of the 
PTFE Teflon-bonded powder technology. There has been 
concern that the PTFE-bonded powder electrodes will 
not withstand the rigors of a hot KOH, O2 evolution 

re environment. The cathode was chosen a s  the best 



available at the time since this choice was made before 
cathode screening module #11 was tested. The inter- 
electrode separators were asbestos. 

The f i rs t  module, module #9, was assembled incor- 
rectly which resulted in deformed endplates. Proper 
endplates were then used for construction of module#lO, 
and the result was much more reasonable with respect 
to voltage, the first three cells being very low (1.8 V at 
450 ma/cm2, 100 C) and the last two being somewhat 
worse than anticipated (1.89 and 1.93 V, at  450 ma/cm2, 
100 C). Although it has not been definitely proven, it i s  
believed that these last cells again suffered from inade- 
quate compression which subsequently resulted in th_e 
higher calculated cell resistance. 

. - 

This module was tested in ARES for over 1000 hours 
a t  temperatures up to 125 C and current densities up to 
1000 ma/cm2 with a few data points at current densities 
of 2 ~ / c m ~ .  Figure 1 shows an average (of all cells) 
performance over the test life of module #lo. It is 
important to note that no significant degradation of mod- 
ule performance, especially in the first three cells,  was 
seen during the course of the test. Figure 2 gives a 
representative set of volt-amp curves (average of first 
three cells) a t  various temperatures, again the test 
results confirmed the expectations from the screening 
tests. The module itself has not been disassembled for 
inspection a s  yet, pending a decision to subject it to  
further testing. 

lV. Engineering Design and Economic Study 

Task 2 of Contract $80421-S has just recently 
started. The goal of this task is  the development of an 
alkaline water electrolysis system economic and design 
model. The need for this computational tool is apparent 
since the ultimate goal of the program is the reduction of 
the price of hydrogen product gas, and not the develop- 
ment of high efficiency systems, per se. It may be the 
case in many applications that a low efficiency, low 
capital cost system yields the lowest gas  price (e.g., 
small systems, low electric rates, high interest rates). 
whereas in other applications, energy efficiency may be 
the overriding factor. The choice in most cases will not 
be obvious. 

The Fortran-coded computer program will be used 
to optimize electrolytic hydrogen system design and to 
predict the cost of product gas given a set  of input factors 
described in Table 3. This model will then be applied to 
several cases of interest describing advanced and base- 
line technology in various sized systems and in various 
applications. The study is scheduled to be completed by 
31 December 1979. 

At this time, the program (Model for  Alkaline Water 
Electrolysis Systems) consists of the input considerations, 
a generic system breakdown and a rough algorithm. 
Specific coding has recently been started. 

V. Summary and Future Requirements 

In summary, during GFY 1979, this program has 
made significant strides in the identification of 
inexpensive advanced cathodes and in the operation o f ,  . 
an alkaline electrolysis system at 100 C and above. The 
best cell voltage demonstrated in short term tests was 
in the 1.70 to 1.71 volt range at 100 C and 450 ma/cm2. 
There a r e  several possible electrode morphological 
improvements on the horizon which could conceivably 
lower the voltage another 100 mV to the 1.6 V region 

(92% r) .). Increasing the temperature another 25 C and 
a reduction in separator thickness could yield an addi- 
tional 50 to 100 mV savings. The possibility of a stable 
improved anode electrocatalyst would then place the 
voltage very near to the isothermal operating point, i. e., 
1.48 volts. 

This, however, is conjectural, though based on re-  
ports from other groups. 8* g,  The continuation of 
screening tests and long-term stability verification of 
these advances is scheduled to continue through GFY 
1980 pending contract extension. Also scheduled is  a 
literature search for materials corrosion data in the 
proposed 100 to 150 C temperature range for  alkaline 
water electrolysis. In addition to  this DOE/BNL 
supported work, TES has an active in-house development 
effort mainly concerned with system and cell character- 
ization which has yielded important results such a s  the 
compression effect discussed previously and many 
design analysis procedures that can be employed in 
advanced technology modeling. These subroutines 
include such items as heal and mass balance, eloctrol- 
ysis  module design with respect to strength, and shunt 
current loss modeling. Other applicable in-house work 
deals with cell modeling (i. e. , total cell performance) 
and component reliability studies. 

Together with the in-house work, the contract effort 
assures  the continued development and improvement in 
the conversion of water and electric power to hydrogen, 
a major component of the hydrogen economy. 
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Tiiblt. 1. Sul.et.nlrg Modules 

Module Cathode (s) Anode(s) . Period 

4 NiEI/C-110 Baseline 11/29/78 + 1/2/79 
5 Baseline c o 2 ~ i o 4 / A  -111 1/8/79 -, 1/29/79 
6 Baseline A-010-00/A-010-10 2/14/79 + 3/12/79 
7 C-llO/C-110-0 Baseline 3/15/79 + 4/6/79 
8 Baseline A -010-00/~laque 4/16/79 -, 5/3/79 

11 c-A~/C-110-A Baseline 8/24/79 + 9/24/79 

Total 
Hrs. - 

Table 2. Results of Advanced Electrode Screening Tests 
2 

(25 w/o KOH, 50 psig, 100 C, 450 ma/cm ) 

Total Cell 
ov Voltage Potential S 

Electrode Module (V) (V - I - R) (m~/decade)  

Anodes 

1. CozNiOq 5 74 1.985 1.850 235 
2. A-010-10 6 72 2.055 1.850 220 
3. A-010-00 6,8 72 2.050 1.860 235 
4. A-111 5 70 2.120 1.885 255 
5. Plaque 8 6 9 2.140 1.855 235 

Cathodes 

1. C-AN l l *  86 1.730 1.575 100 
2. C-110-A l l *  84 1.770 1.608 90 
3. C-110 4,7 8 1 1.835 1.610 115 
4. Ni2B 4 7 9 1.880 1.700 160 
5. C-110-0 7 76 1.960 1.630 120 

Baseline 

1. Ni Screen 4,5,6,8 71 2.075 1.860 205 
2. Ni Screen l l *  76 1.945 1.810 210 

* Complete data analysis still in progress. 

Table 3. Factors to be Considered in Optimizing the Economics 
and Desien of Alkaline Water E lectrolvsis Svstems 

1. Size Factors 

a. Extended peak kilowatts 
b. Maximum safe current density 
c. Maximum, pressure 
d. Maximum obtainable cell area 

2. Operating Factors 

a. Power availability and duty cycle 
b. Gas demand and utilization profile 
c. Air temperature range 
d. Cooling water temperature range 
e. Electrolyte temperature range 

3. Lifetime 

a. Total plant lifetime 
b. Electrolysis module lifetime 
c. Other component lifetimes 
d. Maintenance schedule 

4. Specific Costs 

a. Fixed capital 
b. Working capital 
c. Power cost profile 
d'. Other direct operating costs 
e. Maintenance and replacement costs 

5. Efficiency Factors 

a. Power conditioning 
b. Current efficiency (Faradaic) 
c. Voltage efficiency (thermodynamic) 
d. Gas purification efficiency 

6. Capitalization and Economic Factors 

a. Method of financing 
b. Write-off period 
c. Interest rates 
d. General inflation 
e. Incentives 



Figure 1. Module 10 Performance 
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Figure 2. Module 10 Volt-Amp Curves 
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INVESTICATION OF NICKEL WHISKER ELECTRODES 

P a t r i c k  J .  Moran,* G e o r g e  L. Cahen ,  J r . ,  a n d  G l e n n  E. S t o n e r  

A p p l i e d  E l e c t r o c h e m i s t r y  L a b o r a t o r y  
D e p o r p n e n t  o f  . M a t e r i a l s  S c i e n c e  

U n i v e r s i t y  o f  V i r g i n i a  
C h a r l o t t e s v i l l e ,  V i r g i n i a  22901  

A b s t r a c t  

Improvement  . i n  t h e  o p e r a t i n g  e f f i c i e n c y  
o f  a l k a l i n e  w a t e r  e l e c t r o l y z e r s  c a n  b e  ' 

a c h i e v e d  by l o w e r i n g  t h e  o v e r p o t e n t i a l s  £ o r  
t h e  h y d r o g e n  .and o x y g e n  e v o l u t i o n  r e a c t i o n s .  
A  r e l a t i v e l y  new t e c h n i q u e  f o r  t h e  p r e p a r a -  
t i o n  o f  h i g h  s u r f a c e  a r e a  n i c k e l  e l e c t r o d e s  
i s  t h e  u s e  o f  p o l y c r y s t a l l i n e  n i c k e l  w h i s k e r  
e l e c t r o d e s . .  T h e s e  e l e c t r o d e s  a r e  c h a r a c -  
t e r i z e d  b y  h i g h  p o r o s i t y  a n d  r e l a t i v e l y  h i g h  
s u r f a c e . a r e a .  R e s e a r c h  e f f o r t s ' h a v e  i n d i -  
c a t e d . t h a t  w h i s k e r  e l e c t r o d e s  r e p r e s e n t  ap-  
p r o x i m a t e l y  a  1 0 0  e f f i c i e n c y  improvement  
o v e r  c o n v e n t i o n a l  Ni-200 s c r e e n  e l e c t r o d e s  
o n  a n  a p p a r e n t  c u r r e n t  d e n s i t y  b a s i s .  Adtli- 
t i o n a l  i m p r o v e m e n t s  c a n  c o n c e i v a b l y  be ob- 

, t a j n e d  by  o p t i m i z a t i o n  o f  w h i s k e r  mor- 
p h o l o g y ,  t h e  a d d i t i o n  o f  c a t a l y s t s ,  and  
m a x i m i z a t i o n  o f  e l e c t r o c h e m i c a l l y  a c t i v e  
s u r f a c e  a r e a .  

I n t r o d u c t i o n  

' E l e c t r o d e  o v e r p o t e n t i a l s  f o r  t h e  h y d r o -  
g e n  a n d  o x y g e n  e v o l u t i o n  r e a c t i o n s  c a n  b e  
. r e p r e s e n t e d  a s  

w h c r c  a ~ ~ n d  b  a r e  t h e  T a f c l  c o n s t a n t s  f o r  
t h e  r e a c t i o n  i n  c o n s i d e r a t i o n  a n d  i is  t h e  
c u r r e n t  d e n s i t y .  The  amount  o f  g a s  p r o d u c t  

. i s ' p r o p o r t i o n a l  t o  t h e  o v e r a 1 . l  c u r r e n t  w h i l e  
t h e  o v e r p o t e n t i a l s  a r e  lower f o r  l o w e r  c u r -  
r e n t  d e n s i t i e s .  T h e r e f o r e  a t  a n y  e l . e c t r o l y -  
s is  c u r r e n t ,  e f k i c i e n c y  c a n  b e  improved  by  
i n c r c o s i n g  t h e  a c t i v e  el.cct.rc?de s u r f a c e  a r e a  
a n d / o r  by t h e  a d d i t i o n  o f  c a t a l y s t s  to i m -  
p r o v e  t h e  T a f e l  c o n s t a n t s .  V a r i o u s  t e c h -  
n i q u e s  e x i s t  f o r  t h e  p r e p a r a t i o n  o f - h i g h  
s u r f  a c e  a r e a  e l e c t r o d e s .  A r e l a t i v e l y  new 
t e c h n i q u e  was d e v e l o p e d  i n  Munich ,  Germany 
by  Xr. l lermann S c h l a d i t z ,  now R e s e a r c h  Pro- ,  
f e s s o r  o f  t h e  S c h o o l  o f  ~ n g i n e g r i n g  a n d  
A p p l i e d  S c i e n c e  a t  t h e  U n i v e r s i t y  o f  V i r -  
g i n i a .  A r e v i e w  o f  t h e  f a b r i c a t i o n  a n d  
g e n e r a l  p r o p e r  t ies  o f  t h e s e  slec t r o d e s  and  
e l e c t r o c h e m i c a l  c h a r a c t e r i z a t i o n  o f  them 
a r e  t h e  t o p i c s  o f  t h i s  p a p e r .  

e l e c t r o m a g n e t i c  f i e l d .  The g a s  i s  pumped 
i n t o  a  chamber  w h i c h  is h e a t e d  t o  3 0 0 - 3 5 0 ' ~  
t o .  a c c o m p l i s h  g a s  p h a s e  d e c o m p o s i t i o n .  ,The 
chamber i s  s u r r o u n d e d  b y  a n  e l e c t r o m a g n e t  
w h i c h  c r e a t e s  m a g n e t i c  f i e l d  l i n e s  i n  t h e  
chamber  p a r a l l e l  . t o  t h e  c h a m b e r ' s  v e r t i c a l  
a x i s .  T h e  l i b e r a t e d  n i c k e l  p a r t i c l e s  a l i g n  
t h e m s e l v e d  a l o n g '  t h e  f i e l d  l i n e s .  F u r t h e r  
d e p o s i t i o n  o c c u r s  o n  t h e s e  a l i g n e d  " s u b -  
s t r a t e s " .  R e s u l t i n g  w h ' s k e r s  h a v e  t y p i c 3 1  
g r a i n  s i z e s  o f  200-400 !I . They  a r e  v e r y  
s t r o n g ,  a p p r o a c h i n g  l o 6  p s i ,  a n d  r e l a t i v e l y  
d e f e c t  f r e e .  D i a m e t e r s  and l e n g t h s  r a n g e  
f r o m  0 . 1  u t o  50 a n d  from 1 mm t o  s e v e r a l  
'cm r e s p , e c t i v e l y .  

T h e s e  w h i s k e r s , c a n  b e  f a b r i c a t e d  i n t o  a  
w h i s k e r  e l e c t r o d e  ( n e t w o r k )  by  s i n t e r i n q  a t  
800  t o  1OOOOC.under p r e s s u r e  i n  a  r e d u c i n g  
a t m o s p h e r e  f o r  a p p r o x i m a t e l y  h a l f  a n  h o u r .  
A f i n e  n i c k e l  s c r e e n  i s  .used a s  t h e  s u b -  
s t r a t e  i n  t h e  s i n t e r i n g  p r o c e s s .  T h e  r e -  
s u l t a n t .  e l e c t r o d e  s t r u c t u r e  i s  random,  f i -  
b r o u s ,  anrl h i g h l y  p o r o u s .  T h e s e  w h i  s k c r  
e l c > c t r o d e s  a r e  ' 8 5  t o  90% p o r o u s  by vo lu-12 .  .. 
T h e i r  t r u e  s p e c i f i c  s u r f a c e  a r e a  i s  5 s 10:  
c m v q m .  The r o u g h n e s s  f a c t o r s  b a s e d  on  t h e  
c r o s s - s e c t i o n a l  a r e a  o f  t h e  electrode l:.~re 
b e e n  e s t i m a t e d  t o  b e  2 x  l o 3  to  5 x 1.0:. 
'Phc r o u g h n e s s ~  f a c t o r  of t h e  i n d i v i d u a l  
w h i s k e r s  h a s  b e e n  e s t i m a t e d  to b e  ap!>rosi- .  
m a t e l y  t e n .  T h i s  e s t i i n a t e  was o b t a i n e d  Sy 
s c a n n i n g  e l e c t r o n  m i c r o s c o p i c  i n v e s t i g a t i o n  
and  m a t h e m a t i c a l  m o d e l i n g .  

A d d i t i o n a l l y  s e v e r a l  t e c h n i q u e s  f o r  
f i x i n g  i n d i v i d u a l  w h i s k e r s ' t o  new o r  es is t -  
i n g  c l . c c t r o d e  s u b s t r a t e s  h a v e  b e e n  demo]:- 
s t r a t . e d .  T h e s e  i n c l u d e :  s i n t e r i n g  w h i s k e r s  
o n t o  a  s t ~ h s t r a t e ~  " g l u i n g "  t h e  w h i s k e r s  ' 

o n t o  a  s u b s t r a t e  by  c h e m i c a l l y  v a p o r  de- 
p o s i t i n g  ni .cke1,  a n d  f i n a l l y  a n d  m o s t  i:?- 
t r i g i i i n g  by g r o w i n g  w h i s k e r s  d i r e c t l y  ot:to 
a n  e 1 . e c t r o d e  s u b s t r a t e .  T h i s  l a s t  methc-i 
h a s  t h e  a d v a n t a g e s  o f  i n v o l v i n g  o n l y  o n c  
p r o c e s s  s t e p  a n d  c o n t r o l  o f  w h i s k e r  o r i c n -  
t a t i o n  w i t h  r e s p e c t  to  t h e  s u b s t r a t e .  I t  
i s  a n t i c i p a t e d  t h a t  t h e s e  " h y b r i d  w h i s k e r  
e l e c t r o d e s "  w i l l  h e  t e s t e d  f o r  m e c h a n i c a l  
s t a b j  l..i t y  a n d  e . l e c t r o c h e m i c a 1 .  p e r f o r m a n c e  
i n  t h e  n e x t  y e a r .  

F a b r i c a t i o n  

P o l y c r y s t a l l i n e  n i c k e l  w h i s k e r s  a r e  E l e c t r o c h e m i c a l  C h a r a c t e r i z a t i o n  
p r o d u c e d  by c h e m i c a l  v a p o r  d e p o s i t i o n  o f  
n i c k e l  t e t ; a c a r b o n y l  g a s  ( N i  ( k 0 )  b )  i n  a n  N i c k e l  w h i s k e r  e l e c t r o d e s  h a v e  b e e n  

d r i v e n  b o t h  a n o d i c a l l y  (oxygen  e t - o l u t i o : ~ )  
.-- ant1 c a t h o d i c a l l y  ( h y d r o g e n  e v o l u t i o n )  i:? 

l'rc!scnt addrt-S,S: Dcl)itrb.mcnt o f  C i v i l  Engi -  30 w/o r:Ol.l c l n c t r o l v t c s  a t  anoarc!nt.  cur:' 'nt 
n c c r  inq/Mcitclri ill:; Scicncc!  L ~ r l c l  I:nlji ncc?rj.rlrj, c lc t~s j .  t i 1,s -3s h i g h  ,IS I000 rnA/cm. lio~: t w r >  
, l c ~ I ~ f i s  Ilt111k in!:; I J ~ l i v ~ * t . : ; i  t y ,  I \ . . I ~  I itllot.t*, M I ] .  t l ;~yn w i  I t! no tlctc>c.t,iblr. l o s s  i n  ~ ! l ~ ~ h , l n i ~ , . l l  



i n t e g r i t y .  S c a n n i n g  e l e c t r o n  m i c r o s c o p i c  
i n v e s t i g a t i o n  i n d i c a t e d  a o  d e t e c t a b l e  . .. 
c h a n g e  i n  t h e  w h i s k e r  e l e c t r o d e  morphology .  
T h i s  r e s u l t  is b e l i e v e d  to b e  s i g n i f i c a n t  
b e c a u s e  m e c h a n i c a l  i n t e g r i t y  o f  s i n t e r e d  
c o m p o n e n t s  a n d . h i g h  s u r f a c e  a r e a  e l e c t r o d e s  
i s  o f  c o n s i d e r a b l e  i m p o r t a n c e .  

O p t i c a l  m i c r o s c o p i c  e x a m , i n a t i o n s  o f  
g a s  e v o l u t i o n  a t  80x m a g n i f i c a t i o n  i n d i -  
c a t e d  t h a t  a t  e q u a l  a p p a r e n t  c u r r e n t  d e n s i -  
t i es  t h e  w h i s k e r  e l e c t r o d e  e v o l v e s  s m a l l e r  
p r o d u c t  g a s  b u b b l e s  t h a n  c o n v e n t i o n a l  
n i c k e l  2 0 0 ' s c r e e n s .  T h i s  r e s u l t  i s  presum- 
a b l y  d u e  t o  t h e  l o w e r  c u r r e n t  d e n s i t y  a n d  
i s  i m p o r t a n t  b e c a u s e  s m a l l e r  b u b b l e s  con- 
t r i b u t e  less to  ohmic  o v e r p o t e n t i a l  t h e r e b y  
i n c r e a s i n g  e f f i c i e n c y .  

The  n i c k e l  w h i s k e r  e l e c t r o d e s  t e s t e d  
w e r e  c y l i n d r i c a l ,  m e a s u r i n g  3 c m  i n  diame- 
t e r  a n d  1 mm i n  l e n g t h .  Each  e l e c t r o d e ' s  
mass was a p p r o x i m a t e l y  2 . 3  g .  F o r  e l e c t r o -  
c h e m i c a l  c o m p a r i s o n  5 l a y e r s  o f  200 mesh 
n i c k e l  200 w e r e  s p o t  w e l d e d  t o g e t h e r  and a  
3  cm d i a m e t e r  e l e c t r o d e  was ~1.11:  o u t  o f  t h i s  
w i t h  a  r e s u l t i n g  l e n g t h  o f  n e a r l y  1 .mm. 
The  mass and  b u l k  g e o m e t r y  oE b o t h  e l e c -  
t r o d e s  was t h e r e f o r e  a p p r o x i m a t e l y  e q u a l .  

Thc w h i s k e r  e l e c t r o d e  a n d  t h e  n i c k e l  
200 s c r e e n  e l e c t r o d e  were t e s t e d  f o r  t h e  
h y d r o g e n  and  o x y g e n  e v o l u t i o n  r e a c t i o n s  i n  
30, W/o KO11 e l e c t r o l y t e .  The p e r f o r m a n c e  on 
a n  a v ~ a r e n t  c u r r e n t  d e n s i t v  b a s i s  1s i l l u -  

The w h i s k e r  e l e c t r o d e ' e x h i b i t e d  a n  o v e r p o -  
t e n t i a l  improvement  o f  60 t o  100  mV f o r  
e a c h  r e a c t i o n .  The e f f e c t  was  p r e s u m a b l y  
d u e  to t h e  h i g h e r  s u r f a c e  a r e a  o f  t h e  whis -  
k e r  e l e c t r o d ' e .  The improvcment  r e p r e s e n t s  
a b o u t  a  10% improvement  i n  o p e r a t i n g  e f f i -  
c i e n c y .  

I t  was  o f  i n t e r e s t  t o  d e t e r m i n e  i f  t h e  
improvement  o b t a i n e d  w i t h  w h i s k e r  e l e c -  
t r o d e s  was  d u e  o n l y  t o  i n c r e a s e d  s u r f a c e  
a r e a  o r  i f ,  b e c a u s e  o f  t h e i r  d i f f e r e n t  m i -  
c r o s t r u c t u r e ,  w h i s k e r s  w e r e  b e t t e r  c a t a -  
l y s t s  f o r  t h e  g a s .  e v o l u t i o n  r e a c t i o n s .  To 
e v a l u a t e  t h i s  i t  was  n e c e s s a r y  t o  d e t e r m i n e  
t h e  t r u e  a c t i v e  s u r f a c e  a r e a  f o r  b o t h  whis -  
k e r  and  s c r e e n  e l e c t r o d e s .  S e v e r a l  s u r f a c e  
a r e a  m e a s u r i n g  t e c h n i q u e s  w e r e  employed;  
BET a d s o r p t i o n  i s o t h e r m ,  c y c l i c  v o l t a m m e t r y  
i n  a  n o n - f a r a d a i c  c u r r e n t  r e g i o n ,  g e o m e t r i c  
s u r f a c e  a r e a  c o n s i d e r i n g  t h e  w i r e s  o f  t h s  
s c r e e n s  a n d  t h e  i n d i v i d u a l  w h i s k e r s  t o  b e  
smooth  c y l i n d e r s ,  and  c a p a c i t a n c e  m e a s u r e -  
ment  upon c u r r e n t  i n t e r r u p t i o n .  The l a s t  
t . echnique  i s  a d m i t t e d l y  d i f f i c u l t :  w i t h  
p o r o u s  e 1 . c c t r o d e s  b u t  a l l o w e d  e s t . i m a t i o n  
oJ.' t h c  a c t i v e  a r e a  i n  g a s  e v o l u t i o n  con- 
d i  t o n s .  The r e s u l t s  o f  t h e s e  me;lsurcmen ts 
a r e  shown i n  t h e  f o l l o w i n g  t a b l e  
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s t r a t e d  i n  t h e  f o l l o w i n g  f i g u r e :  C r o s s - S e c t i o n a l  cm2 
S u r f a c e  Area  7 cm- 

G e o m e t r i c  
S u r f a c e  Area  

S u r f a c e  Area  
Via  C y c l i c  300 c m 2  1 o . ~  km2 
V o l t a m m e t r y  

I' S u r f  a c e  Area  
V i a  BET I s o t h e r m  - - 

4 LREVBRSIBLE OXYGEN POTENTIAL S u r f a c e  Area  

CURRENT ( lo2*) 
Employing  t h i s  d a t a ,  p r e d o m i n a n t l y  t h a t  i n  
t h e  l a s t  row,  a  c o m p a r i s o n  o f  w h i s k e r  elec- 
t r o d c  and  s c r e e n  e l e c t r o d e  p e r f o r m a n c e  <,.as 
o b t a i n e d  f o r  t h e  h y d r o g e n  e v o l u t i o n  r e a c -  

@-WIIISKER EI,ECTRODE t i o n .  I t  was n o t  d o n e  f o r  t h e  o s y g e n  evo-  
l u t i o n  r e c c t i o n  t o  a v o i d  t h e  c o m p l i c a t i o n s  -0.8 

1- SClt EEN ELECTRODE o f  s u r f a c e  o x i d e  s t a t e s .  The  r e s u l t  o f  t h c  
compar i s o n  f o r  h y d r o g e n  e v o ' l u t i o ~ ~  was  th.3 t 

- 1 . 0  t h c  improvement  o b t a i n e d  w i t h  t h e  w h i s k e r  
I ~ E V E R S I U ' L E  I I Y I ) I ~ O ~ ; L : N .  L'O'~ENTII\L c > l c c t r o d c  was d u e .  p r i m a r i  l y ,  i f  : lo t  t o t ~ l l y ,  

t o  t h e  i n c r e a s e d  s u r f a c e  a r e a .  I n  o t h e r  
w o r d s  t h e  T a E c l  c o n s t a n t s  f o r  b o t h  e l c c -  

- l .  r r 2  t r o d e s  w e r e  f o u n d  t o  b e  n e a r l y  i - i e n t i c a l  

D i s c u s s i o n  2nd Conc1us io : i s  

Tlircc! i m p o r t a n t  c o n c l u s i o n s  can bc 
drawn [ram t h e  previously d e s c r i b e d  ~ o ~ k :  



1. The i n c r e a s e  i n  e f f i c i e n c y  
o b t a i n e d  .by u s i n g  w h i s k e r  e l e c t r o d e s  i s  
p r i m a r i l y  d u e  to i . n c r e a s e d . s u r f a c e  a r e a  
r a t h e r  t h a n  improved  c a t a l y t i c  p e r f o r m a n c e .  
The  n e a r l y  e q u a l  c a  tc i ly  t i c  e v a l u a t i o ' n  o n  a 
t r u e  s u r f a c e  a r e a  b a s i s  s u p p o r t s  t h i s  con-  
c l u s i o n .  However, d u e  t o  t h e  n a t u r e  o f  t h e  
t e ' c h n i q u e s  employed ,  w h i c h  a r e  g e n e r a l l y  
a c c u r a t e  a s  a n  o r d e r  o f  m a g n i t u d e  e s t i m a -  
t i o n ,  i t  s h o u l d  n o t  b e  c o n c l u d e d  t h a t  t h e r e  
.is n o  d i f f e r e n c e  i n  t h e  c a t a l y t i c  a b i l i t y  
o f  w h i s k e r s  v s .  d r a w n ' w i r e s .  .More  p r e c i s e  

' w o r k  w i t h  s m a l l e r ,  non-porous  e l e c t r o d e s  
would  b e  r e q u i r e d  to  make a n  a c c u r a t e  
s t a t e m e n t  c o n c e r n i n g  c a t a l y t i c  , p e r f o r m a n c e .  

2 .  * ~ l t h o u ~ h  t h e  h i g h l y  p o r o u s  
w h i s k e r  e l e c t r o d e s  p o s e s s  a  r a t h e r  l a r g e  
s u r f a c e  a r e a ,  o n l y  a b o u t  1 / 3  o f  t h i s  a r e a  
i s ' a c t i v e  i n  t h e  t e s t e d  c o n f i g u r a t i o n .  
T h u s ,  f o r  c o m m e r c i a l  t e s t i n g  a n d / o r  a p p l i -  
c a t i o n ,  t h e  w h i s k e r s  s h o u l d  b e  u t i l i z e d  i n  
a  manner  t o  maximize  t h e  a c t i v e  s u r f a c e  
a r e a .  I n s t e a d  o f  u s i n g  w h i s k e r  e l e c t r o d e s ,  
t h e  h y b r i d  t y p e  e l e c t r o d e s  d i s c u s s e d  
e a r l i e r  s h o u l d  b e  employed .  

3. A f i n a l  c o n e l u s i o n ~ i s  t h a t  
t h e  10% i n c r e a s e  i n  e f f i c i e n c y  o b t a i n e d  
w i t h  w h i s k e r  e l e c t r o d e s  i s  p o t e n t i a l l y  u s e -  
f u l .  A d d i t i o n a l  i m p r o v e m e n t s  c a n  b e  
a c h i e v e d  i n  s e v e r a l  ways;  t h e  a c t i v e  s u r -  
f a c e  a r e a  c a n  b e  maximized  w i t h  h y b r i d  
e l e c t r o d e s ,  w h i s k e r  morphology  c a n  b e  con-  
t r o l 1 . e d  d u r i n g  g r o w t h  to  y i e l d  h i g h e r  
r o u g h n e s s  f a c t o r ' s ,  a n d  c a t a l y s t s ,  s u c h  a s  
p l a t i n u m ,  c a n  b e  i n ~ o r p o r a t e d  i n t o  t h e  
w h i s k e r - e l e c t r o d e  s y s t e m s .  Work a l o n g  t h e  
f o r e m e n t i o n e d  l i n e s  is b e i n g  p r o p o s e d  f o r  
t h e  upcoming y e a r .  
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Abstract 

A novel design for water electrolysis using a 
solid polymer electrolyte is being developed by 
General Electric. Ruthenium is one of the best 
electrocatalysts for the oxygen evolution reaction. 
There are problems connected with the significant 
loss in electrocatalytic activity with time. This 
performance degradation is presumably due to the 
gradual formation of an Ru02 film. 

We have performed electrochemical measurements 
on 11003 , [110] and L1211 oriented single crystals 
of RuOp in order to elucidate the mechanism of the 
electrocatalytic process. Large single crystals 
were grown by the vapor transport method. Our in- 
vestigation has revealed several interesting dif- 
ferences for the various orientations. This study 
indicates that R U O ~  may be an important inter- 
mediate species prior to oxygen evolution and that 
the formation of the Ru03 is the rate limiting 
process. Similar results were previously obtained 
for Ir02. 

I. Introduction 

At the present time there is considerable in- 
terest in developing high efficiency and low cost 
water electrolyzers to meet the demands of hydrogen 
required by the chemical industry and as a fuel in 
fuel cells and gas turbines. The development of 
advanced technology for water electrolysis is essen- 
tial to minimize the cost of hydrogen. The effi- 
ciency of water electrolysis systems depends crit- 
ically on the behavior of the oxygen electrode. 
For oxygen evolution reaction (OER) on metals or 
alloys at constant potentials, the continuous de- 
crease of current densities with time is one of the 
more difficult problems in water electrolysis. The 
time variation of current density has been pointed 
out by Schultzel in the anodic evolution of oxygen 
on platinum. More recently, siinilar behavior has 
been observed on iridium2 and on nickel3 anodes. 
It has been suggested that the current decay with 
time is connected with the continuous growth of a 
poorly conducting oxide film, which retards the 
electron transfer or inhibits the radical on the 
film surfaces2 9 3,4. Based on electrochemical and 
ellipsometric methods Srinivasan et a1 have con- 
cluded that the performance degradation for oxygen 
evolution on RuO, catalyst is presumably due to the 
gradual accumulation of a Ru02 film on the surface 
of the RuO, particles by a dissolution/precipita- 
tion process.4 

or sup orte y Brookhaven National Laboratory 
ZntEact !EC7i'~C~O23590 and by NATO. 
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The OER always takes place on electrodes which 
are covered with an oxide layer. Llttlt! 1 s  undrr- 
stood about the properties of the oxide phase and, 
especially, about the properties of the oxide- 
electrolyte interface which are required to achieve 
improved performance in the OER. Evaluation of a 
number of metals and alloys as electrocatalysts for 
the oxygen evolution reaction, leads to nickel as a 
preferred anode material for the OER in alkaline 
solutions and to noble metals and their alloys as 
electrocatalysts for the OER in acid solutions. 
Among the noble metals, the performance of Ru, Ir 
and their alloys was found to be much superior to 
that of a pure Pt anode. Thus, the potential at 
which a steady s ate oxygen evolution current den- 
sity of 1 mA cm-' (real) is obtained on Pt at room 

'temperature is about 1.8 V vs. RHE, while at a Ru 
or, an Ir anode this otential is only about 1.4V 
(Ru) or 1.5V (Ir).5.% It is obvious, therefore, 
that analysis of the surface layer formed on Ru or 
Ir prior and during the evolution of oxygen, re- 
vealing the relationship between properties of this 
layer and the performance of the Ru (Ir)/ aqueous 
solution interface in the OER, may be an important 
key to the role of oxide layers in electrocatalysis. 
In addition the work of Srinivasan et a14 has shown 
the significance of our understanding the proper- 
ties of Ru02 and Ir02. 

A novel design for water electrolysis is being 
developed by the General Electric Company using 
solid polymer ele~trol~tes.~ In this type of water 
electrolysis cell a solid sheet of perfluorinated 
polymer (Nafion) serves as the electrolyte. The 
electrocatalysts are platinum on the cathode side 
and iridium, ruthenium or binary and ternary alloys 
of these metals with transition metals on the anode 
side. Hence there is considerable interest from a 
practical point of view in gaining a better under- 
standing of nature of electroca~al~st/electrolyte 
interface for these particular materials. 

11. Fkpetirhental Results 

We have performed cyclic voltammetry and 
steady state measurements on oriented single cry- 
stals of Ru02. For comparison we have also studied 
unoriented single crystals of this material and as 
well as Ru metal. In the single crystal case r100] 
11101 and 6111 crystallographic faces were investi- 
gated. This work on oriented single crystalma- 
terial offers the advantage of a more,clearly de- 
fined electron6c mechanism compared to prior studies 
on multicrystalline material.8*9 Fine grained ma- 
terial has many grain boundaries and in some cases 
inclusions containing impurities. It is also an 
important continuation of the work on single 
crystal Ir02 reported at last year's meeting.10 
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Figure 1. Cyclic voltammetry of single crystal 
Ru02 with a Cl003 surface in a N2 sat- 
urated solution of 1 N H2S04 for sever- 
al different scan rates. 

Single crystals of RuO2 were grown in our lab- 
oratory by the method of chemical transport reac- 
tions in a flowing system. This technique is sim- 
ilar to that used by ~eamesll to produce the large 
single crystals of Ir02 that were used in our in- 
vestigation reported at last year's meeting.10 In 
the presence of oxygen at 800-15000C gaseous oxides 
(RuOg, IrOg) exist. The reaction takes place by 
the following mechanism: 

where M = Ru or Ir. The volatile M03 gas disso- 
ciates to M02 in the cooler region. In our pro- 
cedure several grams of Ru metal powder were con- 
tained in an alumina source boat. This boat was 
placed inside a Mullite tube at the center of fur- 
nace which was raised to a temperature of 1400°C. 
Oxygen at atmospheric pressure was passed through 
the Mullite tube at a flow rate of about 15 cm3/min. 
A second boat, which acted as a substrate, was 
placed 210 cm from the source boat in a cooler por- 
tion of the furnace. After several days crystals 
of dimensions up to 6mm x 4mm x 2mm had formed in 
the substrate boat. Recently Shafer et a1 have al- 
so reported the growth of comparable sized single 
crystals of ~ u 0 2 . l ~  

A number of crystals were examined by X-ray 
Laue backscattering which indicated that they were 
of relatively good quality. Using the X-ray or- 
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Figure 2. Cyclic voltammetry of single crystal 
Ru02 with a [llg surface in a N2 sat- 
urated solution of 1 N H2SO4 for sever- 
al different scan rates. 

ientation technique natural GOO] , h102 and [ill] 
faces were found for the electrochemical investiga- 
tion. 

Shown in Figures 1 2 and 3 are cyclic volt- 
tammograms for L~oo], 6101 and clla surfaces of 
Ru02, respectively,in a 1 N solution of H2S04 sat- 
urated with N2 at different scan rates. Figure 4 
shows the results of a similar investigation on an 
unoriented single crystal. Measurements were ac- 
tually prtformed at scan rates of 0.05, 0.1, 0.2, 
0.5, 1.0 and 2.0 V/min. but for convenience only 
three rates (0.05, 0.5 and 2.0 Vlmin.) are displayed. 
Below about 1.5 V vs RHE the four curves are quali- 
tatively similar with major features at 0.4 and 0.7 
V vs RHE on the anodic portion and at about 0.5 and 
0.2 V vs RHE in the cathodic region. The potentials 
of these features are independent of sweep rate. 

For the L1003 case (see Figure 1) the first 
anodic peak (0.4 V vs RHE) consists of a well-de- 
fined doublet and there is somestructur on the 
cathodic peak at 0.2 V vs RHE. For the e[ll~] crys- 
tallographic face (see Figure 2) the second anodic 
peak (0.75 V vs RHE) is a doublet and there is struc- 
ture on both cathodic peaks. The [llll face (see 
Figure 3) shows no structure on either the anodic 
or cathodic peaks at voltages below-1.5 V vs RHE. 
Is is of interest to note that the two anodic peaks 
are at the same voltage for the three orientations 
while there are small differences ( N  0.1 V vs RHE) 
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Figure 3. Cyclic yoltmpetry of single crystal 
RuOg with a Clla surface in a N2 sat- 
urated solution of 1 N H2S04 for sever- 
al different scan rates. 

for the cathodic features bveraging out the struc- 
ture in each case). For the unoriented sample 
(Figure 4) no structure is seen on either the an- 
odic or cathodic peaks. In addition, the voltage 
difference between corresponding anodic and ca- 
thodic peaks is less than for the oriented samples. 
We attribute the observed structure in the cyclic 
voltammograms below 1.5 V vs RHE to the Ru203/Ru 
(lowest voltage anodic-cathodic pair) and the 
Ru203/Ru02 couple. 

Recently several investigators8 , have studied 
the electrochemical properties of Ru02 including 
some work on oriented single crystals by Shafer 
et a1.13 They also report structure in the same 
general voltage range where we have seen features 
(although there are some differences in values) and 
also attribute them to the above mentioned couples. 
However, our cyclic voltammetry peaks are much 
sharper and reveal more structure than those ob- 
served by other workers. 

Shafer et a1 report that no obvious differences 
were seen between t e six different crystal faces 
that they studied." Also their cyclic voltam- 
metry.curves taken or individual faces were similar ' 
to those on thermally oxidized.Ru-meta1. In con- 
trast we have seen some interesting differences for 
the.different crystallographic orientations (Figs. 
1, 2 and 3). 

Figure 4. Cyclic voltmetry of an unoriented 
single crystal of Ru02 in a N2 saturated 
solution of 1 N H2S04 for several differ- 
ent scan rates. 

At voltages above 1.5 V vs RHE there are also 
some interesting relations between the four situa- 
tions we have studied. For all cases, including 
the unoriented sample, there is a well-defined 
anodic structure (-1.7 V vs RHE) preceeding the 
onset of the OER. There is a corresponding ca- 
thodic peak for the [110], fill3 and unoriented 
cases but none is observed for the [100] face. 
These anodic features occur at the same voltage for 
the four samples but for the cathodic peak there is 
a small difference for the unoriented sample. 

A similar anodic process has been observed in 
the case of single crystal Ir02 (labelled A in 
Figure 2 of Ref. 10) and has been associated with 
the oxidation of Ir02 to the higher state IrO3. 
Therefore, we attribute the feature at about 1.7 V 
vs RHE in our case to the oxidation of Ru02 to 
Ru03. 

In terms of the OER potential the Llll] face 
shows no dependence on sweep rate (see Fig. 3) 
while for the other cases there are shifts to high- 
er voltages with decreasing scan speed. We have 
also investigated cyclic voltammetry for Ru metal 
in a 1 N H2SO4 solution saturated with N2 for the 
same scan speeds used in the Ru02 cases. In the 
case of the Ru metal the OER potential does not 
depend on scan rate, similar to our observations 
for the [lll] face. Although we do not completely 
understand these differences it is interesting to- 



note that for theLlll3 orientation of rutile (the 
crystal structure of Ru02) it is possible to have 
a crystal face free of oxygens, i.e. only metal 
atoms. Thus the G 1 g  case may be closer to the 
metallic situation. 

In addition to the cyclic voltammetry we have 
also studied the steady-state electrochemical be- 
havior of the various oriented Ru02 samples. The 
log current density vs potential curves, obtained 
by the steady state measurements in the anodic re- 
gion, were linear between 1.55 and 1.8 V vs RHE. 
All samples showed a slight decrease in slope at 
about 1.8 V vs RHE. It is interesting to note 
that this is the voltage of the feature that we 
have attributed to the oxidation of Ru02 to Ru03. 
Our measured Tafel slopes were- 100 mV1dec with 
small differences between the orientations. It 
appears that the [loo] Tafel slope is somewhat 
larger than those for the other two orientations 
although this is not conclusive. Shafer et a1 have 
also evaluated Tafel slopes for various orienta- 
tions.13 Although their general values are in 
agreement with ours they appear to find more of a 
difference for the various faces. 

111. Summary of Results 

3. E. Deltcombe, N. de Zoubov and M. Pourbaix, 
"Atlas of Electrochemical Equilibrium in 
Aqueous Solutions. I' @ergamon Press, London, 
1966) p. 343. 

4. S. Srinivasan. P. W. T. Lu. G. Kissel. 
F. Kulesa and J. Orehotsky, Proceedings of the 
DOE Chemical/Hydrogen Energy Systems Contrac- 
tors Review, Washington, 1978. (NTIS, Spring- 
field, Va., 1979) p. 27. 

5. J. P. Hoare, "The Electrochemistry of Oxygen" 
(Interscience, N.Y. 1968). 

6.' S. Srinivasan, P. W. T. Lu, G. Kissel, 
F. Kulesa. C. R. Davidson. H. Huana. S. Gottes- 
feld and j .  Orehotsky, proceedings-of the DOE 
Energy Storage and Hydrogen Energy Systems 
Contract Review, Hunt Valley, Md., 1977 (JPL 
Publication 78-1) p. 39. 

7. J. H. Russell and L. J. Nuttall, Proceedings 
of the DOE ChemicalIHydrogen Energy Systems 
Contractors Review, Washington, 1978 (NTIS, 
Springfield, Va., 1979) p. 13. 

We have grown large single crystals of Ru02 
by the vapor transport method. Electrochemical 9. 
investigations have been carried out on various 
oriented surfaces of the single crystal material 
.as well as on a sample of unoriented single crystal 10. 
material. A number of significant similarities 
and differences have been observed between the 
various faces that have been studied. Our results 
have revealed considerably more structure in the 
cyclic voltammetry curves than reported by other 11. 
investigators. Thus our work on oriented single 
crystal Ru02 contains important information con- 12. 
cerning the electrocatalytic process. 

IV. Future Work 
13. 

We plan to grow single crystals of Ir02 in 
order to further develop the work reported at last 
year's meeting. 14. 

8. J. Horkans and M. W. Shafer, J. Electrochem. 
SOC. 124. 1202 (1977). 

Additional electrochemical studies will be 
performed on oriented single crystals of Ir02 and 
Ru02. This includes measurements using the rota- 
ting disc electrode method to be done in collabor- 
ation with Brookhaven National Laboratory. 

Preliminary optical investigations (reflec- 
tivity and photoemission) have already been per- 
formed on single crystal Ir02. We propose a much 
more detailed study of this area on both Ir02 and 
Ru02 in order to gain information concerning their 
fundamental electronic structure.14 The pho'to- 
emission worV is being done in collaboration with 
the University of Mons, Mons, Belgium. 

Our ultimate goal is to relate the observed 
electrochemical behavior of single crystal Ir02 
and Ru02 with the fundamental electronic structure. 
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ABSTRACT 

HYDRIDE BEDS : ENGINEERING TESTS* 

M. J. Rosso, Jr. and G.  S t r i c k l a n d  

Brookhaven Nat ional  Laboratory 
Upton, New York 11973 

The BNL Hydrogen Storage  Program engi- 
neer ing e f f o r t  i s  d i r ec t ed  toward f inding 
so lu t ions  t o  the engineer ing problems ' 
as soc i a t ed  with metal hydrides--princi-  
p a l l y  FeTiH,. Measurements of thermal 
conduc t iv i ty  in non-enhanced, copper 
mesh-enhanced and aluminum foam-enhanced 

. hydr ide  beds have been made and ind ica t e  
t h a t  the  form of the  enhancement mater- 
i a l  i s  the c r i t i c a l  f ac to r .  The com- 
p l e t i o n  of t h e  HYTACTS and i t s  i n i t i a l  
shakedown runs suggest  the many applica- 
t i o n s  f o r  t h i s  new f a c i l i t y  i n  the  a r ea  of 
advanced hydrogen component t e s t i ng .  The 
performance t e s t i n g  of t h e  Var iable  Param- 
e t e r  Tes t  Unit-2 (VPTU-2) w i l l  begin follow- 
ing the  BNL Safe ty  Committee approval.  A 
d e s c r i p t i o n , o f  t h i s  ves se l  i s  included. The 
purpose, d e s c r i p t i o n  and s t a t u s  of t he  
Var iable  Parameter Test  Unit -1 (VPTU-1) i s  
repor ted  as  wel l  a s  the  r e s u l t s  of the  f i r s t  
s e t  of t e s t s  performed in t h i s  vesse l .  

INTRODUCTION 

The idea tha t  hydrogen w i l l  be used on a  l a rge  
s c a l e  as  an energy c a r r i e r  in t h i s  country wi th in  
f i f t y  years  i s  becoming f a i r l y  well  accepted by a t  
l e a s t  the  s c i e n t i f i c  community. The use of hydrogen 
presupposes the need f o r  s to rage  in a  form that  i s  
s a f e ,  economically v i a b l e ,  and both environmentaldy 
and e s t h e t i c a l l y  acceptable .  Hydrogen, as  well as  
most o the r  gases,  has t r a d i t i o n a l l y  been s to red  and 
t r anspor t ed  as a  compressed gas a t  pressures  ap- 
proaching 3000 p s i  in very heavy-walled s t e e l  cy l in -  
de r s .  Hydrogen in l i q u i d  form, although o rde r s  of 
magnitude l i g h t e r  i n  weight,  i s  probably not a  v ia-  
b l e  opt ion  because of s a f e t y  and economic considera- 
t i o n ~ . ~  Metal hydride s to rage  i s  a  proven technol- 
ogy which may have, because of t h e i r  i nhe ren t ly  high 
hea t s  of r eac t ion ,  g r e a t e r  app l i ca t ion  in t he  a r eas  
of chemical compressors and heat  pumps, than in the  
hydrogen s to rage  area.2-4 Other occluder type mate- 
r i a l s  such as  molecular s i eves  have been considered 
in  the  pas t  but were gene ra l ly  discounted due t o  
t h e i r  f a i r l y  low hydrogen s to rage  d e n s i t y .  Recently 
a  small  e f f o r t  has been d i r e c t e d  toward eva lua t ing  
the  v i a b i l i t y  of a  new concept which involves the 
use of hollow g la s s  microspheres fo r  s t o r i n g  hydro- 
gen.5 Comparative energy s to rage  d e n s i t i e s  can be 
found in  Table I. 

Although BNL has  taken an a c t i v e  r o l e  i n  the 
eva lua t ion  of many hydrogen s to rage  opt  ions,  the  
"in-house" e f f o r t  has 'been gene ra l ly  d i r ec t ed  toward 
the  development of the  metal  hydride s to rage  con- 
cept .  I n  the  engineer ing a r e a ,  where our e f f o r t s  
have focused pr imar i ly  on i ron- t i tanium hydr ide ,  
so lu t ions ,  a r e  being sought t o  the engineer ing prob- 
lems presented  by the  c h a r a c t e r i s t i c s  inherent  t o  
*Research erformed under t he  ausp ices  of t h e  U.S. 
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t h i s  system. The f a c t  t h a t  metal hydr ides  become 
extremely f r a g i l e ,  due t o  cracking upon hydrogen 
a c t i v a t i o n ,  causes the  ma te r i a l  t o  crumble i n t o  
f i n e  p a r t i c l e s  whenever the  bed i s  d i s tu rbed .  I n  
l a r g e r  systems (where the  bed depth i s  g r e a t e r  
than a  "not-yet-determined" c r i t i c a l  va lue)  t h e  
fo rces  generated by the expanding a l l o y  as  i t  
absorbs the  hydrogen a re  not only s u f f i c i e n t  t o  
g r e a t l y  aggravate the  a t t r i t i o n  problem, but i t  
has been repor ted  t h a t  enough fo rce  can be gener- 
a t ed  t o  d i s t o r t  the wa l l s  of t he  pressure  vessel .6 
As the hydrogen i s  made t o  flow through the  hy- 

. d r i d e  bed, f a i r l y  high pressure  drops can a l s o  be 
experienced as  the  p a r t i c l e s  ge t  very smal l  a f t e r  
an extended number of charge/discharge  cycles.7 
This w i l l  be an important cons ide ra t ion  in  f a s t -  
f l u i d  f l o r r a t e  systems such as  f o r  automotive 
app l i ca t ions  and f o r  the  chemical compressor 
a p p l i c a t i o n  where even higher  flow r a t e s  a r e  an t i -  
c ipa ted .  The poor thermal conduc t iv i ty  of the  bed 
as  a  r e s u l t  o f ,  the many contac t  r e s i s t a n c e s  i s  one 
of the  problems on which BNL has appl ied  i t s  ener- 
g i e s .  

ENGINEERING TEST PROGRAM 

Heat T rans fe r  Enhancement 
I 

The add i t i on  of small  amounts of high'conduc- 
t i v i t y  ma te r i a l  t o  the  hydride bed in  an attempt 
t o  enhance the heat t r a n s f e r  was inves t iga t ed .  I t  
was decided t o  use an approach t h a t  would involve 
the  t r a n s i e n t  thermal t r a n s f e r  mode s ince  the  re- 
s u l t s  would be more r ep re sen ta t ive  of a c t u a l  oper- 
a t i n g  condi t ions .  The experimental  appara tus  in- 
cluded a  thin-walled (2.45" I . D .  x  .095" wa l l )  
c y l i n d r i c a l  copper v e s s e l  11 114 inches long, 
r a t e d  a t  200 p s i a ,  and flanged a t  both ends. Two 
temperature-controlled baths  (30° and 80°C) were 
used t o  provide the  constant  temperature environ- 
ment a t  the  ou t s ide  wall  of the  t e s t  ves se l .  Three 
shie lded thermocouples were pos i t ioned at  the ves- 
s e l  cen te r  l i n e  with l ong i tud ina l  displacements of 
2.3 inches between the  hot junct ions .  The two ex- 
treme thermocouples were provided only t o  i n su re  
t h a t  end e f f e c t s  were minimal and heat  flow was 
ax i a l .  A l l  the  data  p,resented in  t h i s  r epo r t  were 
measured by the cen te r  thermocouple. For each s e t  
of experiments the t e s t  ves se l  was assembled, 
f i l l e d  with hydride (2365 grams) and machine 
packed by r a i s i n g  and dropping the  v e s s e l  with i t s  
holder  ( t o t a l  weight 25 l b )  a  d i s t ance  of 0.75 
inches a t  the  r a t e  o f  1  112 taps  per second f o r  30 
minutes (%2700 t a p s ) .  This procedure was adopted 
t o  e l imina t e  var iances  i n  the  bed's  void f r a c t i o n  
which was computed using bed height  measurements 
taken through holes i n  the  top f lange .  Each heat-  
ing run was s t a r t e d  by causing a l l  t h r ee  thermo- 
couples i n  the t e s t  appara tus  t o  approach the  bath  
temperature (30°C)to wi th in  0.2OC. 



The test vessel was then removed and immediate- 
ly immersed in the high temperature (80'~) bath and 
the data measurement started. The rate at which the 
data were recorded was chosen so as to provide a 
minimum of fifty data points for each run. Gener- 
ally each run was repeated three times and the re- 
sults were extremely reproducible. Three configu- 
rations were used: 1) no enhancement, 2365 g packed 
bed of -30+80 mesh deactivated FeTi hydride; 2) 
the same bed with 5 wt % of the hydride removed and 
replaced with an e ual weight of copper in the form 
of a knitted mesh;8 3) the same bed with 5.8% of 
aluminum in the form of a reticulated foam. Each 
of the~c configurations was tested with 150 pm, 1.0 
psia and 200 psia hydrogen pressure in the test 
vessel. The data were treated as givenlby Churchill, 
R.V., in his "Operational Mathematics." 

For the above geometry the solution of the 
temperature profile is given by: 

where 

8 = Dimensionless temperature at rl and T = 

(TW-TO) / (Tt-TO) 

rl = Dimensionless radial distance from cen- 
ter - r/R 

T - Dimensionless time = at/R 
2 

2 a = Thermal diffusivity = k/(pC ) in ft /hr 
P 

k = Effective thermal conductivity of bed in 
2. 0 Btu/hr-ft - F-ft 

P = Bulk density of bed = EP + (l-~)Sp~ + 
g 

(1-E) (1-6)pH 

where g refers to gas, E refers to en- 
hancement material and H to hydride. 

C = Average specific heat of the bed 
P 

= [r(p C ) + (1-c)6(pECpE) + (1-c) (1-6) 
g Pg 

(%'pH)] 

E = Bed void fraction 

6 = Fraction.of hydridc replaced by enhance- 
ment material 

'n 
= Bessel function value = 2.40483 for n=l 

J (A ) = Bessel function value = 0.51915 for n=l 
n n 

Tw = Test vessel inside wall temperature 
(assumed to be the same as bath tempera- 
ture) 

To = Bed center line temperature at t = 0 

t 
= Bed center line temperature at time t 

For sufficiently long times at' the center line of 
the bed Eq. (1) indicates that 

Substituting  at/^^ for T and the numerical equiv- 
alent for Al,and Jl(A )(2.40483 and 0.51915, re- 
spectively) lnto Eq. 12) and solving for a we get: 

Solving Eq. (3) at the half time when T = 55'~ 
we get: t 

The effective thermal conductivity can then be 
determined by measuring only the half'time and cal- 
culating the bulk density and specific heat for 
each system tested. 

The results are listed in Table 11. 

Four very definite conclusions may be drawn 
from these results:, 

. The greatest contribution to the.therma1 
tgansport of the system is made by the 
hydrogen gas. 

. The form of the enhancement material is a 
iiiure i~~ipurtant consideration than the con- 
ductivity of the material. 

. The addition of 5.6% aluminum foam enhances 
the effective thermal conductivity of a 
hydride bed at 200 psi'hydrogen by a factor 
of 2.6. 

. This techniqucis a very convenient and 
quick method of screening new heat transfer , 
enhancement concepts. 

k 

The thermal conductivity values for the no- 
enhancement runs compar%favora@y with measure- 
ments reported by Reilly. and Yu being slightly 
higher than Reilly's but lower than Yu's. Both of 
their results were made using essentially the same 
bed material but an entirely different experimental 
technique. 

Hydrogen Technology Advanced Component Test System 
HYTACTS 

Since hydrogen technology is viewed as a long 
term but highly probable option, the establishment 
of a hydrogen test system where advanced component 
designs may be tested makes sense. Such a system 
has been completed at BNL and is undergoing the 
initial shakedown operation using nitrogen. 



e a r l y  Sa fe ty  Committee appr&al ,  the  HYTACTS w i l l  
have completed t e s t i n g  on t h e  Var iable  Parameter 
Tes t  Unit-2 (VPTU-2) bulk hydrogen s to rage  ves se l  by 
the  end of t h e  1979 ca lendar  year.  

The HYTACTS i s  mainly a moderate p re s su re  (600 
p s i a )  system tha t  i s  cons t ructed  e n t i r e l y  of TIG 
welded, 316 s t a i n l e s s  s t e e l  1" schedule 10 p ipe  fo r  
t he  process gas ,  and 2" schedule  10 s t a i n l e s s  s t e e l  
p ipe  f o r  t he  thermal t r anspor t  system. Both the  
thermal t r anspor t  f l u i d  flow r a t e  and the  hydrogen 
flow r a t e  a r e  accu ra t e ly  con t ro l l ed  afld measured by 
d i g i t a l  flow con t ro l  va lves  (FCV). The FCV'S a r e  
capable  of maintaining constant  f l u i d  flow r a t e s  
with changing upstream and downstream p res su re s  and 
temperatures because of t h e i r  b u i l t - i n  computer pro- 
cessor .  The flow-rate range f o r  the hydrogen valves  
(3 )  a r e  from 20 SCFM t o  6000 SCFM providing a wide 
ope ra t ing  range fo r  a wide c l a s s  of experimental  ap- 
para tuses .  The thermal t r anspor t  system i s  closed 
and uses  a 50150 mixture of e thylene  g l j c o l  and d i s -  
t i l l e d  water f o r  hea t ing  and cooling.  A 7.5 t on  
c h i l l e r  and a 125 kW h e a t e r  provide the  cool ing  and 
h e a t i n g  a t  a f l u i d  flow r a t e  of 130 gpm f o r  the  
assemblies under t e s t .  All .  t e s t  po in t s  a r e  moni- 
t o red  by a Doric Digi t rend 240 Data Scanner a t  the  
r a t e  o f  10  per second and each point  may be dedi- 
ca t ed  t o  read one of f i v e  d i f f e r e n t  funct ions  and 
respond t o  any one of the  four  alarms on each. The 
d a t a  may be s tored  on e i t h e r  magnetic tape o r  floppy 
d i s c  f o r  a n a l y s i s  w i th in  t h e  Tektronix  4051 Graphics 
computer. A compressor-purifier-dryer system not 
ye t  completed has t he  c a p a b i l i t y ' o f  upgrading tube 
t r a i l e r  p u r i t y  hydrogen (99.95%) t o  u l t r a  pure hy- 
drogen (99.999%) a t  t he  r a t e  o f  20 SCFM. With the  
pui f  i c a t i o n  system ope ra t iona l ,  of f  gas from t e s t  
v e s s e l s  can be pu r i f i ed ,  recompressed and s to red  i n  
t h e  120,000 SCF volume s to rage  tubes. The HYTACTS 
has been t e s t e d  and i s  awai t ing  opera t i r& approval.  
A l l  alarms and automatic shutdowns have been a c t i -  
va ted  by simulated p re s su re  o r  temperature excur- 
s i o n s  and the  hygrometer and 02 analyzer  va lues  a r e  
w i th in  acceptable  l i m i t s .  The f i r s t  ope ra t ion  t o  be  
performed us ing  the HYTACTS w i l l  be the  i n i t i a l  ac- 
t i v a t i o n  of t he  a l l o y  (3825 l b  TiFe.g5~n.i5) of t h e  
bulk  s to rage  vesse l .  This process w i l l  begin a t  t he  
completion and acceptance by the  BNL Sa fe t  Commit- 
t e e  of t he  HYTACTS Sa fe ty  Analysis Report .I3 
Variable  Parameter T e s t  Unit-2 ( v P T P ~ )  

The VPTU-2 was b u i l t  f o r  the  purpose of evalu- 
a t i n g  the  f l u i d i z a t i o n  concept of loosening a deep 
hydr ide  bed and measuring the  performance character -  
i s t i c s  of a l a rge  v e s s e l  a t  var ious  r a t e s  of con- 
s t a n t  hydrogen chargeldischarge  opera t ion .  The ves- 
s e l  was b u i l t  by the  Fos t e r  Wheeler Corpora t ion  
underucontrac t  to  BNL; and a d e t a i l e d  desc r ip t ion  
and des ign cons ide ra t ions  a r e  included in  t h e i r  
f i n a l  r epo r t  . l4  

Bas i ca l ly  the v e s s e l  i s  a s h e l l  and tube hea t  
exchanger t h a t  i s  f langed a t  .one end f o r  easy remov- 
a l  of t he  tube bundle. The v e s s e l  i s  cons t ructed  of 
A-106.Grade B p ipe l ine  s t e e l ,  i s  r a t ed  f o r  500 p s i a  
working pressure  and was proof-tested t o  750 psia.  
The i h e l l  i s  26" in  diameter and has a t o r i s p h e r h a l  
head a t  each end. A number o f  4" and 2" pipe noz- 
z l e s  provide access t o  the i n t e r n a l 8  f o r  gas ,  vacuum 
and water l i n k s  as we l l  as  feedthroughs f o r  i n s t ru -  
ment l i nes .  The v e s s e l  i s  10 f t  long o v e r a l l  with a 
7-ft  long hydride bed area .  It con ta ins  33 - 1" d i -  
ameter s t a i n l e s s  s t e e l  thermal t r anspor t  "U" tubes ,  

s i x  f l u i d i z i n g  tubes a t  t he  bottom of the  ves se l  
and four  f i l t e r  vent tubes  a t  t he  top. A spring-- 
loaded hollow-center body 2" wide x 25" high runs 
t he  f u l l  length of t he  bed and a c t s  a s  a crushable  
member t o  r e l i e v e  the  ves se l  wal l  of the  expansion 
induced s t r e s s e s .  

A number of hydrogen chargingldischarging cy- 
c l e s  t o  the  maximum s to rage  capac i ty  a t  t imes 
ranging from 5 h r s  t o  10 h r s  w i l l  be completed. 
A l l  p e r t i n e n t  bed temperature and pressure  d a t a  
w i l l  be recorded and the  bulk s t o r a g e  ves se l  oper- 
a t i n g  performance w i l l  be evaluated .  A number of 
a t tempts  w i l l  be made t o  confirm the  v i a b i l i t y  of 
the  f l u i d i z i n g  concept as  a bed loosening' tech- 
nique.  The r ap id  changes in  pressure  above and 
below the  bed a t  i n c i p i e n t  f l u id . i s a t i on  w i l l  pro- 
v ide  the  only da t a  on which t o  base the assess-  
ment. The VPTU-2 is expected t o  perform according 
t o  t he  Foster  Wheeler p ro j ec t ions  which a r e  based 
on an empir ica l  c o r r e l a t i o n  of performance r a t e  
d a t a  from the  6"-ESEERCOIBNL v e s s e l  and the  12"-- 
PSE6GlBNL vesse l .  The bulk s to rage  v e s s e l  VPTU-2 
w i l l  a l s o  be used t o  t e s t  t he  WTACTS c o n t r o l  sye- 
tems and da t a  acqu i s i t i on .  

Var iable  Parameter Teat Unit-1 (vPTU-1) 

This smal ler  v e s s e l  (24" O.D. x 3 f t  long x 
112" wa l l )  was designed and f ab r i ca t ed  a t  BNL f o r  
t he  purpose of screening new advanced concepts a t  
a l a r g e r  than bench s c a l e  but smal ler  than engi- 
neer ing sca le .  The s h e l l ,  f lange  and end caps a r e  
a l l  made of A-106-Grade B pipe  l i n e  s t e e l  and i t  
i s  r a t e d  and has been proof t e s t e d  f o r  a working 
p re s su re  of 500 ps i a .  Enough nozzles  were pro- 
vided f o r  almost any i n t e r n a l  con f igu ra t ion  imagi- 
nable.  A viewing po r t  a t  t he  top  enables  viewing 
of t h e  i n t e r v a l s  with t he  a i d  of a f i b e r o p t i c  bor- 
oscope. This f e a t u r e  was extremely valuable  when 
a t tempt ing t o  eva lua t e  the  bed f l u i d i z a t i o n  op- 
t i on .  An 11" deep hydr ide  bed was f l u i d i z e d  us ing 
n i t rogen  and helium and the  r e s u l t s  ex t r apo la t ed  
t o  hydrogen t o  s e t  t he  mass flow r a t e  f o r  the  
f i r s t  f l u i d i z a t i o n  a t tempt  i n  t h e  VPTU-2. The 
measured values  were considerably  h igher  than the  
handbook values  us ing ~ e v a ' s  equat ion  f o r  minimum 
f l u i d i z a t i o n 1 5  probably because the  bed was a l -  
ready wel l  beyond the  minimum f l u i d i z a t i o n  po in t  
be fo re  we could v i s u a l l y  de t ec t  motion. The 
VPTU-1 w i l l  next be used t o  determine the  f e a s i -  
b i l i t y  of us ing heat  t r a n s f e r  panels ,  on which the 
thermal t r anspor t  f l u i d  channels a r e  embossed, a s  
t h e  con ta ine r  f o r  t he  hydride. The scheme, i n  ac- 
t u a l  p r a c t i c e ,  i s  t o  have the  p re s su re  v e s s e l  i n  
t h e  v e r t i c a l  o r i e n t a t i o n  with con ica l  heat  t rans-  
f e r  t r a y s  stacked in  such a way t h a t  the  top o f  
one t r a y  provides t he  heat  t r a n s f e r  su r f ace  f o r  
t he  bottom of the  t r a y  above it. By l i m i t i n g  t h e  
t r a y  depth,  and consequently the  bed depth,  t o  
l e s s  than some c r i t i c a l  va lue  (?4-6"), the  hydr ide  
should be f r e e  t o  r i s e  t o  the  su r f ace  thus a l l e v i -  
a t i n g  problems induced by the  expanding hydr ide  
dur ing the  absorpt ion  of t he  hydrogen. A t r a y  
s imula t ing  a segment of a cone has been f a b r i c a t e d  - 
and i n s t a l l e d  in the  VPTU-1 t e s t  ves se l .  The t r a y  
can be t i l t e d  by means of an e x t e r n a l  screw-jack 
mechanism in  order  ' t o  a l low the  hydride t o  slump 
toward one end of the  t r a y  thereby con tac t ing  t h e  
t o p  heat  t r a n s f e r  surface .  Twelve thermocouples 
have been located  in  t he  bed t o  measure the  tem- 
pe ra tu re  p r o f i l e  as  a funct ion  of hydrogen flow 
r a t e  and a l s o  a s  a funct ion  of t i l t  angle.  



The system i s  ready f o r  t e s t i n g ;  but a 
re-emphasis of p r i o r i t i e s  has caused a hold i n  
ope ra t ion  of t e s t .  No problems a r e  an t i c ipa t ed  but 
some doubt e x i s t s  as  t o  the  adequacy of the heat  
t r a n s f e r  su r f ace  provided. 
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TABLE I 

Compressed Mg Hx 
Hydrogen 10% N i  FeTi Micro- 
2400 p s i  Hydride Hydride sphere  Liquid 

*Gravimetric Energy 502 839 514 2390 7300 
Density (1 )  (1.7) (1.4) (4.8) (14.5) 
Btu/ lb  

*Numbers in parentheses  a r e  normalized t o  compressed gas 

TABLE I1 

HEAT TRANSFER ENHANCEMEW OF BEDS OF FeTiH, 

k t 5  5 
E f f e c t i v e  

E Thermal Half 
Hydrogen Void ~ h e % n a l  .Conductivity Time 

Run No. .P re s su re  F rac t ion  Enhancement D i f f u s i v i t y  ~ t u / h r - f t ~ - ~ ~  Minutes 

3A 1501rm ' 0.490 None 0.000754 0.0189 167 
1A-CE 0.497 5% Cu . 0.00235 0.058 53.5 
1 G-AE 0.545 ' 5.6%Al 0.00494 0.109 25.5 

5A 1 p s i a  0.490 None 0.0148 0.371 8.5 
2A-CE 0.497 5% Cu 0.159 0.394 7.9 
2A-AE 0.545 5.6% A1 0.0829 1.834 1.52 

8A 200 ps i a  0.513 None 0.0396 0.954 3.2 
3A-CE 0.497 5% Cu 0.0362 0.902 3.5 
3A-AE 0.545 5.6% A1 0.1122 2.497 1.12 



MODELING SOLID HYDROGEN STORAGE BEDS* 

P. W .  F i she r  and J .  S .  Watson 

Chemical Technology Divis ion  
Oak Ridge National Laboratory 

Oak Ridge, Tennessee 37830 

Abs t r ac t  

Computer programs a r e  be ing developed t o  p r e d i c t  t h e  performance o f  hydrogen 
s to rage  beds from t h e  phys i ca l  and chemical p r o p e r t i e s  o f  t h e  hydrogen s t o r a g e  
m a t e r i a l ,  t h e  geometry o f  t h e  bed, and t h e  des i r ed  ope ra t iona l  c h a r a c t e r i s t i c s  
o f  t h e  bed. The d a t a  base  f o r  t h e s e  programs con ta ins  t h e  p r o p e r t i e s  of i ron -  
t i t an ium (FeTi) a l l o y ,  bu t  t h e  base  could be extended t o  i nc lude  p r o p e r t i e s  of 
any m a t e r i a l .  P red ic t ions  have been made f o r  two d i f f e r e n t  shel l -and- tube  
geometr ies  i n  which t h e  s to rage  ma te r i a l  i s  e i t h e r  i n  t h e  s h e l l  o r  i n  t he ' t ubes .  . 

The programs p r e d i c t  bed p re s su re  and tempera ture  p r o f i l e s  a s  a  func t ion  of flow 
r a t e ,  o r  flow r a t e  a s  a  func t ion  o f  p re s su re .  Bed dimensions,  tempera ture  o f  
t h e  heat  t r a n s f e r  f l u i d ,  and heat  t r a n s f e r  c o e f f i c i e n t  a r e  parameters .  

The mathematical  models t h a t  a r e  being developed f o r  t h e s e  programs a r e  
evaluated  by comparing p red ic t ed  r e s u l t s  wi th  experimental  d a t a  suppl ied  by 
Brookhaven Nat ional  Laboratory.  A model t h a t  assumes r a p i d  k i n e t i c s  ( e q u i l i b -  
rium) and con ta ins  no empir ica l  parameters produces bed p re s su re s  and tempera- 
t u r e s  which a r e  i n  good q u a l i t a t i v e  agreement with experimental  d a t a ;  however, 
events  such a s  maximum (o r  minimum) p re s su re  and c e n t e r - l i n e  tempera ture  a r e  
p red ic t ed  t o  occur  a t  t imes  d i f f e r e n t  from those  observed. An example o f  t h e s e  
r e s u l t s  i s  presented  he re .  

In t roduc t ion  

Development o f  t h e  b e s t  des ign o f  a  s o l i d  hydro- 
gen s t o r a g e  bed f o r  any p a r t i c u l a r  a p p l i c a t i o n  i s  a  
very complex and d i f f i c u l t  problem f o r  s eve ra l  
reasons  : 

1 .  A v a s t  number o f  p o s s i b l e  hydrogen s t o r a g e  
m a t e r i a l s ,  each having d i f f e r e n t  cha rac t e r -  
i s t i c s ,  must be  considered .  

2 .  The geometry o f  t h e  bed, t h e  hea t  t r a n s f e r  
su r f ace  a r e a ,  and t h e  h e a t  t r a n s f e r  confggu- 
r a t i o n  must be  s p e c i f i e d .  

3 .  ' The e x t e n t  t o  which hea t  t r a n s f e r  enhance- 
ment can be  used e f f e c t i v e l y  must be 
evaluated .  

4 .  A l l  f a c t o r s  must be optimized wi th in  t h e  
c o n s t r a i n t s  o f  t h e  a p p l i c a t i o n  ( e . g . ,  t o t a l  
bed weight,  ope ra t ing  p re s su re ,  r equ i r ed  

, 

maximum flow r a t e ,  hea t  t r a n s f e r  f l u i d  
tempera tures ,  e t c  .) . 

Obviously, eva lua t ion  o f  a l l  t h e s e  parameters by 
cons t ruc t ing  and ope ra t ing  t e s t  beds i s  not  p r a c t i -  
c a l .  Therefore ,  t h e  o b j e c t i v e  o f  t h i s  program has  
been t o  u se  mathematical  a n a l y s i s ,  computer simu- 
l a t i o n s ,  and experimental  measurements t o  develop 
techniques  and procedures f o r  i n t e r p r e t i n g  expe r i -  
mental d a t a  and f o r  des igning s to rage  beds which 

* ~ e s e a r c h  sponsored by t h e  Divis ion  of Energy 
S to rage  Systems, U.S. Department o f  Energy under 
c o n t r a c t  W-7405-eng-26 wi th  t h e  Union Carbide 
Corpora t ion .  

meet requirements  o f  s p e c i f i c  a p p l i c a t i o n s  us ing 
p r o p e r t i e s  o f  t h e  s t o r a g e  m a t e r i a l .  

The Model 

The model equat ions  a r e  a  s e t  o f  mass and energy 
balances  i n  c y l i n d r i c a l  geometry. Energy balances  
i nc lude  h e a t  accumulation,  heat  produced by r eac -  
t i o n ,  and h e a t  t r a n s f e r r e d  by conduction.  The bed 
i s  subdivided i n t o  annular  s h e l l s ,  and t h e  ma te r i a l  
i n  each s h e l l  i s  cons idered  t o  be uniform and homo- 
geneous. Boundary cond i t i ons  f o r  t h e  equat ions  
inc lude  e i t h e r  t h e  bed p re s su re  o r  t h e  hydrogen 
flow r a t e .  Equations f o r  a  bed geometry i n  which 
t h e  hydrogen s t o r a g e  m a t e r i a l  i s  i n s i d e  tubes  (with 
hea t  t r a n s f e r  f l u i d  on t h e  ou t s ide )  have been p re -  
sented  p r e v i o u s l y ; l  an analogous s e t  of equat ions  
i s  a v a i l a b l e  f o r  t h e  ca se  i n  which t h e  bed i s  i n  a  
tank (o r  s h e l f )  pene t r a t ed  by l seve ra l  cooled h e a t  
t r a n s f e r  t ubes .  So lu t ion  of t h e  model equat ions  
r e q u i r e s  an i t e r a t i v e  procedure which i s  ou t l i ned  
i n  r e f e r e n c e  3 .  

Physica l  Proper ty  Data 

Heat t r a n s p o r t  and thermodynamic p r o p e r t i e s  a r e  
r ep re sen ted  i n  t h e  d a t a  base  a s  func t ions  of tem- 
p e r a t u r e ,  p re s su re ,  and composit ion whenever t h e  
necessary  experimental  d a t a  a r e  a v a i l a b l e .  F igure  
1  shows a  comparison between experimental  da ta4  and 
p r e d i c t i o n s  from t h e  d a t a  base f o r  t h e  FeTi a l l o y - -  
hydrogen deso rp t ion  i so therm.  The p red ic t ed  curves  
a r e  composed o f  equat ions  f o r  s i x  d i f f e r e n t  curve  
segments, each cover ing a  d i f f e r e n t  range of compo- 
s i t i o n s .  A l l  equat ions  were der ived a t  40°C; i s o -  
therms a t  o t h e r  tempera tures  (dashed curves  i n  



Fig. 1) are produced by applying the van't Hoff 
relationship at each composition. Equilibrium 
adsorption isotherms are generated in a similar 
manner. Heat of reaction and thermal conductivity 
are represented in the data base as functions of 
composition and hydrogen pressure respectively. 
Other properties, such as heat capacity and heat 
transfer coefficient, are taken as constants 
because they have not been well characterized 
experimentally. 

The sensitivity of the model predictions to any 
one of these parameters has been examined. Thermal 
conductivity and the shape of the equilibrium sorp- 
tion isotherm appear to be the most sensitive 
parameters; even a 20% change in the heat capacity, 
the heat transfer coefficient, or the heat of reac- 
tion produces less than 1% change in predicted 
loading times and bed pressure. 

Results 

Figure 2 shows predicted bed pressure, composi- 
tion, and temperature as a function of time for a 
run reported by Strickland and YU.' In this run, 
they used an externally cooled, 6.4-in.-ID cylin- 
drical bed that contained 84 lb ot FeTl alloy and 
had a hydrogen withdraw rate of 10 std liters/min. 
Comparison of these curves with the experimental 
results in Fig. 3 shows that the model (which con- 
tains no adjustable parameters) correctly predicts 
the shape and the magnitude of the experimental 
curves, but predicted events such as minimum pres- 
sure and temperature occur at times later than 
those observed experimentally. This discrepancy 
in time scale is believed to result from a combi- 
nation of the effects of chemical kinetics and 
hysteresis (whlch occur when switching from adsorp- 
tion to desorption). These effects are not taken 
into account in the model. The equilibrium iso- 
therms contained in the data base were recorded in 
the range from 1 to 65 atm; however, the experi- 
ments cover only the range from 1 to 34 atm. 
Because there is a large gap (hysteresis) between 
the present adsorption and desorption isotherms (on 
the order of 10 atm at H/M = 0.84), there is a dis- 
continuity in the model at this point. Interpola- 
tion procedures presently under development will 
bring the isotherms together at the composition of 
the bed when,operation is switched from unloading 
to loading. 

Programs have also been prepared to predict the 
behavior of beds with the same length and contain- 
ing the same amount of alloy as the previous bed, 
but with internal cooling tubes (rather than 
external cooling). Runs with several different 
sizes and numbers of cooling tubes have shown that 
the bed,pressure (rather than the maximum tempera- 
ture or loading time) is the most difficult param- 
eter to match between external and internal cooling 
configurations. The calculated results show that a 
bed with cooling tubes designed on the basis of 
these criteria to meet or exceed performance of the 
externally cooled 6.4-in.-ID bed would require six 
0.25-in.-OD tubes, four 0.5-in.-OD tubes, or three 
1-in.-OD tubes. Note that, as the diameter of the 
tube decreases, the number of tubes increases but 
the total heat transfer surface area actually 
decreases. 

This analysis of hydride bed performance has 
proved to be extremely useful in understanding 
existing experimental data on bed performance, in 
identifying the critical parameters in bed design, 
and in pinpointing areas where 111ore accurate experi- 
mental data are needed. It will also be useful in 
preparing designs of new experimental and demonstra- 
tion units. 

Fig. 1. Desorption isotherms of NL-2A-M FeTi alloy: 
points are experimental data,4 and lines are pre- 
dictions from the data base. 
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HYDROGEN STORAGE FOR AUTOMOBILES* 

G e r a l d  S t r i c k l a n d  

Brookhaven NaLiuual  L a L u r a t o r y  
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ABSTRACT 

R e s u l t s  of an a n a l y s i s  of hydrogen- 
f u e l e d  au tomobi les  a r e  p r e s e n t e d  a s  a  
p a r t  of  a  c o n t i n u i n g  s t u d y  conduc ted  b y  - 
Lawrence L ivermore  L a b o r a t o r y  (LLL) on 
Energy S t o r a g e  Systems f o r  Automobile  Pro-  
p u l s i o n .  The hydrogen is s t o r e d  e i t h e r  a s  
a  m e t a l  h y d r i d e  a t  modera te  p r e s s u r e  i n  
TiFe0.9Mn0.1Hx and a t  low p r e s s u r e  i n  MgH, 
c a t a l y z e d  w i t h  1 0  wt % N i ,  o r  i t  i s  s t o r e d  
i n  ho l low g l a s s  m i c r o s p h e r e s  a t  p r e s s u r e s  
up t o  abou t  4 0 0  atm. Improved p r o j e c t i o n s  
a r e  g i v e n  f o r  t h e  two h y d r i d e s ,  which a r e  
used i n  combinat  ion t o  t a k e  advan tage  of  
t h e i r  complementary p r o p e r t i e s .  I n  t h e  dual-  
h y d r i d e  c a s e  and i n  t h e  m i c r o s p h e r e  c a s e  
where T i -based  h y d r i d e  is used f o r  i n i t i a l  
o p e r a t i o n ,  hydrogen  i s  consumed i n  a n  

. i n t e r n a l - c o m b u s t  i o n  e n g i n e ;  whereas  i n  t h e  
t h i r d  c a s e ,  hydrogen  from Ti-based h y d r i d e  
is used with a i r  i n  an a l k a l i n e  f u e l  ce l l /Ni -Zn  
b a t t e r y  combinat  ion which powers an e l e c t r i c  
v e h i c l e .  Each sys tem i s  b r i e f l y  d e s c r i b e d ;  ' 

and t h e  r e s u l t s  of t h e  v e h i c l e  a n a l y s i s  a r e  
compared wi th  t h o s e  f o r  t h e  c o n v e n t i o n a l .  
a u t o m o b i l e ,  w i t h  e l e c t r i c  v e h i c l e s  powered 
by Pb-acid o r  Ni-Zn b a t t e r i e s  and wi th  pre- 
v i o u s  r e s u l t s  f o r  a  l iquid-hydrogen-powered 
v e h i c l e .  Comparisons a r e  made on t h e  b a s i s  
of au tomobi le  w e i g h t ,  i n i t i a l  u s e r  c o s t  and 
l i f e - c y c l e  c o s t .  I n  t h i s  r e p o r t ,  t h e  r e s u l t s  
a r e  l i m i t e d  t o  t h o s e  f o r  t h e  5 -passenger  ve- 
h i c l e  i n  t h e  p e r i o d  1985-1990, and a r e  pro- 
v i d e d  a s  "probab le"  and " o p t i m i s t i c "  v a l u e s .  

INTRODUCTION 

V a r i o u s  energy  s t o r a g e  d e v i c e s  a r e  b e i n g  exam- 
i n e d  a s  a l t e r n a t e s  t o  carbon-based l i q u i d  f u e l s .  
These d e v i c e s  c o n s i s t  of f l y w h e e l s ,  b a t t e r i e s ,  f u e l  
c e l l s ,  and c o n t a i n e r s  of hydrogen i n  v a r i o u s  forms. 
Hydrogen i s  used i n  a  m o d i f i e d  i n t e r n a l  combus t ion  
e n g i n e  ( ICE) ,  o r  w i t h  a i r  i n  a  f u e l  c e l l ,  t o  power 
an e l e c t r i c  v e h i c l e .  E n v i r o n m e n t a l l y ,  hydrogen i s  a  
d e s i r a b l e  f u e l  because  w a t e r  is, t h e  main p roduc t  of 
i ts combust ion.  L i k e  many o t h e r  f u e l s ,  hydrogen  
n a t u r a l l y  o c c u r s  i n  t h e  form of compounds, and t h u s  
r e q u i r e s  energy  t o  produce i t  i n  e l e m e n t a l  form. 
Water  i s  p r e f e r a b l e  t o  c o a l  a s  t h e  hydrogen s o u r c e ,  
and i t  i s  d e s i r a b l e  t o  u s e  a  renewable s o u r c e  o f  
e n e r g y  such  as  v a r i o u s  forms of s o l a r - d e r i v e d  power, 
o r  g e o t h e r m a l  o r  n u c l e a r  power, t o  produce t h e  
hydrogen.  For  w i d e s p r e a d  u s e ,  t r a n s m i s s i o n  and d i s -  
t r i b u t i o n  sys tems  would have t o  be c o n s t r u c t e d .  The 
r e a l i z a t i o n  of t h e s e  deve lopments  is s e v e r a l  decades  
away; however ,  t h e r e  cou ld  be a  near- term s p e c i a l -  
i z e d  u s e  of  hydrogen- fue led  v e h i c l e s  where t h e  high-  
e r  c o s t  is o f f s e t  by t h e  e n v i r o n m e n t a l  a d v a n t a g e s .  
These  v e h i c l e s  would be used i n  c o n t r o l l e d  a r e a s  

such  a s  warehouses ,  m i n e s ,  and i n  some c i t y  sec- 
t i o n s .  Fur the rmore ,  u s e  of t h e  hydrogen-a i r  f u e l  
c e l l  would double  t h e  o v e r a l l  e f f i c i e n c y .  The 
s t o r a g e  d e v i c e  d e s i g n  would be s i m i l a r  t o  t h a t  
f o r  au tomobi les .  These f l e e t  v e h i c l e s  cou ld  have 
LIceir l ~ y d r o g e n  supy l y  gu l le ra led  l u c a l l y .  Devel- 
opments emerging from t h e s e  e x p e r i e n c e s  would be 
h e l p f u l  i n  c o n s i d e r a t  ion  of expanding  t h e  veh icu-  
l a r  use  of  hydrogen.  

The i n f o r m a t i o n  p r e s e n t e d  h e r e  i n  b r i e f  form 
is taken  from LLL'S FY-79 a n n u a l  r e p o r t  which i s  
p receded  by two ~ t h e r s . l - ~  T h i s  c o n t i n u i n g  s t u d y  
is . b e i n g  conduc ted  f o r  t h e  purpose  of i d e n t i f y i n g  
t h e  sys tems  which a p p e a r  t o  be b e s t  s u i t e d  f o r  
a u t o m o t i v e  use  i n  t h e  remain ing  y e a r s  of t h i s  
c e n t u t y .  Other  n a t i o n a l  l a b o r a t o r i e s ,  i n d u s t r i a l  
f i r m s ,  and c o n s u l t a n t s  a r e  a s s i s t i n g ;  and fund ing  
i s  p rov ided  by the.U.S. Department  of Energy 
t h r o u g h  t h e  D i v i s i o n  of  Energy S t o r a g e  Systems.  

The s t u d y  team i s  comprised of  t h r e e  p a n e l s  
r e p o r t i n g  on energy  s t o r a g e  t e c h n o l o g y  and one 
a n a l y z i n g  v e h i c l e  performance and c o s t  f a c t o r s ;  
namely t h e  E l e c t r o c h e m i c a l ,  Mechan ica l ,  and Chem- 
i c a l  Energy S t o r a g e  P a n e l s ,  and t h e  Automotive 
End-Use P a n e l .  Members .of t h e  Chemical P a n e l  a r e  
G. S t r i c k l a n d  ( c h a i r m a n ) ,  J. R. Johnson ,  J .  
McBreen, and M. J. Rosso of BNL, and c o n s u l t a n t s  
W. J. D. Escher  and R. W. F o s t e r  of  E s c h e r : F o s t e r  
Technology A s s o c i a t e s ,  Inc .  

I n  FY 79 t h e  Chemical  Energy Pane l  p r o v i d e d  
u p d a t e d  i n f o r m a t i o n  on Hydride-Hydrogen S t o r a g e ,  
i n t r o d u c e d  t h e  M i c r o c a v i t y  System (MCS) f o r  
Hydrogen S t o r a g e ,  and added t h e  A l k a l i n e  Fuel-  
C e l l I B a t t e r y  System. There  were no s i g n i f i c a n t  
changes  p r o j e c t e d  f o r  t h e  Liquid-Hydrogen System; 
s o  t h e  p r o ' e c t i o n s  l i s t e d  a r e  t h o s e  from t h e  FY- 
78 r e p o r t .  1 

I n  d e f i n i n g  v e h i c l e s  f o r  a n a l y s i s ,  t h e  End- 
Use P a n e l  e s t a b l i s h e d  f o u r  l e v e l s  of pe r fo rmance ,  
i n  tcrms of  rangc  and a c c c l c r a t i o n ,  and f o u r  ve- 
h i c l e  s i z e s .  The c h a r a c t e r i s t i c s  of ICE-powered 
a u t o m o b i l e s  s o  d e f i n e d  s e r v e d  a s  t h e  b a s i s  f o r  
compar i son .  E v a l u a t i o n  of  t h e  a l t e r n a t e  sys tems  
was done by r e p l a c i n g  t h e  ICE-power sys tem w i t h  
t h e  a l t e r n a t e  sys tem s i z e d  t o  s u p p l y  t h e  r e q u i r e d  
per fo rmance .  The c a l c u l a t e d  v e h i c l e  w e i g h t ,  
. s i z e ,  energy  use and c o s t  t h e n  s e r v e  a s  a  measure 
o f  comparison.  D e t a i l s  a r e  p rov ided  i n  t h e  f u l l  
r e p 0 r t . I  I n  t h i s  b r i e f  r e p o r t ,  p r o j e c t i o n s  a r e  
l i m i t e d  t o  t h o s e  f o r  a  5 -passenger  v e h i c l e  i n  t h e  ' 
i n t e r m e d i a t e  t ime  p e r i o d ,  1985-1990, and a r e  
l i s t e d  a s  p r o b a b l e  and o p t i m i s t i c  t o  i n d i c a t e  t h e  
e x p e c t e d  range  o f  v a l u e s .  

*Research performed under  t h e  a u s p i c e s  of t h e  U.S. 
Department  of Energy.  



11. METAL HYDRIDE STORAGE 

S u b s t a n t i a l  i n c r e a s e s  were made f o r  t h e  p r o j e c -  
t i o n s  on a v a i l a b l e  hydrogen c o n t e n t  of t h e  BNL Fas t -  
Charge R e s e r v o i r ,  ma in ly  on t h e  b a s i s  of  v e h i c u l a r  
r e s u l t s  t h a t  Daimler-Benz AG o f  West Germany o b t a i n -  
ed f o r  t h e i r  tube- type  r e s e r v o i r .  A  s k e t c h  of t h e  
BNL d e s i g n ,  which a l s o  has  t h e  h y d r i d e  ackaged i n  
t u b e s ,  i s  p rov ided  i n  t h e  FY 78 report.! B r i e f l y ,  
a r r a y s  of 1-in.-diam. t u b e s  a r e  connec ted  t o  oppo- 
s i t e  s i d e s  of a  r e c t a n g u l a r  plenum and t h e  assembly  . 
h a s  a  shee t -meta l  c o v e r ;  a  hydrogen c o n n e c t i o n  i s  
made a t  t h e  plenum, and t h e  cover  has  i n l e t  and o u t -  
l e t  connec t  i o n s  f o r  e n g i n e  c o o l a n t .  Aluminum a l l o y  
i s  used f o r  t h e  Ti-based h y d r i d e  and s t a i n l e s s  s t e e l  
is used f o r  t h e  Mg-based h y d r i d e .  For  t h e  Ti-based 
r e s e r v o i r ,  t h e  p r o b a b l e  and o p t i m i s t i c  v a l u e s  f o r  
hydrogen c o n t e n t  (1985-1990) were i n c r e a s e d  23%,  and 
9%, r e s p e c t i v e l y .  A s i m i l a r  a d j u s t m e n t  f o r  Mg-based 
h y d r i d e ,  coup led  wi th  a  13% r e d u c t i o n  i n  w a l l  t h i c k -  
n e s s  i n c r e a s e d  t h e  p r o b a b l e  and o p t i m i s t i c  v a l u e s  by 
23% and 1 7 % ,  r e s p e c t i v e l y .  Use of  a  t h i n n e r  w a l l  
was p o s s i b l e  by r e d u c i n g  t h e  c h a r g i n g  p r e s s u r e  from 
500 t o  300 p s i a  f o r  t h e  Mg-based h y d r i d e .  

111. MICROCAVITY SYSTEM 

The concep t  of s t o r i n g  h i g h - p r e s s u r e  hydrogen 
i n  s m a l l ,  ho l low g l a s s  s p h e r e s  ( m i c r o s p h e r e s )  h a s  
been named t h e  M i c r o c a v i t y  System (MCS) f o r  Hydrogen 
S t o r a g e  by i t s  p r o p o n e n t ,  R. J .  ~ e i t e l . ~ , ~  It i s  
based on h y d r o g e n ' s  h igh  and s e l e c t i v e  p e r m e a b i l i t y  
through g l a s s  a t  t e m p e r a t u r e s  n e a r  200°C, and on low 
p e r m e a b i l i t y  ( l e a k a g e )  a t  ambient t e m p e r a t u r e .  To 
s e r v e  a s  s t o r a g e  media t h e  m i c r o s p h e r e i  a r e  h e a t e d ,  
p r e s s u r i z e d  wi th  hydrogen v i a  a  compressor  (200-400 
a tm) ,  and then  coo led .  They can be t r a n s p o r t e d  o r  
s t o r e d  f o r  use i n  a  low-pressure c o n t a i n e r .  Hydro- 
gen i s  r e l e a s e d  by s i m p l e  h e a t i n g  of t h e  m i c r o s p h e r e  
bed. A  hydrogen c o n t e n t  of up t o  1 0  wt % i s  p r o j e c -  
t e d  f o r  m i c r o s p h e r e s  of  optimum s i z e  and composi- 
t i o n .  

For  au tomot ive  use t h e  MCS r e q u i r e s  a  comple- 
menta ry  s o u r c e  of  hydrogen u n ~ i l  t h e  bed i s  s u f f i -  
c i e n t l y  h e a t e d  by e x h a u s t  gas  v i a  a  h e a t  exchanger  
i n  t h e  bed. T h i s  need is met by t h e  use  of a  Ti- 
based h y d r i d e  r e s e r v o i r ,  which i n  a d d i t i o n  t o  pro-  
v i d i n g  t h e  i n i t i a l  hydrogen,  a l s o  a b s o r b s  t h e  hydro- 
gen r e l e a s e d  from t h e  m i c r o s p h e r e s  d u r i n g  cooldown, 
th rough  t h e  use  of a  s m a l l  compressor .  About 80% o f  
t h e  hydrogen on board is s t o r e d  i n  m i c r o s p h e r e s .  An 
a n a l y s i s  conduc ted  d u r i n g  t h e  f i r s t  y e a r  of work 
showed t h a t  i n  comparison wi th  t h e  dua l -hydr ide  sys -  
tem, t h e  MCS was p r o j e c t e d  t o  weigh about  40% l e s s ,  
c o s t  abou t  h a l f  a s  much, and occupy about  t w i c e  t h e  
volume.6 I n  a  r e c e n t  l a b o r a t o r y - s c a l e  d e m o n s t r a t i o n  
i t  was shown t h a t  g l a s s  m i c r o s p h e r e s  can be l o a d e d  
t o  a  p r e s s u r e  of 200-400 atm,  t h a t  t h e  l eakage  i s  
low a t  ambient  t e m p e r a t u r e ,  and t h a t  t h e  hydrogen 
c a n  be r e l e a s e d  a t  a  r a t e  e x c e e d i n g  t h e  e n g i n e  de- 
mand by h e a t i n g  t o  2 0 0 0 c . ~  Work on t h e  MCS is 
s t i l l  i n  an e a r l y  s t a g e  of development  and i s  be ing  
funded by t h e  U.S. Department  of Energy,  D i v i s i o n  of  
Energy S t o r a g e  Sys tems ,  v i a  BNL's Hydrogen Program. 
F u r t h e r  i n f o r m a t i o n  on t h e  MCS i s  p rov ided  i n  t h e  
a r t i c l e  by R. J. T e i t e l  i n  t h i s  P r o c e e d i n g s .  

I V .  FUEL CELLIBATTERY SYSTEM 

Background 

The hydrogen-a i r  f u e l  c e l l  i s  an a t t r a c t i v e  
a l t e r n a t e  t o  t h e  h e a t  e n g i n e  f o r  au tomobi le  p ropu l -  

s i o n  because  i t  has  a  s u b s t a n t i a l l y  h i g h e r  the rmal  
e f f i c i e n c y  and much lower e m i s s i o n  and n o i s e  
l e v e l s .  C h a r a c t e r i s t i c a l l y ,  f u e l  c e l l  e f f i c i e n c y  
does  no t  d e c r e a s e  s i g n i f i c a n t l y  a t  l o a d s  down t o  
25% o f  r a t e d  o u t p u t ,  nor  does  i t  d e c r e a s e  a s  
r a p i d l y  compared w i t h  h e a t  e n g i n e s  f o r  s m a l l e r  
p l a n t  s i z e s  (10-100 kW). The NO, e m i s s i o n s  a r e  
g r e a t l y  reduced and t h e r e  a r e  no s i g n i f i c a n t  pa r -  
t i c u l a t e  e m i s s i o n s .  Noise would be main ly  l i m i t e d  
t o  t h a t  from e l e c t r i c  motors .  

Although t h e r e  is l i t t l e  a p p a r e n t  i n d u s t r i a l  
development  of f u e l  c e l l s  f o r  land-based v e h i c l e s ,  
a  c o l l a b o r a t i v e  program e n t i t l e d  "Development of 
F u e l - C e l l  Technology f o r  V e h i c u l a r  A p p l i c a t i o n s , "  
was i n i t i a t e d  i n  FY 78, t h e  p a r t i c i p a n t s  be ing  Los 
Alamos S c i e n t i f i c  L a b o r a t o r i e s  (LASL), U.S. Army 
M o b i l i t y  Equipment Research and Development Com- 
mand (MERADCOM), and B N L . ~  T h i s  e f f o r t  evo lved  
from a  workshop on fue l -ce l l -powered  v e h i c l e s  a t  
LASL i n  1977, where r e p r e s e n t a t i v e s  from t h e  f u e l -  
c e l l  i n d u s t r y ,  au tomot ive  i n d u s t r y ,  n a t i o n a l  lab-  

. o r a t o r i e s ,  and u n i v e r s i t i e s  met t o  c o n s i d e r  t h e  
a p p l i c a t i o n s  .of f u e l  c e l l s  t o  v e h i c u l a r  t r a n s p o r -  
t a t i o n . 9  The r e p o r t  e v o l v i n g  from t h e  workshop 
c o n t a i n s  a  d e t a i l e d  t e c h n i c a l  and economic eva lua-  
t i o n  of t h e  p o t e n t i a l  a p p l i c a t i o n s  f o r  f u e l  c e l l s  
i n  t r a n s p o r t a t i o n .  C i t y  and highway b u s e s ,  a  
d e l i v e r y  van ,  and t h e  au tomobi le  were e v a l u a t e d .  
The p r o p u l s i o n  sys tem c o n s i d e r e d  was a  f u e l  c e l l  
coup led  w i t h  a  b a t t e r y  d r i v i n g  an e l e c t r i c  motor .  
T h i s  combina t ion  can p r o v i d e  performance c l o s e  t o  
t h a t  of  c u r r e n t  au tomobi les  a t  n e a r l y  double  t h e  
e f f i c i e n c y  of  i n t e r n a l  combust ion and d i e s e l  
e n g i n e s .  Thus t h e  f u e l  c e l l l b a t t e r y  c o m b i n a t i o n  
i s  worthy of a  . d e t a i l e d  e v a l u a t i o n  and develop-  
ment. Work t h u s  f a r  h a s  been p r i m a r i l y  d i r e c t e d  
t o  space  a p p l i c a t i o n s ,  where c o s t  i s  not  a  major  
f a c t o r ,  and toward u t i l i t y  a p p l i c a t i o n s ,  where 
we igh t  and volume a r e  l e s s  i m p o r t a n t .  T h e r e f o r e ,  
r e v i s e d  d e s i g n s  a r e  r e q u i r e d  f o r  t r a n s p o r t a t  i o n  
a p p l i c a t i o n s ,  e s p e c i a l l y  f o r  t h e  a u t o m o b i l e  where 
c o s t s  a r e  more c r i t i c a l .  

I n  t h e  LASL workshop,  t h r e e  t y p e s  of f u e l  
c e l l s  were mentioned a s  c o n t e n d e r s  f o r  v e h i c u l a r  
a p p l i c a t i o n s :  a l k a l i n e ,  phoqphor ic  a c i d ,  and s o l i d  
polymer e l e c t r o l y t e  (SPE).  . The . former was s e l e c -  
t e d  f o r  t h e  f i r s t  a n a l y s i s  of  t h i s  s tudy .  Phos- 
p h o r i c  a c i d  c e l l s  a r e  now made f o r  u t i l i t y  a p p l i -  
c a t i o n s  and i n t e g r a t e d .  energy  s y s t e m s ;  and . 

,MERADCOM has  r e p o r t e d  on u s e  of  a  phosphor ic -ac id  
f u e l  c e l l / P b - a c i d  b a t t e r y  used f o r  a  f o r k - l i f t  
t ruck .1°  SPE f u e l  c e l l s  have been used e x t e n s i v e -  
l y  i n  t h e  s p a c e  program, and have been a s s e s s e d  
f o r  mobi le  a p p l i c a t i o n s . l l  The hydrogen f u e l  c a n  
be s t o r e d  i n  l i q u i d  form, a s  a  compressed g a s ,  o r  
a s  a  m e t a l  h y d r i d e .  A l t e r n a t i v e l y ,  i t  can be ob- 
t a i n e d  from methanol  by use  of an on-board, reform- 
e r .  A l l  of  t h e s e  o p t i o n s  r e q u i r e  f u r t h e r  e v a l u a -  
t i o n .  

A l k a l i n e - E l e c t r o l y t e  F u e l  C e l l  

T h i s  t y p e  of  f u e l  c e l l  was s e l e c t e d  f o r  t h e  
i n i t i a l  a n a l y s i s  of  a  fuel-celllbattery-powered 
v e h i c l e  because  of  s e v e r a l  f a v o r a b l e  f a c t o r s ;  
namely c o n s t r u c t i o n  w i t h o u t  noble-metal  c a t a l y s t s  
is p o s s i b l e ;  m e t a l  components can  be used t o  
r e s i s t  shock and v i b r a t i o n ;  and t h e  l a r g e - s c a l e  
development  of  a i r  e l e c t r o d e s  f o r  a i r - d e p o l a r i z e d ,  
c h l o r i n e  e l e c t r o l y s i s  c e l l s  cou ld  r e s u l t  i n  lower- 
i n g  f u e l - c e l l  c o s t s .  



The u s u a l  p r a c t i c e  f o r  a  f u e l - c e l l l b a t t e r y  ve- 
h i c l e  i s  t o  s p e c i f y  t h e  f u e l  c e l l  f o r  r ange  and t h e  
b a t t e r y  f o r  i n i t i a l  o p e r a t i o n  and power s u r g e s .  
Thus t h e  b a t t e r y  i s  used f o r  c o l d  s t a r t i n g  and f o r  

,about  f i v e  minu tes  of o p e r a t i o n  u n t i l  t h e  f u e l  c e l l  
r e a c h e s  i ts  o p e r a t i n g  t e m p e r a t u r e  (80°C), and a l s o .  
f o r  a c c e l e r a t i o n .  Dur ing  c r u i s e  and d e c e l e r a t i o n  
t h e  b a t t e r y  can  be c h a r g e d .  For  t h i s  a n a l y s i s ,  t h e  
Ni-Zn b a t t e r y  was s e l e c t e d  b e c a u s e  it w i l l  a p p a r e n t -  
l y  be t h e  s u c c e s s o r  t o  t h e  l e a d - a c i d  b a t t e r y  when 
h i g h e r  power d e n s i t y  i s  advan tageous .  A  Ni-Zn ba t -  
t e r y  d e s i g n e d  f o r  peak power u s e  was s e l e c t e d ;  i ts  
r a t i n g  a t  80% d i s c h a r g e  i s  310 Wlkg. 

Near ly  a  decade ago,  Kordesch d e m o n s t r a t e d  t h e  
u s e  of an a l k a l i n e  f u e l  c e l l / P b - a c i d  b a t t e r y  sys tem 
i n  a  4 -passenger  c a r  we igh ing  909 kg (2000  lb ) .12  A  
6-kW f u e l  c e l l  connec ted  i n  p a r a l l e l  wi th  a  4-kwh 
b a t t e r y  s u p p l i e d  power t o  a  7-kW (20-kW peak)  DC 
motor .  The hydrogen s u p p l y  of 1.69 kg (660 f t 3 ) ,  
which was s t o r e d  a s  a  compressed g a s  i n  s i x  l i g h t -  
w e i g h t  s t e e l  c y l i n d e r s ,  p rov ided  a  range  of abou t  
'322 km (200  m i l e s ) .  The o p e r a t i o n  of  t h i s  automo- 
b i l e  showed t h a t  t h e  f u e l  c e l l l b a t t e r y  combinat  i o n  
i s  v i a b l e ,  and t h a t  t h e  c a r  behaved e s s e n t i a l l y  l i k e  
a  g a s o l i n e - f u e l e d  c a r ,  e x c e p t  t h a t  i t s  top  speed  was 
l i m i t e d  t o  8 8  kmlhr ( 5 5  mph). 

The components r e q u i r e d  f o r  an a l k a l i n e - e l e c -  
t r o l y t e  f u e l  c e l l  a r e  t h e  c e l l  s t a c k ,  a  c i r c u l a t i o n  
s y s t e m  f o r  t h e  e l e c t r o l y t e  (50% KOH), an e l e c t r o l y t e  
r e s e r v o i r ,  a  hydrogen feed  and c i r c u l a t i o n  sytem, a n  
a i r  c i r c u l a t i o n  sys tem w i t h  a  C02 s c r u b b e r ,  a  water-  
vapor  c o n d e n s e r ,  a  n i t r o g e n  s u p p l y  f o r  b l a n k e t i n g  
the1  c e l l s  d u r i n g  o v e r n i g h t  s t a n d b y ,  and a s s o c i a t e d  
i n s t r u m e n t a t i o n  and c o n t r o l s .  I n  t h e  p r e s e n t  c a s e ,  
hydrogen  is s u p p l i e d  by a  Ti-based h y d r i d e  
( T i F e O . g ~ n O . l H x ) .  Hot e l e c t r o l y t e  (800C) f l o w i n g  
t h r o u g h  t h e  h e a t  exchanger  of t h e  h y d r i d e  r e s e r v o i r  
r e l e a s e s  t h e  hydrogen.  About h a l f  of t h e  w a t e r  pro-  
duced i n  t h e  hydrogen-a i r  r e a c t i o n  is removed i n  t h e  
a i r - c o o l e d  condenser .  A  soda-l ime s c r u b b e r  removes 
C02 i n  t h e  i n l e t  a i r .  D e t a i l s  on t h e  component ma- 
t e r i a l s ,  and on p r o j e c t e d  weigh t s ,  volumes and e f f i -  
c i e n c i e s  f o r  10-20 kW f u e l  c e l l s  a r e  g i v e n  i n  t h e  
FY-79 r e p o r t . l  The p r o j e c t i o n s  a r e  based on r e c e n t  
e x p e r i m e n t a l  r e s u l t s  o b t a i n e d  a t  BNL. 

F u t u r e  Work 

I t  is recognized  t h a t  f u e l - c e l l  t e c h n o l o g y  i s  
s t i l l  i n  an e a r l y  s t a g e  of deve lopment ;  whereas t h e  
i n t e r n a l  combust ion e n g i n e  has  evo lved  over  more 
t h a n  50  y e a r s .  I n  view of  t h i s  a d v a n t a g e ,  system- 
a t i c  and c a r e f u l l y  p lanned  programs a r e  e s s e n t i a l  i n  
p u r s u i n g  t h e  development  of a  p r a c t i c a l  f u e l - c e l l /  
b a t t e r y  au tomobi le .  Such a  v e h i c l e  cou ld  l o g i c a l l y  
f o l l o w  t h e  ba t t e ry -powered  e l e c t r i c  v e h i c l e  a s  a n  
a l t e r n a t i v e  o f f e r i n g  per fo rmance  c l o s e  t o  t h a t  of 
c u r r e n t  au tomobi les .  The f u e l  c e l l / b a t t e r y  is a l s o  
a  c a n d i d a t e  f o r  o t h e r  t r a c t i o n  v e h i c l e s  ( t r u c k s ,  
b u s e s  and t r a i n s )  which can c a r r y  l a r g e  amounts o f  
f u e l  t o  a t t a i n  t h e  d e s i r e d  r a n g e ;  whereas  b a t t e r i e s  
a r e  u n s u i t e d  f o r  t h i s  s e r v i c e .  

Cont inued  e f f o r t s  over  a  wide f r o n t  a r e  re-  
q u i r e d  i n  d e v e l o p i n g  t h i s  new technology .  These  
d e a l  w i t h  improving c e l l  pe r fo rmance ,  r e d u c i n g  
c o s t s ,  o b t a i n i n g  p r a c t i c a l  e x p e r i e n c e  w i t h  v e h i c l e s ,  
a n a l y z i n g  t h e  system t e c h n i c a l l y  and e c o n o m i c a l l y ,  
and p l a n n i n g  f o r  f u e l  p r o d u c t  ion.  Those a t t e n d i n g  
the,LASL workshop in 1977 e x p r e s s e d  a  mood of cau- 
t i o u s  op t imism,  and b e l i e v e  t h a t  t h e  r e s u l t s  o f  

t h e i r  a n a l y s i s  i n d i c a t e  t h a t  a  f u e l - c e l l / b a t t e r y  
v e h i c l e  can  be  a  r e a l i t y  i o  t h e  1 9 9 0 ' s .  

Comparison o f  V e h i c l e s  

Some weigh t  and c o s t  p r o j e c t i o n s  ( t e n t a t i v e )  
r e s u l t i n g  from t h e  v e h i c l e  a n a l y s i s  a r e  p r e s e n t e d  i n  
T a b l e  1. The d a t a  a r e  l i m i t e d  t o  5 -passenger  ve- 
h i c l e s  f o r  t h e  1985-1990 p e r i o d ,  and a r e  s t a t e d  a s  
p r o b a b l e  and o p t i m i s t i c  v a l u e s .  A c t u a l  w e i g h t s  
and c o s t s  a r e  l i s t e d  f o r  t h e  b a s e l i n e  ICE v e h i c l e  
( f u e l e d  by g a s o l i n e ) ,  and f a c t o r s  r e l a t e d  t o  t h e s e  
v a l u e s  a r e  used  f o r  comparison of  t h e  o t h e r  veh i -  
c l e  t y p e s .  

A  r e v i e w  of t h e  p r o j e c t e d  weigh t  d a t a  shows 
t h a t  o n l y  t h e  ICE v e h i c l e  f u e l e d  w i t h  l i q u i d  hy- 
d rogen  i s  comparable t o  t h e  base1  ine-ICE v e h i c l e .  
The v e h i c l e  w i t h  hydrogen s t o r e d  i n  m i c r o s p h e r e s  
is t h e  c l o s e s t  c o m p e t i t o r  t o  l i q u i d  hydrogen.  The 
f u e l  c e l l l b a t t e r y  v e h i c l e  h a s  a  h i g h e r  pe r fo rmance  
l e v e l  t h a n  e i t h e r  b a t t e r y  v e h i c l e  and a l s o  weighs 
s i g n i f i c a n t l y  l e s s .  The d u a l - h y d r i d e  v e h i c l e  
q w a l i f i e s  f o r  e q u i v a l e n t  pe r fo rmance ,  a t  an appre-  
c i a b l e  we igh t  p e n a l t y ,  bu t  o f f e r s  l i t t l e  a d v a n t a g e  
o v e r  t h e  Ti-based-hydride v e h i c l e  a t  t h e  lowes t  

. l e v e l s .  

I n  t e rms  of i n i t i a l  u s e r  c o s t ,  t h e  l iqu id -hy-  
d.rogen v e h i c l e  i s  p r o j e c t e d  t o  be comparable t o  
t h e  b a s e l i n e  v e h i c l e ,  and t h e  m i c r o s p h e r e  v e h i c l e  
i s  a  c l o s e  second ,  e x c e p t  a t  e q u i v a l e n t  p e r f o r -  
mance. The f u e l  c e l l l b a t t e r y  v e h i c l e  i s  lower i n  
c o s t  t h a n  e i t h e r  of  t h e  b a t t e r y  v e h i c l e s ,  b u t  

. c o s t s  more t h a n  e i t h e r  of t h e  h y d r i d e  v e h i c l e s .  

S i m i l a r l y  f o r  l i f e - c y c l e  c o s t s ,  t h e  r a n k i n g  i s  
g e n e r a l l y  t h e  same. The l iqu id -hydrogen  v e h i c l e  
h a s  l o s t  some of i ts a d v a n t a g e ,  and t h e  mic ro-  ' 

s p h e r e  v e h i c l e  is c l o s e  t o  i t ,  e x c e p t  f o r  t h e  
e q u i v a l e n t p e r f o r m a n c e  case .  

Accord ing  t o  t h e s e  p r o j e c t  i o n s ,  t h e  v e h i c l e  
powered by l i q u i d  hydrogen i s  t h e  c l o s e s t  compet i -  
t o r  t o  t h e  b a s e l i n e  ICE v e h i c l e .  S a f e t y  i s s u e s  i n  
h a n d l i n g  l i q u i d  hydrogen remain t o  be r e s o l v e d .  
The microsphere-powered v e h i c l e  is a  c o n t e n d e r  i f  
a  H2 c o n t e n t  o f  10 wt % can  be a c h i e v e d .  Hydr ide  
v e h i c l e s  a r e  more c o m p e t i t i v e  i n  t h e  l i m i t e d  and 
minimum per formance  l e v e l s ,  where t h e  s i m p l i c i t y  
of  t h e  Ti-based h y d r i d e  v e h i c l e  is p r e f e r a b l e .  
The f u e l  c e l l / b a t t e r y  v e h i c l e  i s  s u p e r i o r  t o  t h e  
b a t t e r y  v e h i c l e s  a t  t h e  two h i g h e r  performance 
l e v e l s ;  whereas  t h e  l a t t e r  have lower c o s t s  a t  t h e  
minimum per formance  l e v e l .  It a p p e a r s  t h a t  t h e  
f u e l  c e l l / b a t t e r y  v e h i c l e  i s  a  ca r .d ida te  f o r  l a r g -  
e r  and h e a v i e r  t r a c t i o n  v e h i c l e s  where its much 

. h i g h e r  e f f . i c i e n c y  can  s u b s t a n t i a l l y  reduce  f u e l  
consumption.  For  such  use l i q u i d  hydrogen o r  
methano l  ( re fo rmed  t o  hydrogen)  a p p e a r  t o  be t h e  
p r e f e r a b l e  form of f u e l .  
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Abstract  

A hydrogen storage vessel containing approxi-  
mately 4000 pounds o f  metal hydr ide  was tested 
b y  Bi l l ings Energy Corporat ion d u r i n g  1978 as p a r t  
o f  the Homestead Project. T h e  f inal repor t  
related to  th is  test ing is reviewed. Recommenda- 
t ions from the F i r s t  Year Final Report and from 
Brookhaven National Laboratory form the basis fo r  
the  described study. 

Th is  s tudy  wi l l  y ie ld  information related to :  

1. The  length o f  time the  Homestead 
Hydr ide  Vessel can sustain flow 
rates from 1 2  Ib H ~ l d a y  t o  2 Ib 
H2lday.  

2. The sui tab i l i ty  o f  the storage 
vessel to  meet user demands at  
one o r  more homesteads. 

3. The requirements fo r  safe function- 
i n g  o f  the Homestead complex. 

A n  improved electrolyzer t o  produce hydrogen 
for  t h e  hydr ide  vessel and a 12-bit A-D computer 
board a re  being installed. The  hydr ide  vessel is 
charged w i t h  hydrogen i n  preparat ion for  the 
present s tudy.  



DEVELOPUENT STATUS OF MICROCAVITY HYDROGEN 
STORAGE SYSTEMS W R  AUTOMOTIVE APPLICATIONS 

Robert J. Teitel 

Robert J. Teitel Associates 
San Diego, California 

Abstract 

R o b e r t  J .  T e i t e l  A s s o c i a t e s  u n d e r  spon-  
s o r s h i p  o f  t h e  U . S .  Depar tment  o f  Energy  
is d e v e l o p i n g  a  new c o n c e p t  ( m i c r o c a v i t y  
s t o r a g e )  f o r  h y d r o g e n  s t o r a g e .  The micro-  
c a v i t y  hydrogen  s t o r a g e  c o n c e p t  p r o p o s e s  
t o  u s e  h o l l o w  g l a s s  m i c r o s p h e r e s  f o r  t h e  
s t o r a g e  o f  h i g h  p r e s s u r e  g a s .  L a s t  y e a r ,  
t h e  c o n c e p t  was  d e t a i l e d  s u f f i c i e n t l y  to 
p e r f o r m  a n  e n g i n e e r i n g  economic  e v a l u a -  
t i o n  o f  t h e  s y s t e m ,  and c o n p a r e  i t  t o  a n  
e q u i v a l e n t  m e t a l  h y d r i d e  s y s t e n .  The 
m i c r o c a v i t y  s t o r a g e  s y s t e m  was l i g h t e r  
and n o r e  e c o n o n i c a l .  However, t h e  volume 
was l a r g e r .  The s t u d y  p r o v i d e d  g o a l s  and 
a  r e f e r e n c e  s y s t e m  f o r  f u r t h e r  e n g i n e e r -  
i n g  and e x p e r i n e n t a l  s t u d i e s .  

An e x p e r i m e n t a l  p rogram t o  e v a l u a t e  t w c  
c a n d i d a t e  c o n m e r c i a l l y  a v a i l a b l e  micro-  
s p h e r e s  f o r  s t o r a g e  b e d s  was i n i t i a t e d  
t h i s  y e a r .  F i l l i t e  g r a d e  300/7 and 3M 
g r a d e  32D/4500 w e r e  s e l e c t e d  f o r  t h e  
s t u d y .  The F i l l i t e  g r a d e  p r o v e d  t o  r e -  
q u i r e  a n  h i g h e r  t e m p e r a t u r e  s o u r c e  t h a n  
a v a i l a b l e  i n  a u t o n o t i v e  a p p l i c a t i o n s .  The 
commerc ia l  g r a d e  32D/4500 h a s  more s u i t -  
a b l e  p r o p e r t i e s .  The o n l y  p r o p e r t y  t h a t  
d i d  n o t  mee t  t h e  t a r g e t :  n i c r o s p h e r e  bed 
c h a r a c t e r i s t i c  s e t  by l a s t  y e a r ' s  s t u d y  
was t h e  hydrogen  s t o r a g e  medium w e i g h t  
d e n s i t y  ( s  0.055 gmH,/gm o f  b e d ) .  

Two e n g i n e e r i n g  s t u d i e s  were c o n d u c t e d  
t h i s  y e a r .  One was a n  e n g i n e e r i n g  econom- 
i c  s t u d y  o f  a l t e r n a t e  c o n c e p t s  o f  a  
m i c r o s p h e r e  f i l l i n g  p l a n t .  The o t h e r  was 
a n  e n g i n e e r i n g  c o m p a r i s o n  o f  a  h y d r o g e n  
d i s t r i b u t i o n  s y s t e m  f o r  t h e  m i c r o c a v i t y  
s t o r a g e  s y s t e m  t o  t h a t  f o r  a  m e t a l  hy- 
d r i d e  s y s t e m .  

Background 

The m i c r o c a v i t y  h y d r o g e n  s t o r a g e  con- 
c e p t  was i n t r o d u c e d  l a s t  y e a r . '  B a s i c a l -  
l y ,  t h e  c o n c e p t  p r o p o s e s  t o  s t o r e  hydro-  
gen  i n  s m a l l  p o r e s  o r  c a v i t i e s .  Many c e l -  
l u l a r  a r r a n g e m e n t s  a r e  p o s s i b l e .  Hollow 
g l a s s  m i c r o s p h e r e s  a r e  b e i n g  c o n s i d e r e d  
a t  p r e s e n t .  T y p i c a l l y ,  t h e s e  m i c r o s p h e r e s  
a r e  5-200 pm i n  d i a m e t e r  and have  w a l l  
t h i c k n e s s e s  o f  0.25 t o  5  pm . 

An e n g i n e e r i n g  e v a l u a t i o n  o f  t h e  con- 
c e p t  was c o m p l e t e d  l a s t  y e a r . '  One o f  t h e  
c o n c l u s i o n s  o f  t h e  s t u d y  was t h a t ,  w i t h  
t h e  a s s u m p t i o n s  made c o n c e r n i n g  t h e  p e r -  
fo rmance  o f  n i c r o s p h e r e s ,  a  m i c r o c a v i t y  . 
s y s t e m  i s  l i g h t e r  and  more e c o n o m i c a l  

t h a n  a n  e q u i v a l e n t  advanced  m e t a l  h y d r i d e  
s y s t e n .  However, t h e  n i c r o c a v i t y  s y s t e n  
r e q u i r e d  more s p a c e .  T h i s  d i s a d v a n t a g e  i s  
i n h e r e n t  i n  t h e  s t o r a g e  o f  h i g h  p r e s s u r e  
h y d r o g e n  g a s .  A s e t  o f  p r o p e r t i e s  f o r  
n i c r o s p h e r e  b e d s  was d e v e l o p e d  d u r i n g  
t h a t  s t u d y  which  have  been used  a s  an ob- 
j e c t i v e  i n  t h e  c u r r e n t  e x p e r i m e n t a l  s t u d -  
i e s .  Dur ing  t h e  s t u d y  l a s t  y e a r ,  a hydro-  
gen  f i l l i n g  p l a n t  was d e s i g n e d  and e v a l u -  
a t e d .  T h i s  p l a n t  s e r v e d  a s  a  r e f e r e n c e  
d e s i g n  f o r  f u r t h e r  improvement  e v a l u a -  
t i o n s  s t u d i e s .  

T h i s  y e a r ,  RJTA h a s  i n i t i a t e d  a n  e x p e r -  
i m e n t a l  proqrarn t o  s e e k  commerc ia l  c r a d e s  
o f  m i c r o s p h e r e  b e d s  t o  n e e t  a u t o n o t i v e  
s t o r a g e  r e a u i r e m e n t s .  The i n v e s t i g a t i c n s  
w e r e  a p p r o a c h e d  f r o n  a bed p e r f o r m a n c e  
c h a r a c t e r i z a t i o n  r a t h e r  t h a n  a n  i n d i v i -  
d u a l  m i c r o s p h e r e  p e r f o r m a n c e .  The pro-  
gram a l s o  i n c l u d e d  two e n g i n e e r i n g  s t u d -  
i e s .  One l o o k e d  a t  a l t e r n a t i v e  micro-  
s p h e r e  f i l l i n g  p l a n t s ,  a n d ,  t h e  o t h e r  
t o o k  a  p r e l i n i n a r y  l o o k  a t  h y d r o g e n  l is-  
t r i b u t i o n  s y s t e m s  f o r  b o t h  t h e  n i c r o -  
c a v i t y  and m e t a l  h y d r i d e  s t o r a g e  s y s t e m s  
and c o n p a r e d  them w i t h  r e g a r d  t o  t h e i r  
r e l a t i v e  s a f e t y  and e c o n o m i c s .  

Experimental Studies 

A s t u d y  on hydrogen  f i l l i n g ,  r e t e n t i o n  
and d i s p e n s i n g  p r o p e r t i e s  o f  two conmer- 
c i a 1  n i c r o s p h e r e  b e d s  is b e i n g  c o n d u c t e d .  
The t e c h n i q u e s  f o r  e v a l u a t i n g  t h e  c a n d i -  
d a t e  n i c r o s p h e r e  b e d s  were  s e l e c t e d  t o  
c l o s e l y  s i m u l a t e  t h e  p e r f o r m a n c e  o f  a  
hydrogen  s t o r a g e  s y s t e m .  

The f i r s t  s t e p  i n  t h e  p rogram was t o  
s e l e c t  two c o m m e r c i a l l y  a v a i l a b l e  n i c r o -  
s p h e r e  g r a d e s .  T h i s  s e l e c t i o n  was p r i n -  
a r i l y  b a s e d  on  a v a i l a b l e  i n f o r m a t i o n  f rom 
t h e  l i t e r a t u r e  and s u p p l i e r  t e c h n i c 2 1  
p u b l i c a t i o n s .  The 3t1 g r a d e  D32/4500 was 
s e l e c t e d  b e c a u s e  o f  i ts  h i g h e r  s t r e n g t h  
and t h e  F i l l i t e  g r a d e  300/7 was s e l e c t e d  
f o r  i t s  p o t e n t i a l  e c o n o m i c s .  

A key  a n a l y t i c a l  t e c h n i q u e  used  i n  t h e  
s t u d y  was t h e  " s i n k - f l o a t "  t e s t .  I t  con- 
s i s t e d  o f  n i x i n g  a  n i c r o s p h e r e  s a n p l e  
i n t o  a  f l u i d  ( w a t e r ,  n e t h a n o l  o r  i s o p r o p l  
a l c o h o l ) .  A f t e r  t h e  n i x t u r e  was a l l o w e d  
t o  s e t t l e ,  t h e  s o l i d s  e i t h e r ,  f l o a t  o r  
s i n k  t o  t h e  b o t t o n .  The f l o a t e r s  w e r e  
whole  m i c r o s p h e r e s  and t h e  s i n k e r s  w e r e  
d e b r i  o r  s e g m e n t s  o f  b r o k e n  s p h e r e s .  Both  
t h e  s i n k e r s  and f l o a t e r s  were  d r i e d  a n 6  
weighed .  T h i s  t e s t  p r o v i d e d  q u a n t i t a t i v e  



d a t a  on b r e a k a g e .  I t  was used  on a  l a r g e r  
s c a l e  t o  r e c o v e r  s t r o n g  m i c r o s p h e r e s  
a f  t e r  p r e s s u r e  t r e a t m e n t s .  

I n  c r u s h  t e s t s ,  t h e  n i c r o s p h e r e s  were  
s u b j e c t e d  t o  h i g h  p r e s s u r e  g a s .  The resi- 
d u a l s  were  r e c o v e r e d  and s u b m i t t e d  to  
s i n k - f l o a t  t e s t s .  C r u s h  t e s t s  were  con- 
d u c t e d  on a  number o f  n i c r o s p h e r e  g r a d e s  
a t  p r e s s u r e s  up t o  6000 p s i  o f  n i t r o g e n  
g a s .  The s t r o n g e s t  g r a d e  o f  m i c r o s p h e r e s  
was t h e  3M cjrade D32/4500 w i t h  96% s u r -  
v i v a l  a t .  3500 - p s i ,  66% s u r v i v a l  a t  4500 
p s i ,  55% s u r v i v a l  a t  5500 p s i  and 50% 
s u r v i v a l  a t  6000 p s i .  Recent1  y ,  311 q r a d e  
B38/4000 was added t o  t h e  p rogram.  Its 
c r u s h  s t r e n a t h  p r o p e r t i e s  p a r a l l e d  t h a t  
o f  t h e  3M-D32/4500 g r a d e  showing 9 2 % ,  46% 
and 37% s u r v i v a l s  a t  3000,  4500 and 6000 
p s i  p r e s s u r e s ,  r e s p e c t i v e l y .  R e p e a t e d  
p r e s s u r i z a t i o n  o f  s u r v i v o r s  t o  t h e  c r u s h  
p r e s s u r e  d i d  n o t  l e a d  t o  c o n t i n u e d  b r e a k -  
a g e .  Spec imens  o f  " a s  r e c e i v e d "  3t1 g r a d e  
D32/4500 were  s u b j e c t e d  t o  10 and 20 r e -  
p e a t e d  p r e s s u r i z a t i o n s  a t  6000 p s i .  Sur -  
v i v a l s  o f  49 and SO%, r e s p e c t i v e l y ,  were  
e s s e n t i a l l y  t h e  same a s  e x p o s u r e  i n  t h e  
f i r s t  p r e s s u r e  c y c l e .  U n l i k e  t h e  o t h e r  
c i i c r o s p h e r i  g r a d e s ,  the c r u s h  t e s t  s u r -  
v i v a l  c o u n t  f o r  t h e  F i l l i t c  g r a d e s  d i d  
n o t  d e c r e a s e  w i t h  c r u s h  p r e s s u r e s  be tween  
3000 and 6000 p s i .  T h e s e  g r a d e s  were  con- 
s i d e r e d  s u i t a b l e  f o r  hydrogen  s t o r a g e .  

Fill-Dispense Studies 

F i l l  and d i s p e n s e  t e s t s  were  b a s i c  t o  
t h e  whole  s t u d y .  They d e m o n s t r a t e d ,  on a  
m i n i a t u r e  s c a l e ,  t h e  o p e r a t i o n  o f  a  
n i c r o s p h e r e  hydrogen  s t o r a g e  bed e x c l u -  
s i v e  o f  t h e r m a l  dynamics .  S a m p l e s ,  5-10cc 
i n  v o l u n e ,  were  f i l l e d  i n  h i g h  p r e s s u r e ,  
( u p  t o  12 ,000  p s i )  hydrogen  a t  t e n p e r a -  
t u r e s  up t o  400°C. F i l l e d  n i c r o s p h e r e s  
were  s t o r e d  f o r  t e s t s  on d i s p e n s i n g ,  
s t o r a g e  l i f e  and d e m o n s t r a t i o n s .  

S a m p l e s  o f  f i l l e d  m i c r o s p h e r e s  (.1 t o  
5 c c )  w e r e  p l a c e d  i n  a  g l a s s  t u b e  and 
h e a t e d  f o r  d i s p e n s i o n  s t u d i e s .  The t u b e  
was a t t a c h e d  t o  a  g a s  b u r e t  t h r o u g h  a  
l i n e a r  n a s s  f l o w  m e t e r .  Da ta  was t a k e n  on 
t h e  bed t e m p e r a t u r e ,  H ,  f l o w  r a t e ,  and 
a c c u m u l a t e d  v o l u n e  o f  g a s  a t  one  m i n u t e  
i n t e r v a l s .  The t e m p e r a t u r e  was i n c r e a s e d  
s t e p  w i s e .  A t  e a c h  t e m p e r a t u r e  l e v e l  t h e  
f l o w  r a t e  was m o n i t o r e d  till it  f e l l  be- 
low a  p r a c t i c a l  £1011 r a t e .  Then ,  t h e  t e n -  
p e r a t u r e  was r a i s e d  20°C and t h e  o p e r a -  
t i o n  r e p e a t e d  u n t i l  t h e  bed was d e p l e t e d .  
S i g n s  ,of  b r e a k a g e  d u r i n g  t h e  t e s t  was 
m o n i t o r e d  by l i s t e n i n g  f o r  p o p p i n g  s o u n d s  
and  w a t c h i n g  f o r  i r r a t i c  f l u c t u a t i o n s  i n  
h y d r o g e n  f l o w .  I t  is v e r y  l i k e l y  t h a t  
b r e a k a g e  o f  one n i c r o s p h e r e  c a u s e d  o t h e r s  
n e a r  t o  i t  t o  b r e a k  a l s o .  T h e r e b y ,  caus-  
i n g  a  l a r g e  g r o u p  o f  n i c r o s p h e r e s  t o  
b r e a k  a t  o n e  i n s t a n t .  Da ta  o b t a i n e d  f r o n  
t h e  d i s p e n s i o n  e x p e r i m e n t s  w e r e  u s e d  t o  
o b t a i n  p e r t i n e n t  d a t a  on f l o w  r a t e s ,  p e r -  
m e a t i o n  r a t e s ,  n i c r o s p h e r e  s t r e n g t h  and 
s t o r a g e  l i f e .  

D u r i n g  t h e  f i l l i n g  and  d i s p e n s i n g  t e s t s  
i t  was p o s s i b l e  t o  e s t a b l i s h  a  t h r e s h o l d  
s t r e n g t h  f o r  t h e  3M g r a d e  D32/4500 micro-  
s p h e r e s .  I t  was n o t i c e d  t h a t  p r e s s u r e s  
above  5000 p s i ,  e x t e r n a l  o r  i n t e r n a l  t o  
m i c r o s p h e r e ,  i n i t i a t e d  b r e a k a g e .  Us ing  
t h e  f a m i l a r  hoop s t r e s s  r e l a t i o n s h i p s  and 
t h e  r a t i o  o f  n i c r o s p h e r e  d i a m e t e r  t o  w a l l  
t h i c k n e s s ,  t h e  t h r e s h o l d  s t r e s s  i n  t h e  
n i c r o s p h e r e  w a l l  was a b o u t  50,000 p s i .  
Once t h i s  was e s t a b l i s h e d ,  o u r  e x p e r i -  
m e n t a l  p r o c e d u r e s  were  e v a l u a t e d  and r e -  
d e s i g n e d  to k e e p  t h e  p r e s s u r e  g r a d i e n t  
a c r o s s  t h e  w a l l s  be low 5000 p s i .  Event-  
u a l l y ,  we were  a b l e  t o  f i l l  n i c r o s p h e r e s  
w i t h  v e r y  l i t t l e  b r e a k a g e .  

P r o p e r t i e s  o f  t h e  3M g r a d e  D32/4500 a r e  
g i v e n  i n  T a b l e  1. About 55  p e r c e n t  o f  t h e  
s t o r e d  hydrogen  was r e c o v e r e d  a t  p r a c t i -  
c a l  r a t e s  a t  t e m p e r a t u r e s  below 200°C. 
T h i s  was l o w e r  t h a n  d e s i r e d .  The o p t i o n  
o f  c h a n g i n g  t h e  c h e n i c a l  c o m p o s i t i o n  o f  
t h e  m i c r o s p h e r e s  was n o t  a v a i l a b l e .  
T h e r e f o r e ,  a  s m a l l e r  s i z e  was e x p l o r e d .  
"As r e c e i v e d "  3M D32/4500 g r a d e  was modi- 
f  i e d  by s i e v i n g  t h e  m a t e r i a l  t o  r e c o v e r  a  
<325 mesh ( < 4 5  u m )  s i z e  f r a c t i o n .  About 
50 w e i g h t  p e r c e n t  o f  t h e  " a s  r e c e i v e d "  3M 
m i c r o s p h e r e  were  below t h e  325 mesh s i z e .  
The m o d i f i e d  3H q r a d e  e x h i b i t e d  h i g h e r  
d i s p e n s i o n  r a t e s  and t h e  a v a i l a b l e  hydro-  
gen  i n c r e a s e d  t o  s70-75 p e r c e n t .  I n  t h e  
s t u d y  l a s t  y e a r ,  a n  a v a i l a b i l i t y  c f  85 
p e r c e n t  was assumed.  I f  t h e  maximum tem- 
p e r a t u r e  is i n c r e a s e d  t o  250°C, t h e  
a v a i l a b i l i t y  i n c r e a s e d  t o  s 8 0 % .  

A n o t h e r  d e s i g n  f e a t u r e  t h a t  t h e  modi- 
f i e d  3EI g r a d e  f a i l e d  t o  mee t  was t h e  
s t o r a g e  p r e s s u r e .  I n  l a s t  y e a r ' s  s t u d y ,  
a n  assumed s t o r a g e  p r e s s u r e  was 491 a tm 
o r  a  hydrogen  w e i g h t  s t o r a g e  d e n s i t y  o f  
0 .11  g  H ,  ' p e r  g  o f  b e l .  Weight  d e n s i t i e s  
o b t a i n e d  i n  o u r  e x p e r m e n t a l  s t u d i e s  were  
.055-.060 g  H 2  p e r  g  o f  bed .  T h i s  is 
a b o u t  h a l f  of  t h e  t a r g e t  v a l u e .  

Spec imens  o f  " a s  r e c e i v e d "  3M g r a d e  
were  s u b m i t t e d  to r e p e a t e d  f i l l  and d i s -  
p e n s e  c y c l e s .  T h e s e  t e s t s  were  done  e a r l y  
i n  t h e  t e s t  p rogram and p r o b a b l y  t h e  pro-  
c e d u r e  c a u s e d  w a l l  p r e s s u r e  g r a d i e n t s  t o  
e x c e e d  s t r e n g t h  l i n i t a t i o n s .  B r e a k a g e  was 
e n c o u n t e r e d  on e a c h  c y c l e .  A s  d i s c u s s e d  
a b o v e ,  p r e s s u r e  c y c l e s  t o  t h e  same p r e s -  
s u r e  l e v e l s  d i d  n o t  r e s u l t  i n  f u r t h e r  
b r e a k a g e .  Some work was done  on t h e  prop-  
e r t i e s  o f  a n o t h e r  3PI g r a d e ,  B38/4000. I t  
a p p e a r s  t h a t  t h i s  g r a d e  r e q u i r e d  h i g h e r  
t e m p e r a t u r e s .  T.he c h a r a c t e r i z a t i o n  o f  
F i l l i t e  g r a d e  m i c r o s p h e r e  b e d s  was c u r -  
t a i l e d  b e c a u s e  t h e  bed f a i l e d  d i s p e n s e  
hydrogen  w i t h i n  t h e  a u t o m o t i v e  h e a t  
s o u r c e  t e m p e r a t u r e  r a n g e .  

H a n d l i n g  t h e  f i l l e d  n i c r o s p h e r e s  i n  t h e  
l a b o r a t o r y  d i d  n o t  r e s u l t  i n  e x c e s s i v e  
b r e a k a g e .  T h e r e f o r e  i t  was c o n c l u d e d  
t h a t ,  a s  l o n g  a s  t h e  w a l l  s t r e n g t h  l i m i -  
t a t i o n  o f  5000 p s i  is n o t  e x c e e d e d ,  t h e  
n i c r o s p h e r e s  a r e  m e c h a n i c a l l y  sound .  Some 



empty 3M g r a d e  m i c r o s p h e r e s  were  tumbled  
f o r  a n  e x t e n d e d  p e r i o d  w i t h o u t  a n y  de- 
t e c t a b l e  b r e a k a g e .  

S t o r a g e  l i f e  was i n v e s t i g a t e d  by t a k i n g  
s a n p l e s  o f  f i l l e d  n i c r o s p h e r e s  from s t o r -  
a g e  p e r i o d i c a l l y .  The r e s i d u a l  hydrogen  
was d e t e r m i n e d  by d i s p e n s i n g  t h e  hydrogen  
c o n t e n t  and c o n p a r i n g  t h a t  q u a n t i t y  w i t h  
a n  e a r l i e r  s a n p l e  o f  t h e  same b a t c h .  The 
measured  h a l f  l i f e  ( t h e  t i n e  t o  l o s e  h a l f  
o f  t h e  c o n t e n t )  v a r i e d  o v e r  a  r a n g e  f r o n  
30 t o  120 d a y s .  The 3M g r a d e  D32/4500 un- 
m o d i f i e d  had a d e m o n s t r a t e d  s t o r a g e  h a l f  
l i f e  o v e r  120 d a y s .  The s h o r t e r  s t o r a g e  
h a l f  l i v e s  were  a t t r i b u t e d  t o  p o o r  s t o r -  
a g e  c o n d i t i o n s  ( r e p e a t e d  e x p o s u r e  t o  a i r ,  
h i g h  t e m p e r a t u r e  and h u m i d i t y ) .  S t o r a g e  
c o n d i t i o n s  c o u l d  be improved .  F o r  ex- 
a n p l e ,  i f  t h e  m i c r o s p h e r e s  were  r e f r i g e r -  
a t e d  t o  O°C i n  s t o r a g e ,  t h e  s t o r a g e  h a l f  
l i f e  c o u l d  be e x t e n d e d  5  t o  6  f o l d  ac-  
c o r d i n g  t o  e x t r a p o l a t i o n s  u s i n g  perme- 
a b i l i t y  d a t a .  I n  t h e  s t u d y  p e r f o r m e d  l a s t  
y e a r ,  t h e  assumed s t o r a g e  h a l f  l i f e  was 
a b o u t  f o r t y  n i n e  d a y s .  

Microsphere Costs 

The F i l l i t e  C o r p o r a t i o n  and 3M Corpora-  
t i o n  were  r e q u e s t e d  to p r o j e c t  c o s t s  f o r  
F i l l i t e  g r a d e  300/7 and 3M g r a d e  D32/4500 
a t  a  p r o d u c t i o n  l e v e l  o f  3 . 5 ~ 1 0  "ons/yr 
f o r  a  s i n g l e  p l a n t  o r  a n  o v e r a l l  a n n u a l  
p r o d u c t i o n  o f  7 .2x107  t o n s / y r .  F i l l i t e  
e s t i m a t e d  a  c o s t  e q u i v a l e n t  to  $ . 2 3 / l b  t o  
$ . 3 8 / l b  ( b a s e d  on a  1 9 7 5 $ )  f o r  t h e i r  p ro-  
d u c t  and 3M e s t i m a t e d  $ . 7 7 / l b .  t o  
$ 1 . 1 5 / l b . ,  on t h e  same b a s i s ,  f o r  t h e i r  
p r o d u c t .  Our s t u d y  l a s t  y e a r  assumed a  
b r e a k a g e  o f  5  p e r  c e n t  and t h i s  was a  
s i g n i f i c a n t  c o s t  f a c t o r  a t  $ . 1 0 / l b .  Our 
s t u d i e s  show t h a t ,  i f  t h e  s t r e n g t h  l i n i t s  
a r e  n o t  e x c e e d e d  it may be p o s s i b l e  t o  
m a i n t a i n  a  v e r y  low b r e a k a g e  and t o  
c o u n t e r a c t  t h e  h i g h e r  p r i c e s  o f  micro-  
s p h e r e s  s h o u l d  t h e y  d e v e l o p .  T h e r e  a r e  
a l s o  o t h e r  e n g i n e e r i n g  t r a d e - o f f s  t o  be  
c o n s i d e r e d  t h a t  a w a i t  f u r t h e r  d e v e l o p -  
m e n t s .  

Engineering Studies 

T h i s  a c t i v i t y  was d i v i d e d  i n t o  two 
p a r t s .  The f i a r s t  was a n  e n g i n e e r i n g  eco-  
nomic e v a l u a t i o n  o f  a l t e r n a t e  n i c r o s p h e r e  
f i l l i n g  p l a n t  p r o c e s s e s .  The o t h e r  was a n  
e n g i n e e r i n g  c o n p a r i s o n  o f  h y d r o g e n  d i s -  
t r i b u t i o n  s y s t e m s  f o r  a  m i c r o c a v i t y  s t o r -  
a g e  s y s t e n  and a  m e t a l  h y d r i d e  s t o r a g e  
s y s t e m .  

Two s t e a d y - s t a t e ,  c o n t i n u o u s - f l o w  f i l -  
l i n g  p r o c e s s e s  were  c o n p a r e d  t o  t h e  b a t c h  
p r o c e s s  e v a l u a t e d  l a s t  y e a r .  P r o c e s s  var -  
i a b l e s  used  i n  t h e  s t u d y  i n c l u d e d :  t h r e e  
hydrogen  p r e s s u r e  f e e d s ,  500 ,  1000 and 
3000 p s i ;  two f i l l i n g  t e m p e r a t u r e s ,  300 
and 350°C. The a l l o w a b l e  p r e s s u r e  q r a d -  
i e n t  a c r o s s  t h e  n i c r o s p h e r e  w a l l s  was 
r a i s e d  t o  3000 p s i ;  a n d ,  a n  e n c a p s u l a t i o n  
p r e s s u r e  o f  400 atm was assumed.  

One p r o c e s s  d e s i g n  ( F l u i d i z e d  Bed Pro-  
c e s s )  assumed t h a t  t h e  hydrogen  and 
m i c r o s p h e r e s  were  p e r f e c t l y  mixed .  Under 
t h e s e  c o n d i t i o n s  t h e  c o n t a i n e d  hydrogen  
p r e s s u r e  i n  n i c r o s p h e r e s  o f  t h e  same s i z e  
w i t h i n  a  p r o c e s s  v e s s e l  was u n i f o r n .  The 
s e c o n d  p r o c e s s  d e s i g n  ( P l u g  Flow P r o c e s s )  
assumed t h a t  t h e  g a s  and s u s p e n d e d  n i c r o -  
s p h e r e s  move t o g e t h e r  ( c o - c u r r e n t l y )  
t h r o u g h  t h e  p r o c e s s  v e s s e l s .  I d e a l l y ,  t h e  
c o n t a i n e d  hydrogen  p r e s s u r e  w i t h i n  e a c h  
S i z e  r a n g e  is u n i f o r m  a t  a n y  p a r t i c u l a r  
p l a n e  p e r p e n d i c u l a r  t o  f l o w  and i n c r e a s e s  
i n  t h e  d i r e c t i o n  o f  f l o w .  

I n  b o t h  o f  t h e  a b o v e  c o n c e p t s ,  t h e  
n i c r o s p h e r e s  were  t r a n s p o r t e d  from one  
v e s s e l  t o  t h e  n e x t  by  p a s s i n g  micro-  
s p h e r e s  t h r o u g h  p r e s s u r e  l o c k s .  The 
m i c r o s p h e r e s  were  s u b j e c t e d  t o  s t e p - w i s e  
i n c r e a s e s  i n  p r e s s u r e  a s  t h e y  p a s s e d  f rom 
v e s s e l  t o  v e s s e l .  B l o c k  f l o w  d i a g r a m s  
were  d e v e l o p e d  f o r  b o t h  p r o c e s s e s  and 
used  i n  t h e  economic  e v a l u a t i o n s .  

The m o d i f i e d  p r o c e s s e s  e v a l u a t e d  show 
p o t e n t i a l  f o r  r e d u c i n g  t h e  f i l l i n g  p l a n t  
c o s t s  d e r i v e d  t h r o u g h  o u r  s t u d y  l a s t  
y e a r ,  $2.76 down to $ 1 . 0 5 / n i l l i o n  B t u .  
However, t h e  c o s t  o f  hydroqen  f e e d  s t i l l  
d o m i n a t e d  t h e  t o t a l  c o s t .  

The s t u d y  p e r f o r m e d  t h i s  y e a r  c o n f i r m s  
t h e  c o n c l u s i o n  o f  t h e  s t u d y  p e r f o r m e d  
l a s t  y e a r .  Both i n d i c a t e d  t h a t  t h e  
m i c r o c a v i t y  hydrogen  s t o r a g e  s y s t e m  
p r o m i s e s  t o  be  l e s s  e x p e n s i v e  t h a n  a  com- 
p a r a b l e  advanced  m e t a l  h y d r i d e  hydrogen  
s t o r a g e  s y s t e n .  

I n  t h e  s e c o n d  p a r t  o f  t h e  e n g i n e e r i n g  
s t u d y ,  a  hydrogen  d i s t r i b u t i o n  s y s t e m  f o r  
b o t h  t h e  m i c r o c a v i t y .  s y s t e m  an6  t h e  m e t a l  
h y d r i d e  s y s t e m  was d e s i g n e d  s u f f i c i e n t l y  
t o  p e r f o r m  a  n o n - q u a n t i t a t i v e  e v a l u a t i o n  
f o r  s a f e t y  and c o s t .  

For  t h e  m i c r o c a v i t y  s y s t e m ,  i t  was a s -  
sumed t h a t  t h e  hydrogen  was e n c a p s u l a t e d  
a t  t h e  h y d r o g e n  p r o d u c t i o n  p l a n t  and  
t r a n s n i t t e d ,  i n  n i c r o s p h e r e s ,  f rom t h e  
p r o d u c t i o n  p l a n t  t o  t h e  v e h i c l e .  For  t h e  
m e t a l  h y d r i d e  s y s t e m ,  p i p e - l i n e  t r a n s m i s -  
s i o n  o f  g a s  f r o n  t h e  p r o d u c t i o n  p l a n t  t o  
t h e  s e r v i c e  s t a t i o n  was assume?.  The 
o p e r a t i o n s  o f  l o a d i n g  t h e  h y d r o q e n  i ~ t o  
t h e  f u e l  t a n k  a t  t h e  s e r v i c e  s t a t i o n  were  
a l s o  c o n s i d e r e d .  

I t  was a p p a r e n t  f r o n  t h e  e n g i n e e r i n g  
s t u d y  t h a t  t h e  n i c r o c a v i t y  s t o r a g e  s y s t e m  
b e c a u s e  o f  i ts  c e l l u l a r  s t o r s g e ,  is s a f e r  
and n o r e  e c o n o n i c a l  . However, t h e  t r a n s -  
m i s s i o n  c o s t s  f o r  t h e  m i c r o s p h e r c s  would 
have  t o  be l e s s  t h a n  h a l f  o f  t h e  g a s  p i p e  
l i n e  t r a n s m i s s i o n  t o  c o v e r  c o s t s  f o r  t h e  
r e t u r n  o f  e n p t y  n i c r o s p h e r e s  t o  t h e  f i l -  
l i n q  p l a n t .  



S t a t u s  

The status of the microcavity storage 
systems is sunmarized in Table I. The 3M 
qrade G32/4500 has been studied in de- 
tail. The properties measured for this 
graze indicate. that it will cone close to 
meeting all the specifications except for 
storage density. The microspheres held 
pressures up to 250 atm. at room tempera- 
ture without incurring breakage during 
the fill and dispense cycle. 

Future Direc t ions  

The program thus far has shown that the 
nicrocavity hydrogen storage concept has 
great pronise. The hoop stress linitation 
was disappointingly low (50,000 psi). 
Strengths up to 1,000,000 psi have been 
reported for glass fibers. Therefore, a 
development of inproved microspheres is 
warrented. 

Future activities should be dikected 
into the following problem areas: 

1. Safety and transporation studies 
2. Continued exploration of rnicrosphere 

sources. 
3. Scale-up bed performance tests 
4. Engineering of storage vessels 
5. Large scale testing of Microsphere 

Beds. 
6. An engineering re-evaluation of the 

system taking into account the experi- 
mental information gained through the 
program this year. 
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Table 1 
Propert i e s  of 3U D32/4500 

Hydrogen Storage Bed 

Thermal 
Softening Temperature('C)...... 715 
Max. operating Tenp.(OC) ....... s550 

Glass  Composition 
SiO, (mole % I * . . . . . . . . . . . . . . . . .  80.9 - .  

B~os........................... 2.3 
Cao............................ 8.6 
Na~o.,......................... 8.2. 
* Normalized to netal oxide content 

(about 5.7 wt% unidentified) 

Strength 
flax. External Press. (psi;)... s5000 
Flax. ~nternal pressure l....... s5000 
Threshold Hoop Stress in tlicro- 
sphere Wall (psi) ........... 50,000 

Crush Survivors  (%)  .......... 3500 (psi) i . . . . . . . . . . .  36 

Eydrogen Permeabi l i ty  cc (STP) 

~emperature (OK) cmZ sec. (cn of Hq) 

Storage Bed C h a r a c t e r i s t i c s  
Bulk Density (g/cc) ............. 0.2 
Av. Microsphere Size ( u r n ) . . . . . . .  27.7 
~licrosphere 'size Range (un) ..... 5-60 
Surface Area (n2/q) ............. 0.77 
Glass Density (g/cc) ............ 2.15 
Density of Stored Hydrogen Gas 
(g/cc)...... .................... 0.017 

Bed Weight Density (gH,/g bed). . 0.053 
Bed Volune Density (qHz/cc bed). 0.012 
Packing Fraction. ............... 0.63 
Filling Conditions 
Temperature (OC) .............. >300 ................... Time (hr.). <1 ............. Fill Pressure (psi) 3500 ...... Operating Bed Temp. ("C) 140-200 

Dispension Rates at Temperatures 
below 200°C (ccn/cc of bed).... 0.71 

Available Hydrogen at 200°C ( % )  . 55 
Available Hydrogen at 250°C ( % ) .  70 ......... Storage Half Life (da.) cllO 

* 
Cost Factors  
Current ($/lb.) 
'Lot size (lbs.) 
100-300..................... 15.33 
400-2,300................... 14.18 
> 2 4 0 0 . . . . . . . . . . . . . . . . . . . . . . .  13.68 .......... Projected ($/lb.) 0.77-1.15 

*Data obtained fron 3M Corporation 



Stephen M. Foh, Martin Novil ,  P h i l i p  L. Randolph and Evelyn M. Rockar 

I n s t i  t ~ ~ t . e  nf Gas Technology 
Chicago, I l l i n o i s  

Abs t r ac t  

This  paper b r i e f  19 summarizes an ex t ens ive  
s tudy of t h e  t e c h n i c a l  and economic f e a s i b i l i t y  of 
s t o r i n g  hydrogen g a s  i n  underground r e se rvo i r s . -  A 
deple ted  f i e l d ,  an  a q u i f e r ,  a s a l t  cavern,  and an 
excavated rock cavern  were s tud ied .  The only major 
t e c h n i c a l  l i m i t a t i o n  I s  c11aL of hydrogen embr i t t l e -  
ment,which a t  t h e  p re sen t  t ime r e s t r i c t s  r e s e r v o i r  
p re s su re s  t o  1200 p s i  o r  l e s s .  An economic method- 
ology was developed t o  p r e d i c t  t he  c o s t  of s e r v i c e  
f o r  hydrogen s to rage .  This  methodology was v e r i -  
f i e d  and t e s t e d  on n a t u r a l  gas  s to rage .  Costs of 
s e r v i c e  ranged from 26% t o  150% of t h e  c o s t  of . the 
gas  s to red .  

Background 

The f i r s t  s u c c e s s f u l  underground s t o r a g e  of 
n a t u r a l  gas  was accomplished i n  On ta r io ,  Canada, i n  
1915 i n  a p a r t i a l l y  deple ted  gas  f i e l d .  A s  of 1977 
t h e r e  were 385 n a t u r a l  gas  s t o r a g e  r e s e r v o i r s  i n  
t h e  United S t a t e s  wi th  a t o t a l  s t o r a g e  capac i ty  of 
7.2 t r i l l i o n  cubic  f e e t .  Of t hese  385 r e s e r v o i r s ,  
about 52 a r e  a q u i f e r s ,  about 15  a r e  s a l t  caverns ,  
1 i s  an excavated mine, and t h e  remainder a r e  
dep le t ed  gas o r  o i l  f i e l d s .  Each of t hese  
f i e l d  types  has  a d i f f e r e n t  geo log ica l  d i s t r i b u t i o n  
throughout t h e  United S t a t e s .  Aquifers  e x i s t  most- 
l y  i n  t h e  Midwest, s a l t  caverns  e x i s t  i n  t h e  Great 
Lakes region and a long t h e  Gulf Coast ,  and deple ted  
f i e l d s  a r e  s c a t t e r e d  among 26 s t a t e s .  

I n  a d d i t i o n  t o  n a t u r a l  gas ,  o t h e r  f l u i d s  have 
been s u c c e s s f u l l y  s t o r e d  i n  underground r e s e r v o i r s .  
L iqu i f i ed  gases  have been s t o r e d  i n  excavated and 
solution-mined caverns  s i n c e  1951. Hydrogen gas  
has  been s u c c e s s f u l l y  s to red  i n  solution-mined s a l t  
caverns i n  England by Imper i a l  Chemical I n d u s t r i e s  
a t  Teeside.  This  s t o r a g e  u t i l i z e s  t h r e e  br ine-  
compensated caverns  t o  s t o r e  hydrogen a t  750 p s i  a t  
a depth  of 1200 f e e t .  I n  a r e s e r v o i r  near  Beynes, 
France,  Gaz de  France opera ted  a s t o r a g e  a q u i f e r  
f o r  hydrogen-rich (50% t o  60%),  low-Btu manufac- 
t u red  gas  from 1956 t o  1972. The f i e l d  was suc- 
c e s s f u l l y  converted t o  n a t u r a l  gas  s t o r a g e  i n  1973. 
Helium has  been s to red  by t h e  U.S.G.S. i n  Bush Dome 
near  Amaril lo,  Texas, s i n c e  1960. 

Modes of Storage  

F a c i l i t i e s  f o r  t h e  underground s t o r a g e  of 
gases  f a l l  i n t o  two ca t ego r i e s :  1)  porous media 
stora&.,  ' i n  which t h e  gas occupies t h e  n a t u r a l l y  
occurr ing  pore  space  between minera l  g r a i n s  o r  
c r y s t a l s  i n  sandstones  o r  porous carbonates ,  and 
2) cavern s t o r a g e ,  i n  which t h e  gas is  contained 
i n  excavated o r  solution-mined c a v i t i e s  i n  dense 
rock. Porous media s torage ,  e i t h e r  i n  p a r t i a l l y  

. deple ted  o i l  o r  g a s  f i e l d s  o r  i n  a q u i f e r s ,  accounts 
f o r  t h e  l a r g e  ma jo r i t y  of a l l  underground s t o r a g e  
f a c i l i t i e s  f o r  n a t u r a l  gas .  Na tu ra l  g a s  is  s t o r e d  
i n  solution-mined s a l t  caverns  and i n  one excavated 
cavern. While no excavated cavern has  a s  y e t  been 
developed s p e c i f i c a l l y  f o r  t h e  s t o r a g e  of n a t u r a l  

gas ,  they a r e  widely used f o r  t he  s t o r a g e  of pro- 
pane and o t h e r  hydrocarbons i n  l i q u i f i e d  form. 
Since  a supe rna t an t  vapor phase i s  i n v a r i a b l y  pres- 
e n t  over ly ing the  hydrocarbon l i q u i d s  i n  such 
f a c i l i t i e s ,  cons ide ra t ion  of t h e  f a c i l i t i e s  is 
appropr i a t e  f o r  t h e  underground s t o r a g e  of any gas  
i n  t h e  vapor phase. 

~ l t h o u ~ h  each mode of underground s t o r a g e  has  
i t s  own s e t  of c r i t i c a l  c h a r a c t e r i s t i c s ,  t h e r e  a r e  
s e v e r a l  b a s i c  cons ide ra t ions  common t o  a l l  forms 
of underground s to rage .  Both c a t e g o r i e s  of s t o r a g e  
must possess  s u f f i c i e n t  capac i ty  and containment 
f o r  t he  gas .  i n  o rde r  t o  be succes s fu l .  These two 
requirements a r e  s a t i s f i e d  by d i f f e r e n t  mechanisms 
wi th  each mode of s to rage .  I n  porous media, t he se  
requirements a r e  met by a porous r e s e r v o i r  rock and 
an  over ly ing conf in ing enclosure ;whereas ,  i n  cavern 
s t o r a g e ,  capac i ty  is  achieved from the  chamber vol -  
ume wi th  containment provided by t h e  impermeable 
h o s t  rock surrounding the  cavern.  Seve ra l  f a c t o r s  
g r e a t l y  i n f luence  t h e  magnitude of capac i ty  and 
containment f o r  a given s t o r a g e  mode; chief  among 
t h e s e  is pressure .  S ince  most rock l i t h o l o g i e s  
cannot be  considered  t o  be abso lu t e ly  impermeable, 
t h e  l i m i t i n g  p re s su re  f o r  almost a l l  forms of 
underground s t o r a g e  i s  r e l a t e d  t o  t h e  h y d r o s t a t i c  
p re s su re  g rad ien t  o r ,  f o r  purposes of approxima- 
t i o n ,  0.433 p s i  per foo t  of depth  below t h e  water 
t a b l e .  

The overburden p re s su re ,  1 .0  p s i / f t  of depth ,  
is t h e  load of t h e  rock column and when approached 
may r e s u l t  i n  hydrau l i c  f r a c t u r i n g ,  o r  l i f t i n g ,  
of t h e  overburden. To remain s a f e l y  below t h i s  
l i m i t ,  s t o r a g e  f a c i l i t i e s  t h a t  ope ra t e  above the  
hydrau l i c  p re s su re  do not  o f t e n  exceed a g r a d i e n t  
of 0.7 p s i / f t  of depth ,  which a l lows f o r  a margin 
of s a f e t y .  

Most e x i s t i n g  underground f a c i l i t i e s  f o r  
n a t u r a l  gas  have maximum ope ra t ing  p re s su re s  i n  t h e  
range of 1000 t o  2000 p s i ,  a l though t h e r e  a r e  
f a c i l i t i e s  ope ra t ing  a t  both  extremes,  from a low 
p r e s s u r e  of 160 p s i  t o  a maximum of over 3500 p s i .  
As t h e  s t o r a g e  p re s su re  i n c r e a s e s ,  l e s s  void  vol-  
ume is  required  f o r  a given quan t i t y  of s t o r e d  gas .  

Mechanisms Con t ro l l i ne  - Containment o r  Loss 

The same mechanisms t h a t  s e r v e  t o  con ta in  g a s  
i n  porous media s t o r a g e  apply a l s o  t o  cavern 
s t o r a g e ;  however, t h e  emphasis is  d i f f e r e n t .  I n  
porous media s t o r a g e ,  a major concern is t h e  
i n t r i n s i c  c h a r a c t e r i s t i c s  of t h e  l i t h o l o g i c  con- 
f i n i n g  elements,  p a r t i c u l a r l y  t h e i r  permeabi l i ty  
and threshold  p re s su re .  I n  cavern s t o r a g e ,  t he  
s i t e  is normally s e l e c t e d  s p e c i f i c a l l y  because t h e  
hos t  rock is dense wi th  very  low i n t r i n s i c  perme- 
a b i l i t y  and ve ry  h igh i n t r i n s i c  threshold  p re s su re .  
Pu re ly  hydro log ica l  conf in ing mechanisms such a s  
t h e  t r a n s p o r t  of g a s  i n  s o l u t i o n  i n  water  a r e  even 
l e s s  p e r t i n e n t ' s i n c e  the  d e n s i t y  and impermeabili ty 



of t h e  hos t  rock minimize bo th  the  mob i l i t y  of t he  
water phase and the  e x t e n t  of gas  con tac t  w i th  i t .  

The term gas  " loss"  r e q u i r e s  d e f i n i t i o n ,  par- 
t i c u l a r l y  a s  d i s t i ngu i shed  from "leakage". It i s  
probable  t h a t  t h e r e  is  some f i n i t e  g a s  l o s s  from 
v i r t u a l l y  a l l  s t o r a g e  r e s e r v o i r s :  l o s s  through cap 
rock, l o s s  through s o l u t i o n  i n  water ,  l o s s  through 
s o l u t i o n  d e f e c t s  i n  t h e  w e l l s  themselves. Not only 
a r e  many of t h e s e  l o s s e s  ve ry  minor i n  q u a n t i t y ,  
but  they a r e  a l s o  a p r e d i c t a b l e  consequence of t h e  
environment of gas  s t o r a g e  and the  technology f o r  
i t s  development. They do n o t  n e c e s s a r i l y  have an 
impact upon l i f e  o r  proper ty  i n  t h e  s u r f a c e  o r  near- 
s u r f a c e  environment. 

I n  terms of frequency of occurrence  but  not 
n e c e s s a r i l y  i n  terms of volumes of gas  l o s t ,  t he  
g r e a t e s t  s i n g l e  f a c t o r  a f f e c t i n g  t h e  containment of 
gas  w i t h i n  a s t o r a g e  r e s e r v o i r  is t h e  we l l s  them- 
s e l v e s .  Gas l o s s e s  from t h i s  source  a r e  normally 
comparatively easy t o  d e t e c t  and remedy and commonly 
o r i g i n a t e  from co r ros ion  of ca s ing  o r  f a i l u r e  of 
t h e  cement bond between cas ing and h o s t  rock. A 
l a r g e  body of well-developed technology i s  a v a i l a b l e  
t o  d e t e c t  and remedy such d e f e c t s .  

Consequences of s e i smic  a c t i v i t y  upon t h e  
i n t e g r i t y  of underground s t o r a g e  r e s e r v o i r s  appear 
t o  be  minimal. No r e p o r t  of g a s  l o s s  d i r e c t l y  
a t t r i b u t a b l e  t o  s e i s m i c i t y ,  even among the  s e v e r a l  
dep le t ed  f i e l d  s to rages  i n  s e i s m i c a l l y  a c t i v e  
p o r t i o n s  of C a l i f o r n i a ,  isknown t o  e x i s t .  I n  
gene ra l ,  subsurface  i n s t a l l a t i o n s  i n  competent rock 
should be  much l e s s  s u s c e p t i b l e  t o  damage a r i s i n g  
from ear thquakes  than would a s soc i a t ed  s u r f a c e  
f a c i l i t i e s  such a s  p i p e l i n e s ,  aboveground s t o r a g e ,  
and compressor s t a t i o n s .  

The s u c e s s f u l  h i s t o r y  of s t o r i n g  n a t u r a l  gas  
i n  underground r e s e r v o i r s  l e a d s  us  t o  conclude t h a t  
t h e r e  a r e  no ove r r id ing  c o n s t r a i n t s  t h a t  would pro- 
h i b i t  t h e  s i m i l a r  s t o r a g e  of hydrogen gas.  There 
a r e  p r o p e r t i e s  of hydrogen gas ,  though, t h a t  must 
be  considered  i n  an underground s t o r a g e  opera t ion .  
Those p r o p e r t i e s  t h a t  imply limits t o  t h e  success- 
f u l  s t o r a g e  of hydrogen a r e  d iscussed i n  t h e  f o l -  
lowing s e c t i o n .  

Technica l  Evaluat ion  of Hydrogen P r o p e r t i e s  

Sa fe ty  

Gas s t o r a g e  is r egu la t ed  by t h e  Code of Fede ra l  
Regula t ion ,  T i t l e  49, P a r t  192, "Transpor ta t ion  of 
Na tu ra l  and Other Gas by P ipe l ine :  Minimum Fede ra l  
Sa fe ty  Standards." Th i s  code a p p l i e s  t o  hydrogen 
a s  w e l l  a s  t o  n a t u r a l  gas.  I t ' w i l l  r e q u i r e  only 
one s i g n i f i c a n t  change t o  be  made when a n a t u r a l  
gas  f a c i l i t y  is  converted t o  hydrogen: I t  speci -  
f i e s  conformation t o  t he  Nat ional  E l e c t r i c a l  Code, 
an  o the rwi se  nonmandantory bu t  i n d u s t r i a l l y  accept-  
ed s t anda rd ,  which w i l l  make i t  necessary  f o r  most 
e l e c t r i c a l  equipment i n  t h e  f a c i l i t y  t o  be replaced.  
A few o the r  ve ry  minor changes may be  necessary ,  
bu t  t h e r e  appear t o  be  no o t h e r  codes o r  regula-  
t i o n s  t h a t  would r e q u i r e  a hydrogen s t o r a g e  f a c i l i -  
t y  t o  be  t r e a t e d  any d i f f e r e n t l y  from a n a t u r a l  gas  
f a c i l i t y .  Although s u r f a c e  monitoring and d e l i v e r y  
in s t rumen ta t ion  w i l l  have t o  be  changed t o  t h a t  f o r  
hydrogen s e r v i c e ,  s a f e t y  requirements f o r  t he  de- 
s i g n  of t h e  s u r f a c e  b u i l d i n g s ,  roads ,  and r e l a t i v e  
l o c a t i o n  of p i p e l i n e s  should be no d i f f e r e n t  f o r  
hydrogen t h a n , f o r  n a t u r a l  gas .  

Environmental E f f e c t s  

The p repa ra t ion  of an environmental  impact 
s ta tement  f o r  an  underground hydrogen s t o r a g e  
f a c i l i t y  would fo l low the  format of impact s t a t e -  
ments p re sen t ly  being required  f o r  t h e  t e s t i n g ,  
cons t ruc t ion ,  and ope ra t ion  of underground n a t u r a l  
gas  s t o r a g e  f a c i l i t i e s .  

The underground s t o r a g e  of hydrogen gas  does 
n o t  appear t o  pose any s i g n i f i c a n t  adverse  impacts 
t o  t he  t e r r e s t r i a l  o r  a q u a t i c  ecosystems i n  t h e  
v i c i n i t y  of s t o r a g e  f a c i l i t i e s .  There a r e  two ways 
t h a t  hydrogen could escape  from t h e  s t o r a g e  hor izon 
and poss ib ly  reach t h e  su r f ace .  F i r s t ,  g r adua l  
accpoge from a s t o r a g e  r e c e r v o i r  could occur through 
ove r ly ing  rock l a y e r s  due t o  geo log ica l  mechanisms; 
secondly ,  r ap id  leakage a t  damaged w e l l  heads can 
occur due t o  mechanical l e a k s  t h a t  u sua l ly  a r e  
shor t - term and promptly co r r ec t ed .  

F ree  hydrogen (Hz) e x i s t s  i n  t h e  atmosphere 
i n  very  minute amounts. It is the  l i g h t e s t  of 
elements and, consequently,  very  buoyant, which 
would lead  t o  i ts  r a p i d  d i s p e r s a l  upon en te r ing  t h e  
atmosphere. Free  hydrogen is no t  known t o  be t o x i c  
t o  l i v i n g  organisms, consequent ly ,  t h e  l i ke l ihood  of 
s i g n i f i c a n t  adverse .  impacts a r i s i n g  from t h e  r e l e a s e  
of hydrogen i n t o  t h e  s u r f a c e  environments is very 
smal l .  

Theore t i ca l ly ,  impercept ib le  seepage by 
molecules of a gas  from a s t o r a g e  r e s e r v o i r  over a 
prolonged period of t ime is p o s s i b l e  through the  
con f in ing  rock l a y e r s  a s  w e l l  a s  f r a c t u r e s  i n  
j o i n t s .  Such gradual  d i f f u s i o n  could reach t h e  
s u r f a c e  i n  unde tec t ab l e  volumes of gas  atatmo- 
s p h e r i c  p re s su re .  S i g n i f i c a n t  leakage of l a r g e  
volumes of g a s  due t o  geo log ica l  mechamisms is r a r e  
I n  one r epo r t ed  case ,  t he  leakage of d e t e c t a b l e  
q u a n t i t i e s  of methane (CH4) from underground 
s t o r a g e  f a c i l i t i e s  caused loca l i zed  minor crop and 
vege ta t ion  damage. The nontoxic i ty  of hydrogen 
prec ludes  such damage i n  t h e  r a r e  event t h a t  l a r g e  
volumes would g radua l ly  escape  through geo log ica l  
mechanisms. 

. Hydrogen could r a p i d l y  escape from t h e  s t o r -  
age  a r e a  a s  a r e s u l t  of a damaged wel1heads;'how- 
ever ,  damage t o  w e l l  heads ,can be  r epa i r ed  and 
avoided. A rapid  r e l e a s e  of hydrogen from an 
in jec t ion/wi thdrawal  w e l l  could c r e a t e  a no i se  
problem t h a t  can be  minimized by l o c a t i n g  wel l -  
heads away from re s idences .  I f  t h e  damage t o  t he  
wel lheads  were a l s o  t o  i g n i t e  t h e  hydrogen, i t  
would produce an i n t e n s e  upwardly d i spe r sed  c lean-  
burning flame. The only a n t i c i p a t e d  product from 
an acc iden t  of t h i s  type would be  water  vapors 
(H20). Such an acc iden t  of t h i s  type could i g n i c e  
surrounding vege ta t ion  and cause i n j u r y  t o  anyone 
involved i n  t h e  acc iden t ;  however, t h e  p o t e n t i a l  
f o r  such an adverse  impact is considered remote. 
I f  t he  escaping hydrogen is not  i g n i t e d ,  i t  would 
r ap id ly  d i s p e r s e  i n  t h e  atmosphere caus ing no 
impact t o  t h e  s u r f a c e  environment. 

Hydrogen Embrit t lement 

The purpose of our i n v e s t i g a t i o n  of hydrogen 
embri t t lement  is  t o  determine  whether equipment 
used i n  n a t u r a l  gas  s t o r a g e  f a c i l i t i e s  is s u i t a b l e  
f o r  hydrogen s e r v i c e ,  and, i f  i t  is  no t  s u i t a b l e ,  
what must be  changed. There is cons ide rab le  
i n d u s t r i a l  exper ience  i n  t h i s  country i n  t h e  

4 



handling of high-pressure hydrogen. Petrochemical 
i n d u s t r i e s ,  hydrogenation ope ra t ions ,  and r e t a i l e r s  
of commodity gases  a l l  have cons ide rab le  exper ience  
wi th  hydrogen se rv i ce .  I n  add i t i on ,  t h e r e  is a  
l imi t ed  base  of exper ience  i n  t h e  des ign of pipe- 
l i n e s  f o r  hydrogen se rv i ce .  Because of a  l a c k  of 
understanding of t h e  b a s i c  mechanisms involved i n  
hydrogen embri t t lement ,  we found t h a t  p re sen t  de- 
s i g n s  a r e  based on a  v a r i e t y  of empi r i ca l ly  de t e r -  
mined formulas,  with no gene ra l ly  accepted method 
p reva i l i ng .  I n d u s t r i a l  exper ience  is  s p e c i f i c  t o  
p a r t i c u l a r  a p p l i c a t i o n s  and no t  d i r e c t l y  a p p l i c a b l e  , 

t o  t h e  de t e rmina t ion  of t h e  a b i l i t y  of equipment 
des igned f o r  methane s e r v i c e  t o  handle  hydrogen i n  
s t o r a g e  a p p l i c a t i o n s .  

We conclude t h a t ,  i f  t h e  p re s su re  a t  s t o r a g e  
f a c i l i t i e s  is l imi t ed  t o  va lues  of approximately 
1000-1200 p s i ,  equipment prese,ntly i n  s e r v i c e  a t  
n a t u r a l  gas  s t o r a g e  f a c i l i t i e s  w i l l  s t and  up t o  
hydrogen s e r v i c e  w i th  r e spec t  t o  hydrogen embrit- 
t lement,  w i th  s e v e r a l  c o n s t r a i n t s .  Before t he  
a c t u a l  conversion of any given f a c i l i t y  from n a t u r a l  
gas  t o  hydrogen s e r v i c e  ( r e g a r d l e s s  of t h e  p re s su re  
l e v e l )  in-place equipment must be  surveyed t o  
determine t h e  number of f laws,  hard s p o t s ,  and 
p l a s t i c  deformation.  A d e t a i l e d  in spec t ion  of t h i s  
n a t u r e  may no t  be  c o s t - e f f e c t i v e  a t  e x i s t i n g  s t o r -  
age  f a c i l i t i e s .  I n  t h a t  ca se ,  we would recommend 
a  replacement of a l l  welded s e c t i o n s  subjec ted  t o  
p re s su re s  above s e v e r a l  hundred ps ig .  

Reactions of ~ y d r o g e n  With Chemical Species  Found 
i n  Underground Reservoirs  

Sandstone, deple ted  f i e l d s ,  and mined cavern 
r e s e r v o i r s  a r e  composed p r imar i ly  of s t a b l e ,  non- 
r e a c t i v e  s i l i c a t e  mine ra l s  c o n s i s t i n g  of qua r t z ,  
f e l d s p a r s ,  and l e s s e r  amounts of g a r n e t s ,  s p i n e l s ,  
and micas. However, minor s u l f i d e ,  s u l f a t e ,  car -  
bonate,  and oxide  mine ra l s  o f t e n  occur e i t h e r  a s  
cementing m a t e r i a l s  o r  a s  smal l  c r y s t a l s  coa t ing  
t h e  s u r f a c e s  of l a r g e r  g ra ins .  Because of t he  
l a r g e  amount of exposed s u r f a c e  a r e a  of t hese  min- 
e r a l s  i n  sandstone-type r e s e r v o i r s ,  i n  excess  of 
t h e  qua r t z  i t s e l f ,  and t h e  l a r g e  quan t i t y  of t hese  
minera ls  i n  l imestone  and s a l t  r e s e r v o i r s ,  p o s s i b l e  
r e a c t i o n s  wi th  hydrogen could proceed t o  t he  com- 
p l e t e  consumption of t h e  r e a c t i n g  minera l .  This  
might involve  measurable q u a n t i t i e s  of hydrogen and 
t h e  gene ra t ion  of t o x i c  gases .  We examined.the 
p o s s i b l e  chemical r e a c t i o n s ,  w i th  hydrogen, of about 
1 5  mine ra l s  common t o  underground r e s e r v o i r s  
assuming a  r e s e r v o i r  temperature of 298 K (77'F) 
and aKpres su re  of 2000 p s i .  Only oxygen, FezOj, 
and s u l f u r  could poss ib ly  r e a c t  wi th  hydgogen. An 
i n c r e a s e  i n  temperature of a s  much a s  50 F  would 
n o t  change r e a c t i o n  d i r e c t i o n s ,  nor  would r e a c t i o n  , 

d i r e c t i o n s  be  changed by a  dec rease  i n  pressure .  
However, t he se  t h r e e  r e a c t i o n s  r e q u i r e  e i t h e r  tem- 
pe ra tu re s  above those  i n  t h e  r e s e r v o i r s  o r  
c a t a l y s i s .  

S imi l a r  t o  i no rgan ic  r e a c t i o n s ,  most hydro- 
genat ion  and cracking r e a c t i o n s  r e q u i r e  tempera tures  
i n  excess  of normal r e s e r v o i r s .  Some anaerobic  
b a c t e r i a  a r e  capable  du r ing  fermenta t ion  processes  
of reducing hydrogen and s u l f a t e s  t o  hydrogen su l -  
f i d e  and water ,  bu t  t h i s  a c t i v i t y  i s  r a r e  i n  

' 

r e s e r v o i r s .  

pos s ib l e  r e a c t i o n s  t h a t  could occur i n  a  r e s e r v o i r ,  
w i th  t h e  l a c k  of t h e o r e t i c a l  p r e d i c t i o n  and the  
absence of hydrogen r e a c t i o n s  i n  t he  Gaz de  France 
f i e l d s ,  t h e r e  is l i t t l e  evidence f o r  s e r i o u s  
problems wi th  underground s t o r a g e  f o r  long per iods  
of time. 

Economic Analys is  of Hydrogen Storage  
Methodology Development 

For t h i s  p r o j e c t ,  we developed a  computerized 
d iscounted  cash flow a n a l y s i s  us ing constant  
d o l l a r s .  The methodology h a s  been modified from 
the  s tandard  textbook approach t o  r e f l e c t  f i nanc ing  
s p e c i f i c  t o  u t i l i t i e s .  This  i nc ludes  cons ide ra t ion  
of t h e  "Allowance f o r  Funds Used During Construc- 
t i o n  (AFUDC) i n  t h e  u t i l i t y  r a t e  base." , 

I n  t h i s  a n a l y s i s ,  i t  was assumed t h a t  base  
gas  was f inanced a long wi th  f a c i l i t y  cons t ruc t ion .  
That is, base  gas  was purchased and f inanced du r ing  
the  cons t ruc t ion  per iod f o r  d e l i v e r y  a f t e r  construc- 
t i o n  completion. This  technique of f i nanc ing  base  
gas  was considered  impor tant  f o r  a  s tudy of hydro- 
gen s t o r a g e  f a c i l i t i e s  because base  gas  c o s t s  could 
be a  l a r g e  percentage  of t h e  f a c i l i t y  c o s t  and no t  
suppl ied  by t h e  pa ren t  company t o  t he  s t o r a g e  
f a c i l i t y .  

Using informat ion on s p e c i f i c  f i e l d s  suppl ied  
t o  u s  by ope ra to r s  of those  f i e l d s ,  we determined 
the  l e v e l i z e d  c o s t  of s e r v i c e  f o r  t he  s t o r a g e  of 
n a t u r a l  gas .  The c o s t  of s e r v i c e  was then v e r i f i e d  
f o r  a  " typ ica l "  f i e l d  ope ra t ion  by these  ope ra to r s .  
S a t i s f y i n g  ou r se lves  t h a t  t h e  methodology gave good 
va lues  f o r  c o s t  of s e r v i c e ,  we va r i ed  the  i npu t  
parameters t o  s e e  t h e i r  e f f e c t  on t h e  c o s t  of 
s e rv i ce .  This  a n a l y s i s  was c a r r i e d  ou t  f o r  an 
a q u i f e r ,  a deple ted  f i e l d ,  a  s a l t  cavern,  and a  
hypo the t i ca l  excavated cavern.  The parameters 
va r i ed  were base  gas  c o s t ,  phys i ca l  p l a n t  c o s t ,  
p l a n t  cons t ruc t ion  c b s t ,  ope ra t ing  c o s t ,  c o s t  of 
deb t ,  c o s t  of equ i ty ,  and t h e  f r a c t i o n  of debt  
f inanced.  Figure  1 i l l u s t r a t e s  t he  e f f e c t  varying 
each of t h e s e  parameters has  on t h e  base  ca se  f o r  
a  dep le t ed  f i e l d  t ype  of ope ra t ion .  For t he  fou r  
t ypes .o f  f i e l d s  analyzed f o r  n a t u r a l  gas  s to rage ,  
t h e  most s e n s i t i v e  parameters ( s t e e p e s t  s lope )  were 
p l a n t  c o s t  and c o s t  of equi ty ;  t h e  l e a s t  s e n s i t i v e  
were always cons t ruc t ion  time and ope ra t ing  c o s t s .  
Dashed segments a r e  ex t r apo la t ions .  
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.Although t h e  r e a c t i o n s  and t h e  ca se  s tud ied  Fig .  1 Depleted f i e l d  - n a t u r a l  gas  case .  

cannot be  considered t o  r ep re sen t  t h e  f u l l  range of 
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Table 1 Hydrogen economic eva lua t ion  - base ca se  

Erected P lan t  Cost,  $ l o 3  
Throughput/yr, 1012 
Cost o f  Base Gas/106 B t u  
Operating Cos t ly r ,  $1 o3 
Const ruct ion  Time, yea r s  
Cost of Debt, % 
Cost of Equity,  % 
Fract ion  Debt Financed 
Life t ime f o r  Economics, yea r s  

Cost of Service/106 B t u  

Var ia t ion  i n  Cost o f  Service/106 Btu 

S a l t  Cavern 

Hydrogen Storage  

The hydrogen s t o r a g e  economic a n a l y s i s  was 
c a r r i e d  o u t  us ing t h e  methodology developed f o r  
n a t u r a l  g a s  s to rage .  Each type  of f i e l d  was ana- 
lyzed again  wi th  base  ca se  va lues  t h a t  r e f l e c t  
reasonable  assumptions f o r  hydrogen s to rage .  These 
base  ca se  va lues  were then pa rame t r i ca l ly  va r i ed  a s  
they were f o r  n a t u r a l  gas  s t o r a g e .  

From an economic v iewpoint ,  i t  appears  t h a t  
t h e r e  w i l l  be  l i t t l e  d i f f e r e n c e  between t h e  conver- 
s i o n  of an e x i s t i n g  n a t u r a l  g a s  s t o r a g e l f a c i l i t y  
and the  development of a  new f i e l d  s p e c i f i c a l l y  f o r  
hydrogen se rv i ce .  The major c a p i t a l  c o s t  i tems 
( w e l l s ,  g a s  compression systems, and p i p e f i e l d s )  
w i l l  l i k e l y  need t o  be  replaced i n  a  convers ion of 
an  e x i s t i n g  n a t u r a l  g a s  f a c i l i t y  t o  hydrogen se r -  
v i c e .  From a  t e c h n i c a l  v iewpoint ,  t h e  same gene ra l  
t ype  of system and many of t h e  minor p a r t s  of the  
system w i l l  be a p p l i c a b l e  t o  both  n a t u r a l  gas  and 
hydrogen s e r v i c e .  There appear t o  be  no major gaps 
i n  e i t h e r  technology o r  o p e r a t i o n a l  procedure f o r  
underground hydrogen s t o r a g e  (except ,  perhaps,  f o r  
unspec i f i ed  m a t e r i a l  f o r  very  high p re s su re  s t o r a g e  
f i e l d s )  . 

The economic e f f e c t  of ownership and v a l u e  a  
f i e l d  might have when a c t u a l l y  converted w i l l  be 
d i scussed  i n  d e t a i l  i n  t h e  f i n a l  r e p o r t  of tkis 
p r o j e c t .  Table 1 summarizes t h e  base  ca ses  and 
c o s t  of s e r v i c e  f o r  t h e  s t o r a g e  of hydrogen. An 
annual  load cyc l e  was assumed. 

S a l t  Cavern 

The base  ca se  p l an t  c o s t s  and ope ra t ing  c o s t s  
f o r  hydrogen s to rage  were assumed t o  be  t h e  same 
a s  the  c o s t s  f o r  n a t u r a l  g a s  s to rage .  The s a l t  
cavern assumed t o  be ope ra t ing  from 1000 t o  
3500 p s i  per  annual cycle .  With t h i s  assumption, 
t he  amount of throughput of t he  f i e l d  is 1.44 X 
l o f 2  Btu. Choosing $6.00/106 Btu f o r  t he  c o s t  of 
t he  base  g a s  and t h e  same f i n a n c i a l  parameters a s  
f o r  n a t u r a l  gas ,  t h e  base  c o s t  of s e r v i c e  is  $3.031 
l o 6  Btu (1978 d o l l a r s ) .  The c o s t  of s e r v i c e  is 
r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  c o s t  of t he  base  gas .  

Excavated Cavern 

The excavated cavern was s tud ied  f o r  depths  
of 2500, 3500, and 4500 f e e t .  The 3500-foot depth  
was considered a s  t h e  base  c a s e  g iv ing  a  base  gas  
volume of 1.903 X l o 6  SCF a t  a  temperature of 77'~.  

Excavated 
Cavern Aquifer 

Depleted 
Fie ld  

The l a r g e  c o s t  of s e r v i c e  de r ives  from the  l a r g e  
development c o s t  of t h e  f i e l d .  Using $6.00/106 Btu 
gas  a s  base .gas ,  t h e  c o s t  of s e r v i c e  becomes $5.271 
l o 6  Btu. The c o s t  of s e r v i c e  is r e l a t i v e l y  
i n s e n s i t i v e  t o  t h e  c o s t  of t h e  base  gas .  

Aquifer 

Some changes i n  t he  phys i ca l  p l a n t  c o s t s  p r i -  
mar i ly  due t o  lower compressor c o s t s  f o r  a  smal ler  
throughput pe r  annual cyc l e  make the  a n a l y s i s  f o r  
hydrogen s t o r a g e  s i m i l a r  t o  n a t u r a l  gas  s to rage .  
The c o s t  of s e r v i c e  is  6 .59110~  Btu. The base  ca se  
c o s t  of s e r v i c e  is higher  f o r  hydrogen than f o r  
n a t u r a l  gas  due t o  t h e  smal ler  throughput per year .  
Unlike t h e  cavern  s t o r a g e ,  t h e  c o s t  of s e r v i c e  is 
s e n s i t i v e  to  t he  c o s t  of base  gas  f o r  an a q u i f e r .  

Depleted F i e l d  

The r e s u l t s  of t h e  economic a n a l y s i s  f o r  a  
deple ted  f i e l d  f o r  hydrogen s t o r a g e  a r e  i l l u s t r a t e d  
i n  F igu re  2. The c a s e  i l l u s t r a t e d  cons ide r s  0.976 X 
1012 Btulyr  f o r  throughput and g ives  a  va lue  of 
$4 .46110~  Btu c o s t  of s e r v i c e .  Two 'o ther  va lues  
f o r  throughput were a l s o  examined t o  s e e  t he  e f f e c t  
of a d d i t i o n a l  compressor and w e l l  c o s t s  t o  produce 
a d d i t i o n a l  throughput by reducing the  amount of base  
gas .  For a  throughput of 1.7 X l o1?  Btu/yr ,  t h e  
c o s t  of s e r v i c e  drops  t o  $2. 21/106 Btu, and f o r  a  
throughput of 2 .4  X 1012 B tu ly r ,  t he  c o s t  of s e r -  
v i c e  f u r t h e r  drops t o  $1.51/106 Btu. So the  
investment i n  increased compression is more than 
compensated f o r  by t h e  decrease  i n  c o s t  of s e rv i ce .  
A l l  of t h e  above were determined f o r  developing t h e  
Lie ld  as a uew ope ra t ion .  For t h e  c a s e  of conver- 
s i o n ,  a  r e t r o f i t  c a s e  was considered .  Bas i ca l ly ,  
some of the  p l a n t  c a s t s  a n d . l i n e  c o s t s  were 
e l iminated .  For t he  c a s e  i l l u s t r a t e d  i n  F igu re  2, 
a  p l a n t  c o s t  r educ t ion  t o  $1850 X lo3  g i v e s  a  
l eve l i zed  c o s t  of s e r v i c e  of $3 .34110~ ~ t u .  

conclus ion 

The c o s t s  of s e r v i c e  f o r  hydrogen s t o r a g e  
determined i n  t h i s  s tudy va r i ed  from 26% t o  150% of 
t h e  c o s t  of t he  gas  s to red .  Th i s  compares wi th  a  
range of 23% t o  193% f o r  n a t u r a l  gas .  Although 
each type  of f i e l d  must be  considered s e p a r a t e l y  
and examined,with r e s p e c t  t o  t h e  c o s t  of t he  gas  
being s t o r e d ,  we could g e n e r a l i z e  t o  say  t h a t  i t  
is a s  economic t o  s t o r e  hydrogen a s  i t  i s  t o  s t o r e  
n a t u r a l  gas.  With the  except ion  of t he  l i m i t a t i o n  
of 1200 p s i  r e s e r v o i r  p re s su re  s e t  by hydrogen 



embrittlcmcnt, there are no tecl~llfcal constraints 
on storing hydrogen underground. 
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Fig. 2. Depleted field - hydrogen case. 
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DESIGN, CONSTRUCTION AND TESTING OF A THERMALLY % 
ACTIVATED HYDROGEN CHEMICAL COMPRESSOR 

E. Snape ,  E r g e n i c s  
and 

F.E. Lynch, Denver Research  I n s t i t u t e  

With s u p p o r t  from t h e  US Department 
of  ene rgy  and i t s  s u b c o n t r a c t o r ,  Denver 
Research  I n s  ti t u t e ,  E r g e n i c s  is  develop-  
i n g  a  m e t a l  h y d r i d e  compressor  which i s  
e x p e c t e d  t o  improve t h e  o v e r a l l  economics 
o f  hydrogen p r o d u c t i o n  and h a n d l i n g .  
S e v e r a l  c r i t i c a l  mode l l i ng  e x p e r i m e n t s  
have  been  per formed and a  compressor  de- 
s i g n  s e l e c t e d .  c o n s t r u c t i o n  o f  t h e  com- 
p r e s s o r  i s  i n  p r o g r e s s  and t e s t i n g  and 
e v a l u a t i o n  a r e  e x p e c t e d  t o  b e  comple ted  
w i t h i n  s i x  months. P r o g r e s s  t o  d a t e  and 
work p l a n s  f o r  comple t ion  o f  Phase  I o f  
t h i s  p r o j e c t  a r e  summarized. 

I .  I n t r o d u c t i o n  

The p r o j e c t e d  i n c r e a s i n g  r equ i r emen t s  
f o r  hydrogen n e c e s s i t a t e  l a r g e - s c a l e  h a d -  
l i n g .  T h i s  g e n e r a l l y  r e q u i r e s  t h e  u se  o f  
a  compressor. Mechanica l  compressors  a r e  
a l r e a d y  u n i v e r s a l l y  used i n  bo th  " c a p t i v e "  
and "merchant" hydrogen a p p l i c a t i o n s .  
U n f o r t u n a t e l y  , t h e i r '  c a p i t a l  c o s t  i s  h i g h  
and t h e y  a r e  c o s t l y  t o  o p e r a t e  due t o  
h i g h  ene rgy  consumpt ion  and ma in t enance  
problems.  T h i s  p r o j e c t  conce rns  a  n o v e l  ' 
a p s r o a c h  t o  hydrogen compress ion  - a  
t h e r m a l l y  a c t i v e t e d  chemica l  compressor 
which u t i l i z e s  m e t a l  h y d r i d e s .  The de- - .  
s i g n  o f f e r s  t h e  f o l l o w i n g  s i g n i f i c a n t  ad- 
v a n t a g e s  o v e r  t h e -  c u r r e n t  mechan ica l  com- 
p r e s s o r s  : 

1. lower  i n i t i a l  c a p i t a l  c o s t  
2; o p e r a t i o n  on w a s t e  o r  s o l a r  h e a t  
3 .  r educed  ma in t enance  

1 1 1 
2.0 2.0 3.0 3.1 3.2 3.f 4 3.3 

RECIPROCAL ABSOLUTE TEMPERATURE. 110" 

DEGREES. CENTIGRADE 

10.0 
3 ss 4 s  33 2s 

0.0 - 
s.0 - 
7.0 - 
s.0 - 
1.0 - 

w 
w 

'I 

I 

FIGURE 4 VAN'T HOFF RELATIONSHIPS FOR ISOTHERMALLY DETERMINED 
ABSORPTION AN0 OESORPTION EOUILIBRIA AT 0.5 H I M  IN THE 
LoNls -u  SVSTEM. 
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I t  i s  e v i d e n t  t h a t  from t h i s  t y p i c a l  Van't 
Hoff p l o t  t h a t  only '  modest  t e m p e r a t u r e  
i n c r e a s e s  a r e  r e q u i r e d  t o  a c h i e v e  substan- 
t i a l  compress ion  r a t i o s .  The p r i n c i p l e  
is  ve ry  s i m p l e  and i s  shown i n  F i g u r e  2 .  

- 

- 

4 .  no moving p a r t s - h e n c e  l e s s  v i b r a -  - - 

t i o n  
5 .  l o n g e r  l i f e  INTAKE 

6 .  more compact  
7 .  h i g h e r - p u r i t y  hydrogen o u t p u t  . . 

T h i s  r e p o r t  d e s c r i b e s  t h e  d e s i q n  and 
c o n s t r u c t i o n  o f  a  p r o t o t y p e  thermal-chem- 
k c a l  compressor .  

I 
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' 11. P r i n c i p l e  o f  Hydr ide  EXHAUST 
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The u s e  o f  m e t a l  h y d r i d e s  f o r  hydrogen . . . . .  . .. . : . . . .  . . . .  . 

compress ion  depends  upon t h e  e x p o n e n t i a l  
i n c r e a s e  o f  hydrogen e q u i l i b r i u m  p r e s s u r e  
w i t h  t e m p e r a t u r e .  F i g u r e  1 shows t h i s  HOT npo  
b e h a v i o r  f o r  t h e  w e l l  known h y d r i d e  o f  OR STEAM ! 

t h e  i n t e r m e t a l l i c  compound LaNi5. 
FIGURE 1 - THERMAL COMPRESSION OF HYDROGEN USING 

HYDRIDES. 



 he hydride comprsaor operates by a two- 
s t ep  procedure. The "intakea s t e p  in* 
valves absorption of hydrogen i n t o  the 
bed a t  l a w  temperature and pressure and 
the "exhaustn s t e p  involves the  desorption 
of hydrogen a t  a higher bed temperature 
and hence higher pressure. 

The major forms of energy oonsumption 
i n  bydride compressors are:  

1. CpAT 
2. Hydride AH 

For LaNi , the Cp i s  0.18 cal/gm - Oc. 
m e  w e i Q d t  of hydride needed t o  compress 
one gm, mole of hydrogen i s  about 15Ogm. 
mas, fo r  a temperature r i s e  of l o b ,  t he  
heat  required t o  cornpress one gm. mole of 
hydrogen is 27  ca lor ies .  Assuming an 
idea l  compression from 2 to 151 atmos- 
pheres, the minimum energy requirement 
would be 11,000 carorie@-$, including the  
enthalpy f o r  decompositionr Since the 
wnrk accom~lished tawin# the comression 
i s  RT In 151 a'tm or  2566 calorie;. The 

2atm 
maximum of fies&enay f o r  an idea l  c a p r e e m  
is  therefore 22%. The extent  t m  which 
t h i s  effiaiency is a t ta ined depends large- 
l y  on the CpAT of the container and the 
degree to which the  pressure-temperature- 
wmgosition relat ionships approach ideal-  
i t y .  

Clearly, the  b e  of Hfgh-grade eils2gy 
such as  e l e c t r i c i t y  is not desirable i n  
the Long term because of the re la t ive ly  
low efficiency of hydride compressors. A 
more a t t r a c t i v e  approach would be t o  use 
multiple s tage  hydride beds, d i f fe ren t  
hydrides and l o w  grade o r  waste heaf. 
While t h i s  is the approach which w i l l  be 
adopted i n  the c o d e r c i a ~ i z a t i o n  s tage ,  
i t  was f e l t  t h a t  electrical resistanoe 
heating was most esnvenient f o r  the proA 
totype demonstration. 

111. Prototype Compressor Design 
and Construction 

Selection of the  prototype design and 
pelrformance speci f ica t ions  was based on 
input from low ,pressure e lec t roly  aer man- 
ufacturers sinoe it was f e l t  t h a t  elec- 
t ro ly  zer manufacturers could be amongst 
the  f i r s t  commercial users. The speci f i -  

, cations sought a r e  shown below2 

Tnput Pressuse 1 Atm. Abs. (0 PSIC) 
Output Pressure 120 Atm. Abs. (1750 

PSIG) 
Capacity 0.8 Std. LiterJsec 

(100 6CPH1 
Peak*Power 20 Amps @208 VAL: 1 PI? 
Requirement 
Aydride Content 30 kg .LaNiq- - 5  

(annealed) 
Peak ikmperature 300°C 

*Peak power d e * ~ E i  aCw-1Es when trre B'y.#tMt~ 
is cool and decreases as  the temperature 
r i s e s .  Average power w i l l  be  determined 
by experiment f o r  efficiency ccalculations. 

I t  is  recognized t h a t  an output pres- 
sure  of 120 atm. may not be achievable i n  
a s ing le  s tage  and some compromise may be 
necessary i n  t h i s  speci f ica t ion.  Ac-.. 
t ua l ly  the compressor i s  able t o  operate 
over a considerable range of pressure and 
flow. Cooling a i r  temperature and input 
pressure determine charging time while 
the output pressure requirement: f ixes  the 
discharge time. During Phase I of the 
proposed work the performance of the u n i t  
w i l l  be mapped. The e f fec t s  of these 
variables can then 4e compared with the- . 
o r e t i c a l  performance t o  help ident i fy  
arid improve points of inefficiency i n  the 
design. Figure 3 shows the operational 
block diagram f o r  the compressor. 

The control  module (Figure 4) which 
sequences the  operations has variable 
timers so t h a t  "onn and "offn  periods can 
be independently adjusted t o  match the 
compressor with a continuous input from 
any hydrogen source whose pressure and 
flow are  wlthin the range of the cmpres- 
so r  ts perf o m n c e  . 
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The c r i t i c a l  heat  t r ans fe r  aspect of 
t h i s  system is  the cooling and recharge 
period. A i r  is passea over the 5/8" Cm 
tubes by a blower a t  about 20 f t / sec  
(higher flows give l i t t l e  

A typical  modeling dxperiment is  shown i r .  

5/En OD copper tube a t  absut 2 gms/cc 
Figure 7. Activkted CMI contained 

loading densqty wa$ placed i n  a 20 f t / sec  
a i r  flow a t  25OC. Hydrogen a t  30 ps ia  
was maintained by a regulator while the 
consulhption of gas was noted by the de- 
crease i n  pressure i n  a gas cylindkr. 



I V .  Design Problems 

S e v e r a l  problems had  t o  b e  overcome t o  
e n s u r e  s u c c e s s f u l  o p e r a t i o n  of  the p r o t o -  
t ype .  

E a r l y  model ing  expe r imen t s  were  
f r a u g h t  w i t h  d i f f i c u l t i e s  i n c l u d i n g ' p a c k -  
i n g  o f  t h e  h y d r i d e  powders i n t o  dense  
masses  which impeded g a s  f low and c a u s e d  
b u l g e s  and f r a c t u r e s  i n  t h e .  t ubes .  These 
problems h'ave been  overcome th rough  the 
u s e  o f  c a p s u l e s  o f  the t y p e  shown i n  Fig- 
u r e  8 .  

I n s u l a t i o n  o f  t h e  h y d r i d e  c a p s u l e s  f rom 
t h e  s t a i n l e s s  s teel  t u b e s  i s  a c h i e v e d  by 
a n o d i z i n g  t h e  s u r f a c e  of t h e  c a p s u l e s .  
T e s t s  have  conf i rmed t h a t  t h i s  anod ized  
l a y e r  s h o u l d  p r o v i d e  adequa te  i n s u l a t i o n .  
Every c a p s u l e  was checked f o r  p o s s i b l e  
i n s u l a t i o n  f a i l u r e  b e f o r e  l o a d i n g  i n  the 
compres so r  modules.  

V.  . SYSTEM EVALUATION 

Befo re  e v a l u a t i n g  the performance  of  
t h e  p r o t o t y p e  and conduc t ing  c y c l i c  
t r i a l s ,  t h e  compressor  modules a r e  b e i n g  
p r e s s u r e  t e s t e d .  The e n t i r e  s y s t e m  w i l l  
t h e n  b e  t e s t e d  t o  e s t a b l i s h  hydrogen f low 
r a t e  and o u t p u t  p r e s s u r e .  The p r o t o t y p e  
w i l l  be  s u b j e c t e d  t o  a t  l e a s t  100 c y c l e s  
t o  a s s e s s  per formance  s t a b i l i t y .  

These aluminum c a p s u l e s  have  f l u t e s  along 
t h e  s i d e s  and f i l t e r s  i n  t h e  ends  t o  
f a c i l i t a t e  g a s  f low.  The length-to-diam- 
eter r a t i o  i s  s m a l l  enough t o  p r e v e n t  
g r o s s  m i g r a t i o n  o f  t h e  a l l o y  which may 
o c c u r  i f  the a l l o y  were s imp ly  loaded  i n -  
t o  t h e  s t a i n l e s s  t u b e  w i t h o u t  the u s e  of  
c a p s u l e s .  

The u s e  o f  a  coppe r  h e a d e r  t o  s e r v e  
b o t h  a s  a  g a s  m a n i f o l d  and e l e c t r i c a l  
c u r r e n t  c a r r i e r  posed  a  d i f f i c u l t  j o i n i n g  
problem. The t y p e  316 s t a i n l e s s  s tee l  
t u b e s  which comprise  b o t h  t h e  hydrogen/  
h y d r i d e  c o n t a i n e r s  and r e s i s t a n c e  el-  
ements  must  b e  j o i n e d  t o  t h e  copper  head- 
er  i n  such  a  way a s  t o  produce  a  l e a k  
free s e a l  c a p a b l e  of  unde rgo ing  many 
t e m p e r a t u r e / p r e s s u r e  c y c l e s .  A l so ,  th,e 
c a p s u l e s  c o n t a i n i n g  t h e  h y d r i d e  must  b e  
i n s u l a t e d  from the s u r r o u n d i n g  s t a i n l e s s  
s t e e l  t u b e s  ( r e s i s t a n c e  e l e m e n t s )  t o  
a v o i d  l o c a l  h o t  s p o t s .  - 

V I .  SUMMARY 

A p r o t o t y p e  h y d r i d e  compressor  h a s  been  
d e s i g n e d .  C o n s t r u c t i o n  and f i n a l  assembly 
i s  n e a r i n g  comple t ion  and t e s t i n g  s h o u l d  
b e  i n  p r o g r e s s  by t h e  t ime of this meet- 
i n g .  A comple t e  a s s e s s m e n t  o f  t h e  poten-  . 
t i a l  of  h y d r i d e  compressors  t o  h a r n e s s  
w a s t e  o r  low g r a d e  h e a t  and t h e r e b y  re-,, 
duce  t h e  o v e r a l l  c a p i t a l  and o p e r a t i n g  4 

c o s t  s h o u l d  b e  comple ted  w i t h i n  s i x  , , 

months.  

B r a z i n g  t r i a l s  con f i rmed  t h e  need  t o  
c o p p e r  p l a t e  the s t a i n l e s s  s tee l  t u b e s  
and b r a z e  i n  vacuum t o  e n s u r e  an  a d e q u a t e  
j o i n t .  
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Abstract 

The intermetallic compound TiCrz exists as two 
temperature dependent allotropes. Both forms of 
this material will react with hydrogen or deuterium 
reversibly to yield two hydride (deuteride) phases. 
The higher hydride/deuteride phases can store an 
appreciable weight percent of gas. The hydride and 
deuteride phases formed by the two intermetallics 
are generally very unstable thermodynamically with 
the deuterium systems more stable than the corre- 
sponding hydrides of the same intermetallic. This 
paper is in the nature of a brief progress report 
encompassing research done from October 1, 1978 to 
September 30, 1979 at Brookhaven National Labora- 
tory dealing with properties of importance in the 
utilization of TiCrz intermetallics (parent com- 
pounds or substituted systems) as energy storage 
media or for nonmechanical compression/liquefaction 
applications. Additionally, preliminary research 
into the feasibility of hydrogen separation from 
mixed gas streams, using intermetallic compounds, 
will be briefly reported. 

I. Introduction 

In the past year, research at Brookhaven 
National Laboratory in the hydrogen storage materi- 
als development program has been concerned with sev- 
eral areas of work. The areas of investigation and 
emphasis include the following: [l] a definition of 
the low-temperature TiCrz-D system; [2] completion 
of studies on the high-temperature TiCrt-H system; 
[3].continuation o'f studies on the hydriding proper- 
ties of manganese substituted stoichiometric TiCrz 
compounds of the general formula T ~ C ~ Z - ~ M ~ ~  and de- 
fect compounds represented as T ~ C ~ Z - ~ M ~ ? _ ~ ;  [4] hy- 
drogen separation from methane (simulating natural 
gas)-hydrogen gas mixtures using metal hydrides; and 
[5] management responsibilities for several DOE con- 
tracts in this area. Work in areas 1 through 4 will 
be discussed below brieflv. The research oerformed 

phases, intermetallics having only tetrahedral inter- 
stitial positions, with the low-temperature phase 
having the face centered cubic MgCuz (C15) structure 
while the high-temperature (C14) form has the hexa- 
gonal MgZn2 structure. Both allotropes react with 
hydrogen or deuterium to form distinct hydride or 
deuteride phases with an appreciable gas storage 
capacity. The maximum achievable hydrogen content 
for both starting intermetallics is nearly 2.5 
weight percent with deuterium approximately double 
this value. Additionally, the deuterides formed by 
the parent systems are curisiderably more stable than 
the corresponding hydrides which is opposite to typ- 
ical behavior for such systems.2 

The Low-Temperature (C15) TiCr2-D System 

In previous publications3-5, properties of the 
low-temperature TiCr2-hydrogen system have been pre- 
sented. To date, no information has been reported 
on the low-temperature TiCrz-deuterium system. This 
system is of considerable importance since it shows 
a reverse isotope effect. That is the deuterides 
formed from the parent (CIS) cubic intermetallic 
are more stable than the corresponding hydrides and 
the equilibrium isotopic separation factor ~ H - D  is 
reasonably large. Also, the rates of reaction of 
hydrogen and deuterium with cubic TiCrz are vastly 
different suggesting that the separation of HZ and 
Dz might be performed effectively on a kinetic 
basis. 

The cubic TiCrz-D system has been studied by 
measurement of pressure-composition-temperature 
(p-c-T) isotherms and by structural X-ray diffrac- 
tion investigations. The pressure-composition iso- 
therms for this system are shown in Figure 2. 
Basically, this figure shows that two distinct deu- 
t&ide phases are formed at -78'~ with compositions 
corresponding to TiCrl.aD2.4 and TiCrl.eD3.5. The 
reactions taking place at this temperature can be 
written as follows: 

under items 1 to 3 above was primarily concerned c 
1.67TiCr1.eD1.z + Dz + 1.67TiCr1.8Dz.k (1) with elucidating properties of the parent TiCrz-H/D 

and manganese substituted hydride systems (both high- c 1.82TiCr1.8D2.1, + D2 -+ 1.82TiCr1.~D3.5 (2) 
temperature and low-temperature intermetallics) of 
importance for energy storage utilization, as iso- 
topic separation media and also possibly for use in 
nonmechanical compression or liquefaction applica- 
tions. Research in area 4, dealing with the separa- 
tion of hydrogen from mixed gas streams containing 
potential hydride poisons, represents a new field of 
investigation at BNL and as such only some prelimi- 
nary results will be presented below. 

Reaction number (1) represents the formation of the 
first deuteride phase from the deuterium saturated 
solid solution whereas reaction (2) indicates the 
formation of the second deuteride phase of maximum 
deuterium content beginning with the first deuteride 
phase of lowest deuterium content. These reactions 
are virtually identical to those for the low- 
temperature TiCrz-hydrogen system at the same tem- 
perature however the stabilities of the deuteride 

11. Nonsubstituted Chrome-Titanium Alloy Hydrides/ phases are higher. This is apparent when the 
Deuterides teau equilibrium dissociation pressures are compared 

The binary titanium-chromium phase diagram1 , 
as shown in Figure 1, exhibits only one intermetal- 
lic compound, TiCr2, of which there are two temper* 
ture dependent forms. Both compounds are Laves 

*Work performed under the auspices of U.S. Dept. 

at -78O~. Those for the deuterides are % 0.4 and 
12 atm whereas the hydride values are Q, 2.2 and 50 
atm. A comparison of the relative partial molal 
enthalpies and free energies of the hydrides and 
deuterides, calculated from the isotherms, also 
verifies this stabilitv relationshio. It should 

of Energy. also be noted from these isotherms that the first 



plateau region (2 phase region) appears to be non- 
existent at room temperature. .That this is, in 
fact, the case was confirmed by X-ray diffraction 
studies of deuterides with varying D/M ratios. X- 
ray diffraction work on deuterides taken to a D/M 
ratio exceeding 1.2 indicate that the original cu- 
bic (C15) MgCuz structure of the starting compound 
is maintained. There is therefore no structural 
change on going from the starting intermetallic to 
the compound of highest deuterium content; merely 
an isotropic expansion of the cubic unit cell. 
This result is similar to findings reported by other 
researchers who have investigated Laves phase hydro- 
gen or deuterium systems. 6-8 It is, however, dif- 
ferent than the behavior of the low-temperature hy- 
drogen system which has a two phase region at room 
temperature. The critical temperature for this 
first two phase region may therefore be placed be- 
tween 10 and 25'~. 

The High-Temperature (C14) TiCrz-H System 

The limits of homogeneity of the hexagonal 
(C14) TiCrz phase are both temperature and composi- 
tion dependent as can be seen from Figure 1. The 
intermetallic exists, however, in the composition 
range from TiCr1.75 to TiCrl.95. All such composi- 
tions are metastable below the temperature interval 
from 850 to 1 1 5 0 ~ ~ .  The high-temperature inter- 
metallics may, however, be prepared and their reac- 
tion properties with hydrogen or deuterium studied 
since the rate of transformation to the low- 
temperature intermetallic, the stable compound at 
temperatures below those given above, is negligibly 
small for our experimental conditions. 

Previously, we reported some preliminary re- 
sults on the high-temperature (C14) TiCrz-hydrogen 
system.' These results were deduced from a limited 
number of equilibrium desorption isotherms. Com- 
plete characterization of this system has now been 
carried out by measuring additional absorption- 
desorption (p-c-T) isotherms and by investigating 
this system by X-ray diffraction techniques. 

Pressure-composition desorption isotherms at a 
series of temperatures ranging from -100 to +30°c 
for this system are shown in Figure 3. It is evi- 
dent from this figure that hydrogen reacts with the 
high-temperature intermetallic sequentially at -78' 
C to form two distinct hydride phases. The hydride 
phases formed in this system are somewhat more 
stable than those for the low-temperature inter- 
metallic. This can be seen by comparing the dis- 
sociation pressures (plateau) of the low-temperature 
and high-temperature hydrides which age % 2.2 and 
50 atm versus % 0.2 and 30 atm at -78"~. This is 
also shown to be the case if thermodynamic calcula- 
tions are perforhed for both systems by utlizing 
the p-c-T data. The reactions which take place in 
this system at -78O~ starting with the hydrogen 
saturated solid can be written as follows: . 

Phase boundaries in the high-temperature intermetal- 
lic-hydrogen system are, however, quite temperature 
dependent as can also be ascertained from the pre- 
ceding figure. Additionally, it appears, from the 
p-c-T desorption isotherms, that there is no hy- 
dride phase present at room temperature. The start- 
ing intermetallic lattice simply absorbs hydrogen 
at this temperature to its maximum content while 

retaining the original hexagonal (C14) intermetallic 
structure and undergoing an increase in the unit 
cell volume. This conclusion has been confirmed by 
measurement of X-ray diffraction patterns for a num- 
ber of such high-temperature systems with varying 
hydrogen contents. Behavior such as this has been 
observed for the low-temperature TiCrz-D system as 
mentioned above. By combining the p-c-T and room 
temperature X-ray diffraction data, a partial phase 
diagram for the high-temperature (C14) TiCrz- 
hydrogen system can be constructed. Such a diagram 
is illustrated in Figure 4. 

Hysteresis measurements have also been carried 
. out for this system. Results of these measurements 

are shown in Figure 5. This system, as for the low- 
temperature intermetallic, exhibits no hysteresis. 
That is, the absorption and desorption equilibrium 
pressures, at a given temperature, are the same in- 
dicating true reversibility of reaction with hydro- 
gen. Such behavior is similar to that for the low- 
temperature cubic TiCrz-hydrogen system5 but differ- 
ent from other unstable alloy-hydrogen systems. '-' ' 

111. Manganese Substituted TiCrz Hydrides 

The "Rule of Reversed stabilityn' ' predicts 
the formation of stable hydrides for the high- 
temperature and low-temperature intermetallics. As 
has been seen hydrides for these systems are very 

even to the point of limited utility 
for most practical applications. It should, however, 
be possible to modify the hydriding properties of 
the parent TiCrz systems by substitution of a third 
transition metal for paft of the chromium as is the 
case in substituted ferro-titanium alloys. " ' To 
this end, investigations were initiated in FY 78 to 
study the hydriding properties of compounds repre- 
sented by the general formulas T ~ , C ~ Z - ~ M ~ ,  
Til+xCrl-2xMnl+x and TiCrp-xM~,. Nearly all pre- 
vious work reported4 has been concerned with the 
first two types of systems. Neither of these ap- 
peared very promising because of a significant de- 
crease in hydrogen storage capacity with increasing 
titanium content. The third general system, 
TiCrz-,MnX, appeared more attractive based on only 
a few preliminary hydriding experiments. Work has 
continued in FY 79 on the TiCr~-~Mn~-hydrogen(x 21) 
systems. The principal findings as a result of 
this research were: [l] alloys of exact stoichio- 
metric composition TiCrz-,Mnx (x ?l) will not ab- 
sorb hydrogen under any reasonable experimental 
conditions; and [2] alloys off stoichiometry which 
may be represented by the general formula TiCrz-, 
MS-~ (x L 1, y 2 0.3)will absorb large quantities 
of hydrogen (greater than 2 weight percent) and as 
the manganese content increases the stability of 
the hydrides formed increases. The plateau disso- 
ciation pressures which can be spanned by a varia- 
tion in the manganese content encompasses several 
orders of magnitude. These results are consistent 
with the fact that the stoichiometric compound 
TiMn2 absorbs no hydrogen while removal of manganese 
to form the defect compound TiMnl.7 results in a 
large hydrogen absorption. 

IV. Hydrogen Separation From Mixed Gas Streams 

Hydrogen has been identified as an efficient 
energy barrier and the development of technology 
for its production has suggested options for con- 
verting our more abundant coal and renewable re- 
sources to this flexible fuel form. Complementary 
investigations are aimed toward storage, transmis- 
sion and distribution of hydrogen such that it be 



compatible with the U.S. energy infrastructure. One 
possibility is the direct injection of hydrogen into 
the available natural gas transmission and distribu- 
tion networks where hydrogen would be considered as 
a fuel supplement. 

For many applications such as use in refinery 
operations, ammonia production, fuel cells and auto- 
motive systems, hydrogen demand is expected to in- 
crease significantly in the near future. Logistics 
and site-specific considerations will dictate the 
most effective manner for hydrogen supply to these 
systems. The development of low cost separation 
systems will maximize the options available to the 
potential user thus further enhancing the market 
penetration of alternatives to conventional energy 
conversion systems. 

Reversible metal hydride absorption-desorption 
cycles appear to offer characteristics that may 
permit the selective absorption of hydrogen from 
certain types of gas mixtures. The attractiveness 
of these separation systems will be based upon cost 
comparisons with alternative hydrogen production 
(separation) schemes such as steam reforming of 
natural gas and partial oxidation of hydrocarbons. 
The key to cost effective application of metal hy- 
drides is contamination resistance and extensive 
recycling of the hydride compounds. 

The development of selectively absorbing metal 
hydrides may also have application beyond removal 
of hydrogen from natural gas mixtures. Such other 
separation uses might be in the following areas: 
[l] direct recovery of hydrogen from coal gasifica- 
tion and/or shift reaction mixtures; and [2] re- 
covery of hydrogen from refinery gas streams. Of 
course, such recoveries, undoubtedly, would be more 
difficult than removal of hydrogen from natural gas 
since these gas streams will contain a larger amount 
of potential hydride poisons. 

Hydrogen separation experiments were therefore 
initiated in FY 79 at BNL. The alloys initially 
chosen for investigation were LaNis, LaCuNib and 
TiFeo.ssMno.ls. This selection was based on a 
rather thorough literature search and previous re- 
search done at  rookh haven'^ which indicated that 
these compounds were more poison resistant than 
other intermetallic hydride forming materials. The 
only gas mixture. studied, to date, consisted of 10 
volume percent hydrogen - 90 volume percent methane. 
This is a typical composition for a natural gas- 
hydrogen mixture which could be transported now in 
most existing natural gas lines without serious 
problems. Each of the above intermetallics (activ- 
ated) were temperature cycled in this gas mixture. 
The cycling consisted of allowing the alloys to ab- 
sorb and desorb hydrogen from this gas mixture at 
set temperatures. New gas was used for each absorp- 
tion-desorption cycle and the absorption time was 
set at a constant value. No loss of activity was 
noted for any of these intermetallics after 20 cy- 
cles. The methane, therefore, did not seem to 
cause any interference with the hydrogen absorption- 
desorption reactions. 
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Figure 1. Phase Diagram of the Binary Ti-Cr System. 

Figure 2. Pressure-Composition Desorption Isotherms 
for the Low-Temperature (C15) TiCrl.8-D 
System at Various Temperatures. 

Figure 4. Partial Phase Diagram of the High- 
Temperature (C14) TiCr1.g-H System. 

Figure 5. Hysteresis in the High-Temperature (C14: 
TiCrl . a-H System at -7g0c. 

Figure 3. Pressure-Composition Desorption Isotherms ' 
for the High-Temperature (C14) TiCrl.9-H 
System at Various Temperatures. 



$( ' DEVELOPMENT OF NEW HYDROGEN STORAGE SYSTEFlS FOR AUTOMOTIVE HYDROGEN FUEL STORAGE 

Fred G.  Eisenberg 
John J .  Sheridan, 111 

David A. Zagnol i  

A i r  Products and Chemicals, I n c .  
A1 lentown, Pennsylvania 

Abs t rac t  

MggA18 has been i d e n t i f i e d  on the  bas i s  o,f thermo- 
dynamic cons ide ra t i ons  as a good cand idate  f o r  
automot ive  hydrogen f u e l  storage. The k i n e t i c s  
o f  t he  a l l oy lhyd rogen  r e a c t i o n  a r e  poor, however, 
and t h e  ob jec t i ves  o f  t h i s  study were t o  d e f i n e  
t he  products  o f  r e a c t i o n  and study the e f f e c t  N i  
has upon the  r a t e  o f  r e a c t i o n .  

To accompl ish the  f i r s t  o b j e c t i v e ,  reac ted and 
unreacted a l l o y  samples were cha rac te r i zed  by 
x - ray  d i f f r a c t i o n .  Resu l ts  i n d i c a t e d  t h a t  t he  
reac ted  a l l o y  had rearranged t o  form pockets o f  
MgH2 and A1 r a t h e r  than t h e  te rna ry  hydr ide .  The 
second ob jec t i ve ,  N i  c a t a l y s i s  o f  t h e  a l l o y ,  was 
s tud led  by i nco rpo ra t i ng  N i  as a  powder, p l a t i n g ,  
and a l l o y  w i t h  f i n e  p a r t i c l e  s i z e  MggAlg. The F l i  
i s  i n e f f e c t u a l  i n  i nc reds ing  the  r a t e  of absorp- 
t i o n ,  b u t  enhances t h e  r a t e  o f  deso rp t i on .  
Furthermore, there  i s  evidence t h a t  sur face 
morphology and p a r t i c l e  s i ze ,  as w e l l  as method of 
N i  i nco rpo ra t i on ,  a r e  impor tan t  t o  t he  k i n e t i c s .  
I t  i s  concluded t h a t  f u r t h e r  work i s  necessary t o  
c l a r i f y  t he  i n d i v i d u a l  e f f ec t  each o f  these 
f a c t o r s  has on the  k i n e t i c s .  

I n t r o d u c t i o n  

Work was i n i t i a t e d  i n  February 1978 t o  develop new 
Mg-based i n t e r m e t a l l i c s  t o  achieve the  f o l l o w i n g  
t a r g e t  p rope r t i es ,  i d e n t i f i e d  t o  be necessary, f o r  
t h e  development of a  p r a c t i c a l  hyd r i de  system f o r  
automot ive a p p l i c a t i o n s :  

r a hydrogen s torage capac i t y  o f  a t  l e a s t  
3% by weight; 

r a one atmosphere decomposi t i o n  temperature 
l e s s  than 250 OC and approaching 175 OC.  

Our approach was based on the  hypothesis t h a t  t h e  
chemis t ry  o f  hydr ides,  r a t h e r  than t h e  me ta l l u rgy  
and phys i ca l  aspects ( i  .e., c r y s t a l  s t r u c t u r e ) ,  
c o n t r o l  t he  impor tant  hyd r i de  p r o p e r t i e s .  

I n  terms o f  t h e  t a r g e t  p rope r t i es ,  t h e  b e s t  system 
found was MggAlg ( o f t e n  r e f e r r e d  t o  as Mg2A13), 
which e x h i b i t s  a  one atmosphere decomposi t ion 
temperature of  233 OC and an u l t i m a t e  hydrogen 
c a p a c i t y  o f  3.2% by weight.  

\ 

Dur ing  the  study, two impor tant  observat ions  were 
noted : 

1. The u l t i m a t e  hydrogen c a p a c i t y  o f  t h e  Mg- 
a l l o y s  could be assigned based on t h e  
fo rma t i on  of MgH2 w i t h i n  t he  a l l o y ,  and 
suggested a  d i s p r o p o r t i o n a t i o n  r e a c t i o n  
f o r  t h e  h y d r i d i n g  step: 

MgX + H2 -wPlgH2 + X 

The da.ta suggests t h a t  t h e  :econd metal  ( X )  
s imply  ac t s  as "dead weight  , and does n o t  
n o t  c o n t r i b u t e  t o  t he  hyd r i de  capac i t y .  
Th i s  r e a c t i o n  has been proposed by 3 .  R e i l l y  
o f  BNL, and o thers ,  f o r  severa l  Flg a l l o y s  
(e.g. Hg2Cu). 

2. The r a t e s  o f  hydrogen abso rp t i on  and 
deso rp t i on  a r e  p r o h i b i t i v e l y  slow over t he  
temperature range, 200-275 OC.  Therefore,  
use o f  these a l l o y s  as automot ive hydropen 
s torage media would be untenable even w i t h  
favorab le  thermodynamics. 

Based on these observat ions ,  work was i n i t i a t e d  
i n  June 1979 t o  s tudy i n  d e t a i l  t he  d i sp ropo r t i on -  
a t i o n  reac t i on ,  t he  k i n e t i c s  o f  hyd r i de  format ion,  
and the  p o t e n t i a l  o f  c a t a l y s t s  f o r  improving t h e  
r e a c t i o n  r a t e s .  

Previous work w i t h  c a t a l y s t s  and metal  hydr ides  
has shown t h a t  small a d d i t i o n s  o f  Cu o r  N i  
acce le ra te  t he  k i n e t i c s  o f  hydrogen absorp t ion .  
For example, t r a c e  a d d i t i o n s  o f  N i  have been 
found necessary t o  form MgH2 d i r e c t l y  f rom Mg 
and hydrogen. The authors  b e l i e v e  t h a t  i n  
a d d i t i o n  t o  t h e  presence o f  a  c a t a l v s t  (such as N i )  
t he  form, d i s t r i b u t i o n ,  and concen t ra t i on  o f  t h e  
p a r t i c u l a r  c a t a l y s t  may be impor tant .  I n  add i -  
t i o n ,  t h e  sur face area and morphology o f  t he  a l l o y  
need be considered. For example, t h e  authors  have 
succeeded i n  forming magnesium hydr ide  w i t h o u t  a  
c a t a l y s t  through t h e  exposure o f  nlq f i l i n g s  
(25p x  75p x  2 0 0 ~ )  a t  343 OC t o  890 p s i g  hydrogen, 
w i t h  reasonable H2 abso rp t i on  r a t e s .  The authors  
a t t r i b u t e  t h i s  r e s u l t  t o  t h e  h i g h  sur face area o f  
t he  magnesium. 

A t  t he  onset o f  t he  program the  authors  posed the 
fo l l ow ing  quest ions :  

1. What a r e  t he  f u n c t i o n s  and r o l e s  o f  "hyd r i de  
c a t a l y s t s "  i n  t he  Mg-al loylhydrogen system? 

2. Hnw does one op t im ize  t h e  use of c a t a l y s t s  
f o r  tlg-based a l l o y s ?  Can the  . jud ic ious  
employment o f  "opt imized" c a t a l y s t  systems 
and/or c a t a l y t i c  techniques s i g n i f i c a n t l y  
improve the  k i n e t i c  p r o p e r t i e s  assoc ia ted 
w i t h  t h e  hydr ides  o f  Hg-based a l l o y s ?  

Whi le each rep resen t  i n t e r e s t i n q  areas o f  i n v e s t i -  
ga t ion ,  together  they  he lp  focus t h e  work towards 
a  meaningful conc lus ion- the development o f  
p r a c t i c a l ,  workable metal  hyd r i de  s.vstems. 

The r e s u l t s  o f  t he  study a r e  h i g h l i g h t e d  below and 
suggest t h a t  c a t a l y s t s  w i l l  be impor tant  t o  t h e  
development o f  p r a c t i c a l  metal  hydr ides  f o r  auto-  
mot ive  a p p l i c a t i o n s .  Whi le t h e  f i n d i n g s  a re  
encouraging, i t  i s  c l e a r  t o  t he  authors t h a t  we 
have j u s t  exposed " t he  t i p  of  t he  iceberg" .  Con- 
s i de rab le  work i n  t h i s  area l i e s  ahead o f  t h e  
f i e l d .  



Sample Prepara t ion ,  Cha rac te r i za t i on  and 
Experimental Procedure 

(D i sp ropo r t i ona t i on  and K i n e t i c s  Study) 

Mg5A18 was prepared by a  s i n g l e  m e l t  (33.35 gms Mg 
and 54.11 gms A l )  i n  an i n d u c t i o n  fu rnace a t  A i r  
Products '  Metal  Hydr ide  l abo ra to ry .  The i n g o t  
(number 3424-16) was ground w i t h  a  mor tar  and 
pes t l e ,  and screened t o  form two l o t s :  

r -200 mesh (F ine )  

a -120+140 mesh (Coarse) 

Cha,rges were taken f rom these two l o t s  f o r  t h e  
d i s p r o p o r t i o n a t i o n  and c a t a l y s t  s tud ies .  Table I 
i d e n t i f i e s  t h e  charges used i n  these two types o f  
experiments. 

TABLE I 

.IDENTIFICATION OF SAMPLES FOR DISPROPORTIONATION 
'AND CATALYSIS STUDIES - INGOT #3424-16, Mg5A18 

Charge 

A  

B  

C 

D  

E  

F  
G*** 

W t .  
(sms) 

7  

7  

3  

3  

3  

3  

3  

P a r t i c l e  Experiment 
S ize  D i sp ropo r t i on .  Ca ta l ys i s  

F ine  X 

F ine  X 

F ine  

F ine r 

Fine 

Coarse 

F ine 

***1995Alg a l l o y e d  w i t h  1% N i  (#3424-17) 

Cha rac te r i za t i ons  o f  the  i n g o t s  (numbers 3424-16 
and 3424-17) were obta ined a t  Lehigh U n i v e r s i t y ,  
under t he  supe rv i s i on  o f  Pro fessor  Michael No t i s ,  
us ing  x- ray  microprobe. The samples proved t o  be 
p r i m a r i l y  t h e  des i red  6 phase (Mg5A18) w i t h  a  smal l  
amount o f  a  second, A1 r i c h  phase. I n g o t  3424-17 
was p r i m a r i l y  Mg5AlgNi.058. The f i v e  charges used 
f o r  t h e  k i n e t i c  study a r e  descr ibed i n  Table 11. 

I n  t h e  d i s p r o p o r t i o n a t i o n  study two samples were 
s imul taneous ly  hydr ided and dehydr ided f o r  8  cyc les  
a t  343 OC.  One sample was then removed i n  the  
dehydr ided s t a t e  and placed i n  d r y  i c e .  The second 
sample was hydr ided again, and then removed and 
placed i n  d r y  i c e .  These samples were then 
analyzed by x - ray  d i f f r a c t i o n  a t  Lehigh U n i v e r s i t y .  

The f i v e  samples f o r  t he  c a t a l y s t l k i n e t i c s  study 
were eva luated on a  s ide-by-s ide bas is .  The f i v e  
samples a t  343 OC were s imul taneous ly  exposed t o  
800 p s i g  hydrogen. A f te r  ach iev ing  equ i l i b r i um,  
the  f i v e  samples were s imultaneously desorbed. 
Th is  c y c l i n g  was repeated n ine  t imes. On the  
t e n t h  cyc le ,  r a t e  data  were recorded ( i  .e. , the 
r e a c t o r  pressure vs. t ime was moni tored) .  

Resu l ts  and Discuss ion 

d i f f r a c t i o n  pa t te rn ,  t he  c l a r i t y  o f  t he  sample 
pa t te rns  leads us t o  conclude t h a t  t h e  o r i g i n a l  
MggAlg sample rearranges i n  
l.lgHp and A1 o f  a t  1  east 100 
authors  b e l i e v e  t h e  r e a c t i o n  mechanism t o  be: 

Through t h i s  mechanism, t h e  Mg i s  viewed t o  
d i s s o c i a t e  f rom t h e  aluminum, d i f f u s e  t o  a  nuclea- 
t i o n  ( r e a c t i n g )  s i t e ,  and r e a c t  w i t h  hydrogen. 
The x- ray  p a t t e r n  f o r  t h e  f u l l y  desorbed sample, 
which was al lowed t o  remain a t  343 OC f o r  f o u r  
days a f t e r  deso rp t i on  p r i o r  t o  c o o l i n g  and 
removal f rom the  reac to r ,  was i d e n t i c a l  t o  one f o r  
a  v i r g i n  sample o f  Mg5Al8, i n d i c a t i n g  t h a t  t he  
a l l o y  had rearranged back t o  i t s  o r i g i n a l  c r y s t a l  
s t r u c t u r e .  

The f i v e  samples f o r  t h e  k i n e t i c  s tudy were evacu- 
ated, heated t o  343 OC,  and then exposed t o  800 
p s i a  hydrogen. A c t i v a t i o n  t imes f o r  t he  f i v e  
samples a r e  shown i n  Table 11. Th i s  i s  t h e  t ime 
lapse before each sample's i n i t i a l  uptake o f  
hydrogen gas. 

F igu re .1  shows t y p i c a l  abso rp t i on  curves f o r  t h e  
f i v e  samples. Any d i f f e r e n c e s  i n  r a t e  occur du r -  
i n g  t he  f i r s t  30 seconds o f  absorp t ion .  The 
c o n t r o l ,  N i  powder, and N i  a l l o y  samples have 
approx imate ly  t h e  same r a t e ;  t he  f i n e  and coarse 
N i  p l a t e d  samples have approx imate ly  213 t h i s  
r a t e .  A f t e r  30 seconds, t he  r a t e s  a r e  a l l  
equ i va len t .  

Th is  suggests t h a t  t he  N i  does n o t  increase t h e  
abso rp t i on  r a t e  i n  h igh  s ~ l r f a c e  area Mg5A18, and 
i n  f a c t ,  cou ld  i n t e r f e r e  w i t h  t h e  abso rp t i on  as i n  
thelcase o f  t h e  P J i  p l a t e d  samples. One p o s s i b i l i t y  
is'that t h e  Ni  p l a t i n g  reduces t h e  sur face area o f  
t he  p a r t i c l e s .  

F igu re  2  shows t y p i c a l  deso rp t i on  r a t e  data .  I n -  
spect ion  o f  t h e  curves shows t h a t  each sample 
e x h i b i t s  i t s  maximum deso rp t i on  r a t e  a t  a  t ime 
corresponding t o  20% hydrogen desorp t ion .  A t  t h i s  
t ime t h e  f i n e  mesh, N i  p l a t e d  sample desorbs about 
7  t imes f a s t e r  than t h e  N i  a l l o y  and 9.5 t imes 
f a s t e r  than t h e  c o n t r o l .  P l i  i s  a  w e l l  known 
hydrogenat ion c a t a l y s t  and poss ib l y  a i d s  i n  
hydrogen recombinat ion (2H. *Hz) i n  t h e  N i -  
ca ta lyzed samples. The observat ion  t h a t  these 
samples desorb f a s t e r  than the  c o n t r o l  suggests 
t h a t  hydrogen recombinat ion  i s  one r a t e  l i m i t i n g  
step. The f a c t  t h a t  t he  f i n e  mesh, N i  p l a t e d  
sample, #3, desorbs f a s t e r  than the  a l l o y e d  
sample suggests t h a t  the  Ni  d i s t r i b u t i o n ,  o r  
i nco rpo ra t i on ,  i s  a l s o  impor tan t  t o  t he  k i n e t i c s .  
Furthermore, t he  f a c t  t h a t  the  f i n e  mesh, N i  
p l a t e d  sample desorbs about 7  t imes f a s t e r  than 
the  coarse mesh, N i  p l a t e d  sample suggests t h a t  
t h e  p a r t i c l e  s i z e  i s  a l so  a  f a c t o r  i n  t h e  k i n e t i c s .  
Fu r the r  work i s  requ i red  t o  e l u c i d a t e  t he  r o l e s  o f  
N i  ( o r  o t h e r  c a t a l y s t s ) ,  c a t a l y s t  i nco rpo ra t i on ,  
sur face morpholog.y, and p a r t i c l e  s i z e  i n  metal  
hyd r i de  chemis t ry .  

Resu l ts  o f  t he  x-ray d i f f r a c t i o n  study con f i rm  the  
d i s p r o p o r t i o n a t i o n  mechanism f o r  MggAlg. The 
p a t t e r n  f o r  the  f u l l y  hydr ided sample shows c l e a r  
and d i s t i n c t  peaks f o r  MgH2 and A l .  Since reg ions 
of  -1002( o r  more a re  requ i red  t o  g i v e  a  good 
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curve b y '  
1 - Control  p lus  N i  powder ( f i n e  mesh) . 
2 - Contro l  ( f i n e  mesh). 
3 - N i - a l l o y e d  ( f i n c  mesh) : . .. . 

C, 4 - N i - p l a t e d  (coarse mesh) 
5 - N i - p l a t e d  ( f i n e  mesh) 



TABLE 11 

SAMPLES USED IN KINETIC STUDY 

P a r t i c l e  N i  Incorpora ted 1.1 t % 
Sample S ize  As N i  A c t i v a t i o n  Time 

1 (3424-16-1) -200 mesh 0  48 h rs  

2  (3424-16-2) -200 mesh Powder ( -80  mesh) 1 % 72 h rs  

3  (3424-16-3) -200 mesh E l e c t r o l  ess P la ted  7l%* Immediate 

4  (3424-16-4) -120+140 mesh E l  e c t r o l  ess P la ted  71%* 6  h rs  

5  (3424-17-1) -200 mesh A1 1  oyed** 1% 2-3 h r s  

* Ar ld1ys. i~ r l o l  ybl; cu~ l lp le te .  
**Prepared i n  separate mel t .  

Rapid deso rp t i on  i s  be l i eved  t o  y i e l d  an uns tab le  
fo rm f o r  MggAlg "micropockets" o f  Mg and 
A1 (5MgH2 + 8A1 m k 4 9  + 8Al ) . Given s u f f i -  
c i e n t  t ime and temperature, t he  unstab le  Mg and A1 
w i l l  rear range t o  t h e i r  more s t a b l e  form, FlggA18 
(5Mg + 8A1 --MggAl8). The authors  hypothes ize  
t h a t  a l l o y  d i s p r o p o r t i o n a t i o n  i s  one r a t e  c o n t r o l -  
l i n g  step; therefore,  compared w i t h  MggAlg. d i s -  
p ropo r t i ona ted  Mg + A1 should e x h i b i t  an enhanced 
hydrogen absorp t ion  r a t e .  

To t e s t  t h i s  hypothesis,  a  sample of  Hg5A18H10 
wa's r a p i d l y  desorbed (1% h r )  i n t o  vacuum a t  343 OC 

i n  an a t tempt  t o  prepare d i sp ropo r t i ona ted  Mg and 
A l .  A t  t h i s  t ime, a n a l y t i c a l  data on the  ex ten t  
o f  d i s p r o p o r t i o n a t i o n  w i t h i n  t h e  a l l o y  a r e  no t  
a v a i l a b l e .  I n  a d d i t i o n ,  we have y e t  t o  determine 
how r a p i d l y  one must desorb t he  a l l o y  t o  preserve 
t h e  d i sp ropo r t i ona ted  form. A f t e r  forming t h e  
d i sp ropo r t i ona ted  Mg + A1 sample, hydrogen a t  800 
p s i a  was in t roduced i n t o  the  system. The hydrogen 
uptake was measured, t h e  r e s u l t s  o f  which a r e  
shown on F igu re  3. F igure  3  compares the  r a t e  o f  
hydrogen abso rp t i on  f o r  E,!ggAlg and "d i sp ropo r t i on -  
a ted"  M g + A l .  The data  show t h a t  t h e  i n i t i a l  r a t e  
o f  hydrogen absorp t ion  f o r  t h e  "d i sp ropo r t i ona ted  
sample" i s  tw i ce  t h e  r a t e  f o r  MggAlg. Th i s  sug- 
gests  t h a t  d i s p r o p o r t i o n a t i o n  i s  a  r a t e  c o n t r o l l i n g ,  
s tep  f o r  absorp t ion .  Fu r the r  experiments a r e  
r e q u i r e d  i n  t h i s  area. 

Summary 

1. MggAlg d i sp ropo r t i ona tes  t o  MgH2 and A1 i n  t h e  
abso rp t i on  r e a c t i o n .  The Mg 2  and A1 may form 
micropockets o f  a t  l e a s t  1'00 1 diameter.  

2. D i sassoc ia t i on  o f  Hz t o  H. i s  n o t  r a t e  
c o n t r o l l i n g  f o r  absorp t ion .  

3. Desorpt ion'  i s  enhanced by N i  c a t a l y s t .  

F igu re  3. Hydrogen Absorp t ion  Rates 
f o r  MggAlg and "Dispro- 
po r t i ona ted "  Mg + A1 
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F ine  mesh, N i -p la ted  samples 
System temperature, 343 OC 
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4. The r a t e  c o n t r o l l i n g  s tep  i n  H2 abso rp t i on  
appears t o  be t h e  d i f f u s i o n . o f  Mg t o  t h e  
hyd r i de  nuc lea t i on  s i t e s .  
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DEVELOPHEFIT OF HYDROGEII STORAGE 
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Abs t rac t  

The h y d r i d i n g  c h a r a c t e r i s t i c s  o f  many se lec ted  a1 l o y  combinat ions have been system- 
a t i c a l l y  i nves t i ga ted .  Accurate pressure-temperature-composi t ion r e l a t i o n s h i p s  o f  the  
se lec ted a l l o y  systems were determined. The o b j e c t i v e s  o f  t h i s  program were t o  extend 
the  number o f  hydr ides  use fu l  f o r  hydrogen storage, and t o  increase t h e i r  s torage capa- 
c i t i e s .  The goal t o  develop a  hyd r i de  w i t h  a  c a p a c i t y . o f  a t  l e a s t  t h ree  weight  percent  
hydrogen has been a r b i t r a r i l y  es tab l i shed .  Several a l l o y  composi t ions i n  t he  Ti-V-Mn 
system a r e  ab le  t o  hyd r i de  t o  a  capac i t y  of over t h ree  weight  percent  hydrogen. Other 
a l l o y s  w i t h  t h e  s t r u c t u r e  types: CrB(B4). Snlii3(DOlg), TiA1 3(D022), AuCu3(L12), BaAlq 
(Dl 3). ThB4(Dle), CaCug(D2d), AlBz(C32) and MgCu2(C1 5),  as w e l l  as t he  Ti-V-Mn system 
and Ti-V-Cr system were screened. Since t h e r e  a re  no te rna ry  phase diagrams a v a i l a b l e  
f o r  t he  Ti-V-Mn and the  Ti-V-Cr systems, i n  o rde r  t o  design a l l o y s  w i t h  p o s s i b l e  s i n g l e  
phases i n  those systems, phase e q u i l i b r i u m  had t o  be p r e d i c t e d  from p r o j e c t i o n s  o f  t he  
r e l a t e d  b i n a r y  systems. 

Geometric i n v e s t i g a t i o n s  of t he  CrB(Bf) type s t r u c t u r e  were made. The i ntermeta l -  
l i c  compound LaNi was chosen f o r  ana l ys i s .  The s izes  and r e l a t i v e  p o s i t i o n s  o f  t e t r a -  
11eJr.ul I ~ o l c s  i n  t h i s  typc  o f  i n t c r m e t a l l  i c  compound werP r n n q i r l ~ r n d  i n  d e t a i l ,  There 
a r e  d i f f e r e n t  types o f  ho les  i n  t h i s  s t r u c t u r e  than were found i n  t h e  more symmetric 
s t r u c t u r e s  s t u d i e d ~ p r e v i o u s l y .  I n d i v i d u a l  ho les  and c l u s t e r s  o f  holes f avo rab le  f o r  
hydrogen occupancy were i d e n t i f i e d ,  and maximum hydrogen concent ra t ion ,  i n  so l  i d  so lu-  ' 
t i o n ,  i n  t h i s  t ype  o f  compound was p red i c ted .  These p r e d i c t i o n s  compare favo rab l y  w i t h  
the  very  l i m i t e d  amount o f  exper imental  da ta  a v a i l a b l e  f o r  t he  h y d r i d i n g  behav ior  of  
these compounds. 

I. I n t r o d u c t i o n  

Those m e t a l l i c  a l l o y s  o r  compounds which can 
form a  hyd r i de  w i t h  a  s tandard  heat  o f  f o rma t i on  of  
approx imate ly  -6 Kcal/mole Hp o r  l e s s  i n  general  
f a l l  i n t o  e category  o f  so c a l l e d  " l ess  s t a b l e  hy- 
d r i des " .  The absorp t ion  and deso rp t i on  o f  hydrogen 
f o r  these m e t a l l i c  systems i s  accomplished i s o t h e r -  
m a l l y  and r e v e r s i b l y  a t  room temperature under mod- 
e r a t e  hydrogen pressures by e x t r a c t i n g  an app rop r i -  
a t e  amount of heat  d u r i n g  the  abso rp t i on  process. 
Th is  unique p rope r t y  o f  these types o f  hydr ides  
o f f e r  a  convenient and sa fe  method f o r  hydrogen 
s torage f o r  energy' needs. Therefore,  t h e  i n v e s t i -  
g a t i o n  o f  some . p o t e n t i a l  9y use fu l  systems .and t h e  
eva lua t i on  o f  app rop r i a te  p r o p e r t i e s  'of  these 
metal  1  i c  hyd r i de  systems' were t h e  o v e r a l l  ob jec-  
t i v e s  o f  t h i s  program. The p r i n c i p l e  goal  was t o  
develop a  hyd r i de  m a t e r i a l  w i t h  a  hydrogen capac i t y  
of a t  l e a s t  t h ree  weight  percent  o r  more. The gen- 
e r a l  approach o f  s e l e c t i o n  of m a t e r i a l s  was n o t  
a r b i t r a r y ,  b u t  was based on p r e d i c t i v e  c r i t e r i a  
fo rmula ted a t  DRI lo r  taken f rom the  l t t e r a t u r e .  The 
s e l e c t i o n  process- re l ied  h e a v i l y  on two c r i t e r i a :  
1 )  A t  l e a s t  one of  t h e  elements o f  an a l l o y  combi- 
n a t i o n  had t o  be a  hyd r i de  former; and 2) The 
e m p i r i c a l  c o r r e l a t i o n  t h a t  t he  f r e e  energy o f  form- 
a t i o n  (pe r  mole Hz) o f  i n t e r m e t a l l i c  compound 
hydr ides  decreases ( i .e . ,  t he  s t a b i l i t y  increases)  
as t he  t e t r a h e d r a l  ho le  s i zes  i n  t h e  parent  i n t e r -  
m e t a l l i c  compound increases. 

Concurrent w i t h  t h e  m a t e r i a l s  p r o p e r t i e s  s tud ies  
t h e r e  has been an e f f o r t  t o  o b t a i n  a  b e t t e r  under- 
s tand ing o f  t he  hydrogen occ lus ion  phenomena from 
a  more fundamental approach. A  number o f  f a m i l i e s  
o f  i n te rme ta l  1  i c  compounds have been analyzed i n  

terms o f  t h e  numbers, s izes ,  and r e l a t i v e  p o s i t i o n s  
o f  t e t r a h e d r a l  ho les  i n  t he  compounds, as w e l l  as 
the  c l u s t e r i n g  o f  ho les  t h a t  would be favo rab le  
f o r  hydrogen occupancy. I n  t h e  case o f  t he  CrB(Bf) 
type i n t e r m e t a l l i c  compounds, ho les  and ho le  c l u s -  
t e r s  have been i d e n t i f i e d  which would appear t o  be 
t h e  most 1  i k e l y  s i t e s  f o r  occ lus ion  o f  hydrogen. 
As i n  t h e  cases o f  o t h e r  i n t e r m e t a l l i c  compound- 
hydrogen systems, these s i t e s  have been r e l a t e d  t o  
maximum a b s o r p t i v i t i e s .  

11. D iscuss ion 

A l l o y  Development Stud ies  

1. Ti-V-Fln System 

I t  has been shown t h a t  Ti-V a l l o y s  o f  composi- 
t i o n  TiV1.4 absorb hydrogen t o  a  composi t ion 
TiV1 .4H4.6(H/EI=1 .92) 2. This  composi t ion cor res-  
ponds t o  a  we ight  percent  o f  3.7. Th is  hyd r i de  
system i s ,  however, t o o  s t a b l e  f o r  p r a c t i c a l  hydro- 
gen s torage u t i l i z a t i o n .  Therefore,  t e r n a r y  add i -  
t i o n s  t o  t h i s  b i n a r y  a l l o y  have been s t u d i e d  i n  an 
a t tempt  t o  r e t a i n  t he  h i g h  hydrogen content,  w h i l e  
a t  t h e  same t ime reduc ing the  temperature requ i red  
f o r  desorp t ion .  Manganese a d d i t i o n s  were f i r s t  
i n v e s t i g a t e d  by one o f  us3 i n  a  r e s t r i c t e d  compo- 
s i t i o n  range, and from these r e s u l t s  t he  e n t i r e  
Ti-V-Fln systems appeared promis ing f o r  f u r t h e r  
study. Complete phase diagrams f o r  t h i s  t e r n a r y  
system have n o t  been determined. I t  was necessary, 
t he re fo re ,  t o  p r e d i c t  t e r n a r y  behav ior  based on the  
th ree  b i n a r y  systems T i - V ,  Ti-Mn, and V-I$. S i n g l e  
phase composi t ions were p r o j e c t e d  f rom the  b i n a r y  



systems, and metal  1 ography examinatton showed t h a t  
t h i s  method was, i n  t h e  m a j o r i t y . o f :  cases, 'success- 
f u l .  

Over t he  past  yea r  36 d i f f e r e n t  a1 l o y  composi- 
t i o n s  were i n v e s t i g a t e d  as t o  t h e i r  h y d r i d i n g  
behavior.  A few o f  these con ta ined 'qua r te rna ry  
a d d i t i o n s  o f  Fe. Co, F l i ,  o r  C r .  A t y p i c a l  i s o -  
therm i s  shown f o r  t h e  Ti0.15V0.75Mn0.1 a l l o y  i n  
F i g u r e  1. As can be seen i n  t h e  F igure ,  t he  a l l o y  
absorbs about 1,.85 atoms o f  hydrogen p e r  metal  atom 
a t  room temperature when t h e  app l i ed  pressure  i s  
about 40 atm. Th is  corresponds t o  a we ight  percent  
of 3.5. When hydrogen i s  removed f rom the hyd r i de  
the  pressure  a b r u p t l y  decreases t o  about 0.2 atm. 
a t  an H/14 r a t i o  o f  about 1.7. Ohviously t h e r e  i s  
no evidence o f  a p la teau  p r e s s u r e ( i n d i c a t i v e  o f  
two condensed phases i n  e q u i l i b r i u m )  i n  t h i s  com- 
p o s i t i o n  range a t  room temperature. Th is  i s  t y p i -  
ca l  o f  . t h e  room temperature behav ior  o f  a l l  t h e  
T i  -V-l4n a1 1 oys (and those w i t h  qua r te rna ry  add i -  
t i o n s )  i nves t i ga ted .  

2. Ti-V-Cr System 

When the  sample o f  F igu re  1 i s  heated t o  about 
200°C t h e  pressure increases and the  H/M r a t i o  
decreases as would be expected. Hore s i g n i f i c a n t l y  
t h e  deso rp t i on  iso therm a t  t h i s .  temperature shows 
more cu rva tu re  than t h a t  a t  room temperature. For 
o t h e r  a l l o y s  a t  somewhat h ighe r  temperatures t h e  
change i n f s l o p e  i s  more pronounced than t h a t  shown 
i n  F igu re  1. I n  f a c t  t he  isotherms tend t o  f l a t t e n  
o u t  (a l though no d e f i n i t e  p la teaus have been 
observed) i n d i c a t i n g  an eventual  m i s c l b i l i t y - g a p  
i n  these al loy-hydrogen systems. 

No i n t e n e t a l l i c  compounds have been i d e n t i f i e d  
i n  t h e  Ti-V and Cr-V b i n a r y  systems. The i n t e r -  
m e t a l l i c  compound T iCr2  e x i s t s  i n  t he  T i -Cr  system. 
,Metal l og raph i c  .ana lys is  showed t h a t  a l l  5 a l l o y s  
se lec ted  f rom t h i s  t e r n a r y  system were mu1 t iphased. 
The isotherms ob ta ined  were s i m i l a r  t o  those shown 
i n  F igu re  1, b u t  i n  general  t h e  sa tu ra ted  H/M 
values were l e s s  than those ob ta ined  f o r  t he  
Ti-V-Hn system. 

1 0 0  
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3. f3f S t r u c t u r e  Type A l l o y s  
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From the  l i m i t e d  exper imental  r e s u l t s  t h a t  we 
obtained, t h e  conc lus ion i s  t h a t  a l l o y s  o f  t h i s  
s t r u c t u r e  type absorb hydrogen t o  a H/l4 va lue 
between one and two a t  room temperature and under 
hydrogen pressures o f  up t o  100 atmospheres. 
Desorp t ion  isotherms showed t h a t  metal  t o  hydrogen 
bonds are  r a t h e r  s t rong.  

. A 8  C A D 7  
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D L I O R P T I O M  DATUM 

4. AB? and AB4 Types o f  Combination A l l o y s  

A l l  13 a l l o y s  i n  t h i s  type o f  combinat ion t h a t  
we se lec ted  f o r  s tudy (examples were T iN i3  and 
LaA14) were very  poor hyd r i de  formers a t  room 
temperature and under a hydrogen pressure o f  up t o  
160 atmospheres. 

5. Bor ides 

Hone o f  t h e  11 b ina ry  bor ides  se lec ted  f o r  s tudy 
a re  good hyd r i de  formers by d i r e c t  f o rma t i on  w i t h  
gaseous hydrogen. Some elements such as H, 6 ,  C, 
and N w i t h  r e l a t i v e l y  smal l  atomic r a d i i  (B: s0.9 
A', H: 0.46 A') a l l o y i n g  w i t h  t r a n s i t i o n  meta ls  
tend t o  form so c a l l e d  " i n t e r s t i t i a l  compounds", 
and t h e i r  ac tua l  composi t ion depends upon the  
degree o f  f i l l i n g  o f  the  i n t e r s t i t i a l  s i t e s .  Both 
B and H f a l l  i n t o  t h i s  category.  I n  case o f  TiB, 
when t h e  amount o f  t i t a n i u m  was p rog ress i ve l y  sub- 
s t i t u t e d  by vanadium, t h e  H/M values increased 
from 0.29 f o r  an a l l o y  o f  composi t ion ( ~ i 0 . 8  
V0.2)B t o  1.07 w i t h  an a l l o y  o f  composi t ion 
(Tie. 2V0.8)0.8[10.2. l l i t h o u t  c r y s t a l  l og raph i c  
evidence and based o n l y  on h y d r i d i n g  exper imental  
data,  i t  i s  t e n t a t i v e l y  proposed t h a t  i n  these 
systems boron atoms occupy some o f  t he  i n t e r s t i t i a l  
ho le  s i t e s  t h a t  o therwise would be p o s i t i o n s  f o r  
hydrogen atom occupation. 

6. AB5 System 

The i n t e n t i o n  o f  m o d i f i c a t i o n  t o  t h e  MMNi5 
system was t o  lower  the  cos t  o f  t he  a l l o y  by 

' 

r e p l a c i n g  N i  w i t h  l e s s  expensive elements, such 
as Fe, Cu, V, and Mn. The r e s u l t s  o f  t.emperature- 
pressure-composi t ion diagrams showed those modi- 
f i e d  systems s tud ied  a re  o f  no commercial i n t e r e s t .  

7. Ca-base A l l o y s  

The CaO. 32La0.60 a1 l o y  showed a good s a t u r a t i o n ,  
y e t  i t  i s  very  s tab le .  CaNi5 forms a f a i r l y  
s t a b l e  hyd r i de  w i t h  a p la teau  pressure  o f  about 
0.5 atm a t  room temperature. Cr0.2La0.8Ni5 formed 
a hyd r i de  w i t h  a comparable H/t1 va lue t o  t h a t  o f  
LaPli5. A lso  i t  shows s i m i l a r  deso rp t i on  charac- 
t e r i s t i c s  i .e . ,  a p la teau  pressure of  about 1.5 
atm. a t  room temperature. Because Ca i s  more 
abundant than La, t h e  s u b s t i t u t e d  compound would 
be favo rab le  f rom the  p o i n t  o f  v iew o f  cos t .  
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Rela t ionsh ips  Between I n t e r m e t a l l i c  Compound S t ruc -  
' t u r e s  and Hydr ide  Formations 

The CrB(Bf) type compounds t h a t  have been 
s tud ied  absorb hydrogen to\ a hydrogen/metal r a t i o  
between 1 and 2 a t  room temperature and pressures 
up t o  100 atm. No phase changes have been observed. 
The A4 and A2B2-4C ho les  a r e  o f  s u f f i c i e n t  s i z e  t o  
accommodate hydrogen t o  a H/M=l w i t h  l i t t l e  d i s -  
t o r t i o n .  When hydrogen i s  absorbed t o  a HIM va lue 
of between 1 t o  2, t he  most l i k e l y  s i t e s  f o r  
hydrogen occupancy are  b i n a r y  c l u s t e r s  o f  A3B and 
A2B2-8f holes.  There remains a quest ion  f o r  these 
hydr ides,  however, as t o  whether o r  n o t  a t r u e  
so l  i d  s o l u t i o n  o r  hydr ide  phase e x i s t s .  Decompo- 
s i t i o n  t o  b i n a r y  hydr ides  i s  a p o s s i b i l i t y  and 
must be i nves t i ga ted .  
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Abstract 

This reprt is a brief s u r r a ~ l r y  of an extensive 
experimntal program designed to understand the 
surface poisoning of metal hydrides by hpuxities 
in  the hydrogen used. Alloys investigated were 
mi,, FeTi, and Fe, . ,,!.ha. ,,Ti. Gaseous im 
purit ies studied were O,, H,O, and CO. The 
nature of the surface structures f o n d ,  and 
consequently the degree of poisoning varies 
mrkedly from alloy to alloy and f m  inpurity to 
impwity. Examples of complex ccarrpound film 
formation, chemisorption, and possibly physisorp 
tion can be seen. Results show the hope of 
developing surface structures with significant 
resistance to inpurity gases and especially the 
possibility of designing practical regeneration 
cycl'es . 

Introduction 

There is growing worldwide interest  in  the 
practical application of rechargeable m e t a l  
hydrides in  the areas of energy storage and con- 
servation, as well as  in  the existing industrial 
hydrogen sector. One of the fundamatal problems 
that  mt be addressed is the phenoxrenon of 
"surface poisoning". By surface poisoning we 

a loss of hydrogen absorption (or desorption) 
kinetics and/or capacity that occurs when inpure 
hydrogen is used. A s  the t e r m  implies, it is 
generally assumed that the inpurity gas forms 
sorne so r t  of surface film o r  structure that  
"poisons" the surface catalytic p m p r t i e s  of the 
storage alloy particles necessary for  the hydrid- 
ing (or dehydriding) process. 

A t  present there is very l i t t l e  information 
available on the fundamental mchanism of hydride 
surface poisoning. Even less  practical engineer- 
ing data on the effects of various gaseous 
impurities is available. In this contract, just 
being completed, we have a t tapzed a rnajor 
systerratic study designed primarily to understand 
mechanisms of surface poisoning, and sea,ndly to 
provide some practical data on a few m n  
storage alloys and gaseous i q u r i t i e s .  This 
r e p r t  w i l l  concentrate on sorne of the practical 
data obtained and briefly s m i z e  SORE of the 
mechanism being deduced £ram this and other data. 
Because of space limitations only a sn-qll fraction 
of the results can be presented. A cmplete se t  
of results and discussion are  given in  the Final 
Report for the contract'. 

W r i m e n t a l  Procedures 

The overall exprhsntal philosophy was out- 
lined a t  the l a s t  Contractor's Review ?.@eting2 and 
needs only brief review and updating here. 

Alloys and Gaseous Impurities 

Three &el alloys were used: (1) Mi,, the 
classic AB, corpund; (2) FeTi, the classic AB 
compound; and (3) Fe, . , ,fitno., ,Ti, a mdified FeTi- 
type alloy chosen t e s t  for ternary substitution 

effects. Three inpurity gases were studied: (1) 
O,, a likely candidate for surface ampund 
(oxide) film formation; (2) H20, a possible candi- 
date for surface physisorption: and (3) CO a 
candidate for possible surface chemisorption. 

Cyclic Poisoning Tests 

Cyclic t e s t s  were run on our Continuous Cycling 
Absorption Esorption (CCAD) apparatus, described 
last year2, using a special high-conductivity 
specimen holder. Before cycling the sanples i n  
mixed Hz-X gases, they were activated and cycled 
in hydrogen of super high purity (SPH,)  obtained 
from a specially constructed hydride/dehydride 
purifier. This allowed the generation of atam 
ically clean active surfaces and W e s t a b l i s h m n t  
of baseline (unpisoned) kinetic and capacity data. 
Cycling IEIS then continued with H 2  contaminated 
with various levels of OP, CO, o r  H20, with the 
decrease in kinetics and effective capacity 
lueasured,as a function of the rider of cycles. 
Those curves that  w i l l  be s h m  here represent 
effective hydrogen transfer capacity for a 30 
minute cycle (15 minutes absorption-15 minutes 
desorption) with the charging pressure s e t  so that, 
in  the unpoisoned state,  half of the charg@g 
occurs in the f i r s t  minute. In the case of FeTi 
and Fe, . ,,rho. ,,Ti only the lower plateau was used. 

In addition to the basic poisoning tests, ease 
of reactivation was determined for alnost a l l  
samples, a mst bprtant practical property. A 
nunber of th-1 and pressure dependence Hz 

( absorption studies were done on poisoned sanples 
to help understand the mxhanisn by which the 
inpurity surface film +es absorption. 

Absorption Tes t s  

The reaction of each pure contaminant, X, with 
the activated surface of each alloy was determined 
with a series of low pressure (10 Torr) adsorption 
tests. The quantity of impurity X and the temper 
ature excursion was mnitored which allowed 
estimates of surface film thickness and heats of 
adsorption. 

Cyclic Poisoning T e s t s  

The effects of cycling (a t  roan teqerature)  
with Hz containing 300 ppm 02,  H20, or  CO are 
sham for each alloy in Figure 1. Awide variety 
of behaviors are observable, depending on the 
alloy-inp?urity gas d i n a t i o n .  In particular 
the following things should be noted: 

1. 0, and H20 prcduce very similar effects. 

2. FeTi and Feo.as!ho.15Ti show continuous 
misoning in the,presence of 0, and H20, 
but mi, does not. After an initial 
partial loss of capacity in 0,-or Ha* 
containing H a ,  mi, a l m s t  ccnrpletely 
recovers and then exhibits substantial 



3. CO is far mre detrirrwtal than 0, or  H,O 
to a l l  three alloys. 

4. F e ~ . a d n ~ . ~ ~ T i  sham a t  least sax? resist- 
ance t o  a) in conparison to 1.W-free FeTi. 
After some loss of capacity, Feo.asEho.15Ti 
reaches a level where l i t t l e  further damage 
occurs, whereas FeTi soon loses a l l  hydro- 
gen capacity. Mio behaves like FeTi in 
the presence of CO. 

"5" CYCLED IN HYDROGEN PLUS I 
300 ppm INDICATED IMPURITY 

0.5 HOUR CYCLE. 25% 
10- 92-10 psia 
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CYCLEDINHYDROGENPLUS 
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IO----C40-1Opsia 
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Fig. 1 Cycling response of the three t es t  
alloys in hydrogen containing 300 
p p  H,O, O,, or  CO hpurity. 

By using suitable reactivation procedures a 
substantial fraction of kinetics and capacity 
could be recovered in all cases. In same cases 
recovery would occur sinply by continuing the cy- 
cling procedure in  SHPH,. For example, the re- 
coveries of the three alloys during ram tempera- 
ture SHPH, cycling af ter  poisoning in H2-100 ppn 
CO are sham in Figure 2. Here, again, d r m t i c  
differences from alloy to alloy can be seen. 
Feo.,,!4no. ,,Ti was e x t r e l y  easy to reactivate, 
whereas FeTi was very difficult  to reactivate. 
LaNi, was intermdiate. ! s . E & s t  heating (say to 
45°C) greatly helped the reactivation of CO 
poisoned FeTi. 
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Fig. 2 Fewvery of hydrogen transfer 
capability during cycling in 
SHP-Hz af ter  poisoning in HZ 
containing 100 ppn 03. 

The reactivation of 0-poisoned FeTi and Fe0.85 
Mno . ,Ti was mre  difficult  than CO-poisoned 
samples. By heating to 80°C and cycling with 
SHP-HZ, however, a substantial degree of reacti- 
vation could be achieved. Fe0.8sfifno.lsTi was 
easier than FeTi to reactivate after Gpoisoning. 

Adsorption Tests 

A s  an exanple of the data generated during the 
adsoqtion tests,  Figure 3 shws the surface 
adsorptions of oxygen as a function of tire and 
the temperature excursions associated with each 
adsorption experhent. The adsorption data is 
nomlized to the effective surface area generated 
during the activation process (0.5 m2/g for FeTi 
and Feo.a5Mno.15Ti and 0.2 m2/g for Mi,). This 
has also been converted, on the right scale, t o  an 
appmxjmite film thickness in monolayers. These 
tests  were run on samples activated with H a  but 
thoroughly dehydrided before emsure  to the 10 
Torr 02. 

The curves show that substantial quantities of 
oxygen are adsorbed (tens of mnolayers) exo- 
thermically. The reactions were largely complete 
within the f i r s t  minute. The adsorption of Ha0 
was qualitatively similar but the t h  scale was 
over several hours rather than one minute. The 
absorption of CO was, on the other hand, radically 
different from 02 or  Ha0 in that only about one 
mnolayer. was quickly adsorbed with no further 
reaction occurring. 

Rrom the termperatwe excursions and quantities 
of gas adsorbed, approximate heats of reaction 
were calculated. These are shown in Table I. 
These results, along with the reference heats of 
reaction from the literature, very useful i n  
establishing the nature of the adsorbed film and 
w i l l  be discussed in  the next section. 

Reactivation studies were done on the sanples 
after the adsorption tests. In general, they are 
comparable and caplmtary to the reactivation 
results obtained with samples poisoned on the cy- 
c l ic  apparatus. In particular, the d e v e l o v t  of 
practical jmnunity to 0 2 by Mi was strikingly 
confirmed. 
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Fig. 3 Oxygen adsorption and mrresponding 
thema1 excursion curves. Oxygen 
pressure = 10 m. 

Table 1 Estimated Heats of Adsorption 

AHAD, kcal/ml gas 

Alloy 0 2  CO Hz0 - - - 
LaNi -187 - 42 - 4 1  
FeTi -186 - 86 -78 
Feo . B  sI.tIo. lsTi  -198 -134 -69 

SOE Feference Values F m  the Literature 

Significance of the Results 

Surface poisoning appears to result f m  the 
formation of a surface "structure" that inhibits 
rapid catalytic H2+W dissociation and/or hydro- 
gen penetration, both of which are necessary for 
practical use of a rechargeable hydride. The 
e x p e r k t a l  results of this  contract suggest 
that a wide variety of surface structures can 
result, depending on the alloy and inpurity gas. 
Consequently, there is wide variation in the 
degree of poisoning resistance and ease of read- 
vation. 

The adsorption data suggesta fairly thick 
oxide film forms for a l l  three alloys. The heats 
of adso~ption (Table I). suggest that there is 
saw selective okidation of La or Ti but also that 
s e  of the N i  or  Fe m i ~ ~ t  be oxidizing. In effect, 
we believe that ini t ia l ly  q l e x  oxides (i.e., 
La#iyOz and TixFey0z)3,~fm. F r h  magnetic and 
other surface studles ~t is evident that these 
films must disproportionate providing metallic N i  , . 
Fe and stable oxides in the films. In the case of 
Mi,, this process (which takes a few hours ) 
clearly results in catalytically active N i  thus 
restoring the mi5 surface much along the lines 
of Schlapbach's @el3. Even though a similar 
structure apparently develops for FeTi the end 
results are opposite that of miS, i.e. ,  there is 
no "self restoration" of Fd'i activity. This 
strongly suggests that either (1) mta l l i c  Fe is 
not the H2+2H catalytic species or (2) the Ti0 
film, unlike La203, i s  impermeable to hydrogenX 

. penetration. 

In the case of IaNi S, CO appsxs to form a 
s-le chemisorbed mnolayer with heats of adsorp 
tion conparable to Ni-Carbony1 fomt ion  (Table I ) .  
This renders inactive the Ni-atom si tes  a t  which 
catalytic dissociation of hydrogen occurs. In the 
case of FeTi , and especially Fe o .  a $In0. 1  ST^, the 
heats of adsorption suggest that the CO is a t  
least partially sp l i t  t o  oxidize and/or carburize 
the surface, again blocking hydrogen dissociation 
sites.  The P'm aatcons seen to have significant 
catalytic activity even in this state so tha t , s i t e  
blockage is less severe in Feo.a$Ino.l5Ti. 

H20 is very similar to 0,. Appxently the H20 
mlecule i s  sp l i t  on the surface, resulting 
effectively in surface oxidation (or hydrolysis). 
The rate of oxidation reaction is d e r a t e d  
s m h a t ,  perhaps by the presence of same physi- 
sorbed H ,O. . 

Practical Significance 

Froan a practical applications point of view, 
there are a nlnnber of obvious mnclusions that can 
be directly dram from this rmrk. 

1. If significant m u n t s  of 0, or Hz0 are 
expxted in the H Z ,  use Mi (or possibly 

other AB 5 ~ m ~ n d )  . 
2. If a3 is expcted, use (Fe,Mn)Ti. 



3. Binaq.1 FeTi w i l l  be a problem for any 
gaseous inpurities . 

4. A l l  alloys can be reactivated af ter  poison- 
ing with procedures that are  conceptually 
sinple. Sam (e.g., FeTi) are harder to 
reactivate than others (e. g. , LaNi or  
(Fe,&m)Ti) . 

From a long range developmt point of view, 
w venture two conclusions: 

1. There are marked alloy to alloy variations 
giving hope for som day developing the 
understanding necessary to design specific 
poison resistance into an alloy. 

2. I f  complete resistance to a l l  wisoning is 
impossible (as it probably is) , there 
should be ways to design reactivation 
cycles into the particular process or  
device involved. 

Future Work 

A one year continuation of this work i-as been 
p r o p e d .  It w i l l  be dirPcted mainly tmmrd the 
generation of mre practical .data of direct use 
i n  applications. A smll m u n t  of fun-tal 
work wil l  be continued where appropriate. The 
work will  concentrate on the following areas: 

1. New gaseous inpurities, e.g., H2S. 

2. Conbined inpurities and interaction 
effects. 

3. Reactivation procedures, including practi- 
cal reactivation s c h m s .  

4. Improved operating procedures to increase 
hydride l i f e  before the need to reactivate. 

This work was perfomed under Contract BNL 
451117-5, funded by the U.S. WE and Inco. 
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ABSTRACT 

An overview i s  g i v e n  of t h e  end-use 
a p p l i c a t i o n s  a r e a  of t h e  BNL Hydrogen 
Program. A t  p r e s e n t ,  i t  c o n s i s t s  of  
o n l y  two c o n t r a c t  e f f o r t s  f o r  develop-  
ment of s m a l l - s c a l e  hydropower f o r  
hydrogen p r o d u c t i o n .  Background i n f o r -  
mat ion  on t h e  p r o j e c t  i s  p r o v i d e d .  

The end-use a p p l i c a t i o n s  a r e a  of t h e  BNL 
Hydrogen Program c o n s i s t s  of t h o s e  p r o j e c t s  which 
d e m o s t r a t e  hydrogen use  i n  new o r  modif'ied equip-  
ment o r  comple te  sys tem d e m o n s t r a t i o n s  i n v o l v i n g  
hydrogen  p r o d u c t i o n ,  s t o r a g e ,  d i s t r i b u t i o n  and . 
use.  The major  p r o j e c t  i n  t h i s  a r e a  i s  t h e  l a t t e r  
t y p e  and i n v o l v e s  two c o n t r a c t s  aimed a t  demon- 
s t r a t i n g  hydrogen p r o d u c t i o n  from s m a l l  hydropower 
s o u r c e s .  The hydrogen would s u b s e q u e n t l y  be d i s -  
t r i b u t e d  and s o l d  i n  commerc i a l / i n d u s t r i a l  mar- 
k e t s .  The c o n t r a c t s  a r e  c u r r e n t l y  i n  t h e  s t u d y  
phase  b u t  s i t e s  have been s e l e c t e d  and i t  i s  ex- 
p e c t e d  t h a t  a t  l e a s t  one s i t e  w i l l  be deve loped  
and p roduc ing  hydrogen w i t h i n  t h e  n e x t  t h r e e  
y e a r s .  

Each of t h e s e  c o n t r a c t  e f f o r t s  w i l l  be des-  
c r i b e d  i n  more d e t a i l  i n  t h e  p a p e r s  t h a t  f o l l o w  
b u t  some background on t h e  s c o p e  and o b j e c t i v e s  o f  
t h e  p r o j e c t  w i l l  be g iven  h e r e .  The c o n c e p t , o f  
hydrogen p r o d u c t i o n  from s m a l l  hydropower s i t e s  
was proposed i n i t i a l l y  by t h e  I n s t i t u t e  of Gas 
Technology (IGT). A  f e a s i b i l i t y  assessment  was 
funded by DOE STOR th rough  Brookhaven,  completed 
by IGT i n  1978,  and p r e s e n t e d  a t  l a s t  y e a r ' s  
C o n t r a c t o r s '  Review ~ e e t  ing .  l The s t u d y  concluded 
t h a t :  

A. Though t h e  t o t a l  r e s o u r c e  is s m a l l  ( < 1  
Quad), a b o u t  20,000 s i t e s  e x i s t  i n  t h e  
N o r t h e a s t  i n  t h e  250 kW - 5 MWe r a n g e  
s u i t a b l e  f o r  hydrogen p r o d u c t i o n .  ( F i g .  
1 ) .  

B. The hydrogen c o u l d  be produced a t  com- 
p e t i t i v e  c o s t s  and would have m i r k e t s  
a s  a  chemica l  commodity. ( F i g .  2 )  

With t h i s  s t u d y  a s  a  b a s e l i n e ,  DOE STOR spon- 
s o r e d  an RFP s o l i c i t a t i o n  f o r  u n d e r t a k i n g  a  p roof -  
o f -concep t  d e m o n s t r a t i o n  p r o j e c t .  The comple te  
p r o j e c t  would i n c l u d e  s i t e  s e l e c t i o n  and a c q u i s i -  
t i o n ,  dam renova t  i o n  and c o n s t r u c t  i o n ,  H z  , equ ip-  
ment i n s t a l l a t  ion and t h e  marke t  i n g / d i s t r l b u t  ion 
and s a l e  of t h e  p r o d u c t  hydrogen.  A f t e r  a  compre- 
h e n s i v e  e v a l u a t i o n  p r o c e s s ,  two c o n t r a c t s  were 
awarded i n  mid-1979. The c o n t r a c t o r s  s e l e c t e d  were 
A i r  P r o d u c t s  6 Chemicals  and a  team l e d  by New 
York S t a t e  ERDA. Two awards were made because  t h e  
c o n t r a c t o r s  p r e s e n t e d  e s s e n t i a l l y  d i f f e r e n t  ap- 
p r o a c h e s  t o  t h e  problem. 

A i r  P r o d u c t s  i s  employing t h e  "over t h e  
fence"  approach  i n  which they  a r e  s t a r t i n g  w i t h  a  
w e l l  d e f i n e d  market  a r e a  ( l a r g e  u s e r )  and p l a n  
t o  d e v e l o p  a  s i t e  nearby  such t h a t  t h e  hydrogen 
c o u l d  be p iped  "ovcr  t h c  fcnce" t o  t h e  cus tomer .  

The New York S t a t e  ERDA approach  i n v o l v e s  a n  
e s t a b l i s h e d  s i t e  (Potsdam, New York) and t y i n g  i n  
w i t h  a  program produc ing  e l e c t r i c  power from s m a l l  
h y d r o  f o r  l o c a l  u s e ,  w i t h  t h e  e x c e s s  power used t o  
p roduce  hydrogen.  The hydrogen would t h e n  be s o l d  
commerc ia l ly  t o  s m a l l  u s e r s  w i t h i n  a  50-mile r a d i -  
us. 

As f a r  a s  s t a t u s ,  t h e  A i r  P r o d u c t s  c o n t r a c t  
has  been s i g n e d  and t h e y  have been work ing  s i n c e  
June .  The New York S t a t e  ERDA c o n t r a c t  i s  n e a r  
s ign-of f  a f t e r  r e s o l v i n g  some l e g a l  problems w i t h  
s u b c o n t r a c t o r s .  The s t u d y  phases  of bo th  con- 
t r a c t s  a r e  e x p e c t e d  t o  be completed i n  mid-1980 a t  
which t ime  a  d e c i s i o n  w i l l  be made r e g a r d i n g  t h e  
fol low-on c o n s t r u c t i o n .  
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HYDROGEN PRODUCTION FROM St!ALL HYDROPOWER SITES 
'1 

E. L.  W i l  k inson ,  B.  N. K r i e b e l  , and K. J. Ramundo 

A i r  P roduc ts  and Chemicals ,  I n c  
A1 1  entown, Pennsy lvan ia  

A b s t r a c t  

I n  a  U. S: Department o f  Energy sponsored program, A i r  P roduc ts  and Chemicals ,  I n c .  
(APCI)  r e c e n t l y  began s t u d y i n g  t h e  commercia l  f e a s i b i l i t y  o f  p r o d u c i n g  hydrogen w i t h  
e l  e c t r o l  y t i c  c e l l  s  powered by e l e c t r i c i t y  genera ted  f r o m  a  sma l l  h y d r o e l e c t r i c  s i t e .  The 

..conversion o f  hydro-power d i r e c t l  y  i n t o  hydrogen i s  b e i n g  e v a l u a t e d  as a  more p r o m i s i n g  
mode o f  d e v e l o p i n g  t h i s  energy  r e s o u r c e  t h a n  s i m p l y  g e n e r a t i n g  and t r a n s m i t t i n g  e l e c t r i c i t y  
i n t o  t h e  g r i d .  The c o s t s  o f  c o n n e c t i o n ,  and t h e  incongruency  o f  t h e  demand f o r  and s u p p l y  
o f  t h e  power t o  t h e  g r i d  f r e q u e n t l y  p r o h i b i t s  development  i n  t h i s  manner. S i n c e  hydrogen 
c a n  be s t o r e d  t o  an e x t e n t ,  t h e  c o n v e r s i o n  o f  hydro-power i n t o  hydrogen can m i t l g a t e  t h e s e  
o b s t a c l e s  t o  sma l l  dam development .  Whether u t i l i z e d  as a  f u e l  i n  b l e n d i n g  w i t h  n a t u r a l  
gas o r  a s  a  chemica l  f e e d s t o c k  ( p r i m a r i l y  produced by steam r e f o r m a t i o n  o f  n a t u r a l  gas ) ,  
hydrogen produced from sma l l  dams has t h e  p o t e n t i a l  o f  r e d u c i n g  n a t u r a l  gas demand i n  t h e  
n e a r  and mid - te rm.  The program a l s o  seeks t o  demons t ra te  t h e  s u i t a b i l i t y  o f  sma l l  dam 
( low-head)  h y d r o e l e c t r i c  power f o r  o n - s i t e  i n d u s t r i a l  a p p l i c a t i o n s .  

The s t u d y  w i l l  c o n s i s t  o f  t h r e e  phases. The Systems A n a l y s i s  phase w i l l  p r i m a r i l y  
i n v o l v e  an e n g i n e e r i n g  and economic a n a l y s i s  o f  a  " t y p i c a l "  1 . 5  l%1 h y d r o e l e c t r i c  e l e c t r o -  
l y t i c  hydrogen f a c i l i t y ,  i n c l u d i n g  a  s e n s i t i v i t y  a n a l y s i s  o f  t h e  m a j o r  c o s t  components o f  
t h e  d e l i v e r e d  p r i c e  o f  hydrogen as a  chemical  feeds tock  t o  e s t a b l i s h  s i t e  s e l  e c t i ? n  c r i t e r i a .  
The purpose o f  t h e  S i t e  S e l e c t i o n  phase i s  t o  s e l e c t  an  a c t u a l  s i t e  w h i c h  w i l l  m i n i m i z e  t h e  
m i x  o f  f i x e d  and v a r i a b l e  c o s t s  o f  p r o d u c t i o n  and d i s t r i b u t i o n .  I n  t h e  t h i r d  phase, S i t e  
E n g i n e e r i n g  and Economics, a  budget  c o s t  e s t i m a t e  f o r  an a c t u a l  f a c i l i t y  comp le te  w i t h  
p r e l i m i n a r y  d r a w i n g s  w i l l  be p repared .  D e f i n i t i v e  e s t i m a t e s  o f  power, hydrogen p r o d u c t i o n ,  
and d i s t r i b u t i o n  c o s t s  w i l l  be p repared .  If t h e  f a c i l i t y  appears c o m m e r c i a l l y  v i a b l e ,  
f i n a l  e n g i n e e r i n g ,  c o n s t r u c t i o n ,  and o p e r a t i o n a l  phases wou ld  f o l l o w .  

I n t r o d u c t i o n  

The o b j e c t i v e  o f  t h e  program i s  t h e  des ign ,  
e n g i n e e r i n g ,  and c o n s t r m t i o n  o f  a  smal l  ((15tlW) 
h y d r o e l e c t r i c  e l e c t r o l y t i c  hydro  en f a c i l i t y  
u s i n g  advanced s t a t e - o f - t h e - a r t  ?El e c t r o l  y z e r  
U n i p o l a r  c e l l s )  and developmental  (General  El ec -  
t r i c  Sol  i d  Polymer E l e c t r o l y t e  c e l l s )  systems.  
The p o r t i o n  o f  t h e  program c u r r e n t l y  b e i n g  under -  
t a k e n  i n v o l v e s  s i t e  e v a l u a t i o n ,  p r e l i m i n a r y  
e n g i n e e r i n g ,  and c o s t  e s t i m a t i n g  a c t i v i t i e s .  
The r e s u l t s  o f  t h i s  work,  schedu led  f o r  c o n c l u -  
s i o n  i n  Flarch, 1980, w i l l  s e r v e  a s  a  b a s i s  f o r  
d e c i d i n g  whether  o r  n o t  t h e  proposed f a c i l i t y  
i s  c o m n e r c i a l l y  v i a b l e  and s h o u l d  be b u i l t .  

A  program approach  has been deve loped  t o  
enhance t h e  p r o s p e c t s  f o r  commercial success.  
It w i l l  f o c u s  on  t h e  m a r k e t i n g  o f  hydrogen n o t  
a s  a  f u e l  b u t  as chemical  feeds tock  where t h e  
r e q u i r e m e n t  i s  n o n - s u b s t i t u t a b l e  and i t s  v a l u e  
ranges  f r o m  $6.00/F11.1 BTU t o  a l m o s t  $30.00/I!tl BTU. 
Under t h e  a1 t e r n a t i v e ,  hydrogen would be d i r e c t l  y  
compet ing  w i t h  n a t u r a l  gas w h i c h  s e l l s  f o r  
$2 .OO/FIM BTU t o  $4.00/F1FI BTU. 

The a n t i c i p a t e d  l o c a t i o n  f o r  t h e  f a c i l i t y  
i s  t h e  i n d u s t r i a l i z e d  New York/New England r e g i o n  
where n a t u r a l  gas p r i c e s  a r e  h i g h ,  shor tages  have 
been exper ienced ,  and where t h e r e  a r e  many po ten-  
t i a l  s i t e s .  H o s t  o f  t h e s e  s i t e s  had been 
p r e v i o u s 1  y  deve loped  t o  p r o v i d e  hydro-mechanical  
power d u r i n g  t h e  1 8 0 0 ' s .  A  l a r g e  number were 
l a t e r  r e n o v a t e d  f o r  h y d r o e l e c t r i c  g e n e r a t i o n .  
I n  e i t h e r  case,  such a  s i t e  c o u l d  be r e h a b i l i t a t e d  
f o r  l e s s  t h a n  t h e  c o s t  o f  an undeveloped s i t e ,  
t h u s  r e d u c i n g  t h e  e f f e c t i v e  c o s t  o f  e l e c t r i c  

s e r v i c e .  As w i l l  be p r e s e n t e d  subsequen t l y ,  t h e  
s i n g l e  most  i m p o r t a n t  f a c t o r  i n  t h e  c o s t  compet i -  
t i v e n e s s  o f  e l e c t r o l y t i c  hydrogen i s  e l e c t r i c  
power c o s t s .  

On ly  s i t e s  h a v i n g  nominal  c a p a c i t i e s  o f  
1  .5  l1W o r  l e s s  w i l l  be i n v e s t i g a t e d .  The 
1  i c e n s i n g  and env i ronmenta l  problems a s s o c i a t e d  
w i t h  s m a l l e r  s i t e s  a r e  manageable a t  a  c o s t  
wh ich  does n o t  p r e c l u d e  i n d u s t r i a l  development .  
A  1 . 5  IlW f a c i l i t y  would p roduce  a  maximum o f  
7 t.lM s c f  o f  hydrogen m o n t h l y .  A t tempts  w i l l  be 
made t o  l o c a t e  a  s i t e  n e a r  a  l a r g e  volume hydrogen 
u s e r .  I n  t h i s  case,  a  s h o r t  p i p e l i n e  c o u l d  be 
used t o  s u p p l y  t h e  gas, a d d i n g  on1 y  a  sma l l  
i n c r e m e n t a l  c o s t  i n  a r r i v i n g  a t  t h e  d e l i v e r e d  
hydrogen c o s t .  The a l t e r n a t i v e ,  s e r v i n g  a  
r e g i o n a l  m a r k e t ,  would i n v o l v e  t h e  r e l a t i v e  
expens ive  d i s t r i b u t i o n  o f  t h e  gas b y  t u b e  t r a i l e r  
i n  s m a l l e r  q u a n t i t i e s  o v e r  l o n g e r  d i s t a n c e s .  

Program p a r t i c i p a n t s  i n c l u d e  Essex Pevelop-  
ment A s s o c i a t e s ,  I n c . ,  an  exper ienced  hydro-power 
development  f i r m ,  General  E l e c t r i c  and E l e c t r o -  
l y z e r  I n c .  L t d . ,  r e s p e c t i v e  s u p p l i e r s  o f  SPE and 
S t u a r t  e l e c t r o l y t i c  c e l l s ,  and A l l  i s  Shalmers, 
a  m a n u f a c t u r e r  o f  h y d r o - t u r b i n e l g e n e r a t o r  systems.  
A  c i v i l  e n g i n e e r i n g  f i r m  w i l l  c o m p l e t e  t h e  p r o j e c t  
team. 

The program i s  i n  t h e  e a r l y  s t a g e s  o f  
e x e c u t i o n ;  consequent1 y ,  f i n a l  r e s u l t s  o r  c o n c l u -  
s i o n s  a r e  u n a v a i l a b l e .  T h i s  paper w i l l  d i s c u s s  
sma l l  dam development  i s s u e s  and t h e  c o m p a r a t i v e  
economics o f  hydrogen p r o d u c t i o n  methods i n c l u d i n g  
t h e  commercial p r o s p e c t s  f o r  e l e c t r o l y t i c  
hydrogen.  



Smal l  H y d r o s i t e  Development I s s u e s  

The i s s u e s  a f f e c t i n g  t h e  proposed development  
o f  sma l l  h y d r o - s i t e s  can be d i v i d e d  i n t o  t h r e e  
c a t e g o r i e s  : 

o  H y d r o l o g i c  c o n s i d e r a t i o n s  r e l a t e d  
t o  p r o d u c i n g  h y d r o e l e c t r i c  energy  t o  
power an e l e c t r o l y t i c  hydrogen f a c i l  i t y ;  

o  L i c e n s i n g  and r e 1  a t e d  env i ronmenta l  
i s s u e s ;  and 

o  H y d r o - s i t e  economics. 

H y d r o l o g i c  Problems 

As an  energy  source ,  low-head hydro-power 
s u f f e r s  f rom i t s  i n a b i l i t y  t o  p r o v i d e  a  c o n s t a n t  
s u p p l y  o f  power. F i g u r e  1  i s  r e p r e s e n t a t i v e  o f  
t h e  w i d e  v a r i a t i o n  i n  f l o w  w h i c h  i s  t y p i c a l  
t h r o u g h o u t  r i v e r  systems i n  t h e  N o r t h e a s t ,  where 
t h e  proposed f a c i l i t y  wou ld  be b u i l t .  R e s e r v o i r s  
w h i c h  a r e  used i n  l a r g e  s c a l e  h y d r o e l e c t r i c  
development  t o  s t a b i l i z e  t h e  f l o w  r a t e ,  a r e  
g e n e r a l 1  y  n o t  a v a i l a b l e  a t  low-head s i t e s .  
A l t h o u g h  t u r b i n e  equipment  s e l e c t i o n  can be made 
t o  a t t a i n  maximum u t i l i z a t i o n  o f  t h e  f l o w  t h r o u g h  
t h e  use o f  d i f f e r e n t l y  s i z e d  t u r b i n e s  o r  v a r i a b l e  
b l a d e  and vane o p t i o n s ,  t h e  problem o f  v a r i a b l e  
power g e n e r a t i o n  a t  a  f a c i l i t y  w h i c h  mus t  s a t i s f y  
a  r e l a t i v e l y  c o n s t a n t  hydrogen demand p e r s i s t s .  
There a r e  s e v e r a l  a l t e r n a t i v e s  f o r  m i t i g a t i n g  
t h i s  problem. 

L " ' ' ' ' , , , , ~  
JAN. f l l .  MAR. APRIL MAY JUNE IULY AUO. SEPT. OCT. NOV. OfC. 

FIGURE 1. Typlcal  Va r l a t ion  i n  Water Flow for Small Hydroelectr ic  Si tes 

A  f l o w  d u r a t i o n  c u r v e  i s  used t o  i l l u s t r a t e  
t h e  p rob lem i n  F i g u r e  2 .  The h y d r o e l e c t r i c  
equipment  i s  s i z e d  t o  p r o v i d e  t h e  maximum power 
r e q u i r e d  t o  match  hydrogen p r o d u c t i o n  and demand 
w h i c h  i s  r e l a t i v e l y  c o n s t a n t  t h r o u g h o u t  t h e  y e a r .  
The power g e n e r a t i o n  p o t e n t i a l  and hydrogen 
p r o d u c t i o n  a r e  seasonal  due t o  f l o w  v a r i a t i o n .  
D u r i n g  l o w  f l o w  p e r i o d s ,  1  i q u i d  hydrogen,  wh ich  
wou ld  be s t o r e d  o n - s i t e ,  c o u l d  be used t o  supp le -  
ment hydrogen p r o d u c t i o n .  The decoupl  i n g  o f  
hydrogen p r o d u c t i o n  and demand would be a c h i e v e d  
a t  t h e  expense o f  p r o v i d i n g  a  l i q u i d  s t o r a g e .  
system and t h e  v e h i c l e  c a p a c i t y  t o  t r a n s p o r t  
1  i q u i d  hydrogen f o r  p e r i o d s  d u r i n g  t h e  y e a r .  

Ano ther  a l t e r n a t i v e  wou ld  be t o  connec t  t h e  
hydro  f a c i l i t y  t o  t h e  power g r i d ,  s e l l i n g  power 
n o t  needed t o  produce hydrogen, and b u y i n g  power 
t o  supplement  t h e  hydro-power t o  produce needed 

hydrogen d u r i n g  l o w  f l o w  p e r i o d s .  The purchase 
o f  o f f - p e a k  power f o r  hydrogen p r o d u c t i o n ,  t h e  
c o s t s  o f  c o n n e c t i n g  t o  t h e  g r i d ,  and t h e  s e l l i n g  
p r i c e  o f  t h e  genera ted  power a r e  c o n s i d e r a t i o n s  
r e l e v a n t  t o  t h i s  a1 t e r n a t i v e .  An o n - s i t e  d i e s e l  
g e n e r a t o r  c o u l d  a1 so be used t o  p r o v i d e  supp le -  
menta l  power t o  m a i n t a i n  hydrogen p r o d u c t i o n .  
The ease o f  s h u t t i n g  down and s t a r t i n g  u p  an 
e l e c t r o l y t i c  f a c i l i t y  i n t r o d u c e s  a d d i t i o n a l  
f l e x i b i l i t y  i n  s y n c h r o n i z i n g  p r o d u c t i o n  and 
demand. A  f i n a l  p o s s i b i l i t y  wou ld  be t o  s e l e c t  
a  s i t e  w i t h  f l o w  c h a r a c t e r i s t i c s  w h i c h  wou ld  be 
adequate t o  s u p p l y  c o n s t a n t 1  y  t h e  r e q u i r e d  amount 
o f  energy  t o  s a t i s f y  hydrogen f a c i l i t y  power 
r e q u i r e m e n t s .  

L i c e n s i n g / E n v i r o n m e n t a l  Problem 

A  s i g n i f i c a n t  f i x e d  c o s t  i n  any  h y d r o - s i t e  
development  i s  s a t i s f y i n g  l i c e n s i n g  and e n v i r o n -  
menta l  r e q u i r e m e n t s .  For  s i t e s  w i t h  c a p a c i t i e s  
o f  1 . 5  o r  more megawatts ,  t h e  l i c e n s e  and e n v i r o n -  
l l i e r ~ t a l  r e q u l r e m e n t s  a r e  p r o h i b i t i v e .  S i t e s  
s m a l l e r  t h a n  1 .5  FlW i n v o l v e  more e x p e d i e n t  com- 
p l  i a n c e .  The env i ronmenta l  problems f o r  a  m i n o r  
1  i c e n s e  ( l e s s  t h a n  1  .5 HW) a r e  u s u a l l y  r e s t r i c t e d  
t o  p r o v i d i n g  f i s h  passageways, i f  r e q u i r e d ,  and 
h i s t o r i c  p r e s e r v a t i o n ,  and i n v o l v e  on1 y  two 
agenc ies ,  t h e  S t a t e  H i s t o r i c a l  Commission and t h e  
U. S .  F i s h  and W i l d l i f e  S e r v i c e .  

P r b b a b l e  Economics 

Essex Development A s s o c i a t e s ,  I n c .  has 
e v a l u a t e d  t h e  economics o f  s p e c i f i c  s i t e s  c l a s s i -  
f i e d  a c c o r d i n g  t o  t h e  o p p o r t u n i t y  p r e s e n t  f o r  
r e s t o r a t i o n  o f  e x i s t i n g  f a c i l  i t i e s .  I n  a  f a c i l i t y  
r e q u i r i n g  e n t i r e l y  new c i v i l  works,  powerhouse, 
t u r b i n e ,  g e n e r a t o r ,  and r e l a t e d  equipment ,  t h e  
c o s t  r a n g e  under c o n v e n t i o n a l  f i n a n c i n g  i s  between 
31 -39 m i l l s  i n  1978 d o l l a r s .  I n s t a l l a t i o n s  
r e q u i r i n g  r e t r o - f i t t i n g  o r  r e h a b i l  i t a t i o n  o f  
e x i s t i n g  equipment  can produce power c o s t i n g  
between 20-30 m i l l s .  I n  some i n s t a l l a t i o n s  w h i c h  
have remained i n  o p e r a t i o n ,  power i s  p r o v i d e d  a t  
8-15 m i l l s .  However, t h e s e  f a c i l i t i e s  a r e  
p r o b a b l y  p r o v i d i n g  power under l o n g  t e r m  s u p p l y  
c o n t r a c t s  and wou ld  n o t  be a v a i l a b l e  f o r  t h e  
proposed p r o j e c t .  

The p o i n t  i l l u s t r a t e d  above i s  t h a t  t h e  c o s t  
o f  e l e c t r i c  g e n e r a t i o n  a t  a  sma l l  d a m s i t e  i s  
ext reme1 y  c a p i t a l  i n t e n s i v e .  The o p p o r t u n i t y  t o  
m i n i m i z e  s i t e  s p e c i f i c  c a p i t a l  c o s t s  t h r o u g h  



r e h a b i l  i t a t i o n  w i l l  be an impor tant  cons ide ra t i on  
i n  s i t e  se lec t i on .  

Equipment 

H y d r o e l e c t r i c  Equipment 

I t  i s  a n t i c i p a t e d  t h a t  A l l i s  Chalmer's Tube R  

t u r b i n e s  w i l l  be u t i l i z e d  i n  t h e  program. These 
t u r b i n e s  a r e  a v a i l a b l e  i n  standard design and 
c a p a c i t i e s  and have been developed p r i m a r i l y  f o r  
low-head hydro appl i c a t i o n s .  Standardized pro- 
d u c t i o n  techniques have reduced product ion  cos ts  
and a  l ow  p r o f i l e  design.minimizes assoc ia ted 
c i v i l  work. The combined e f f e c t  has been t o  
reduce the  i n s t a l l e d  cos ts  o f  low-head hydro 
t u r b i n e  equipment. 

E l e c t r o l y t i c '  Ce l l  s  

E x i s t i n g  Technology There a r e  two classes o f  
e x i s t i n g  ope ra t i ona l  c e l l s ,  t h e  b i p o l a r  ( f i l t e r  
press) and t h e  u n i p o l a r  c e l l s .  The s ta ted 
e f f i c i e n c i e s  o f  these c e l l s  range from 60 t o  73%. 
O f  these commercial1 y  a v a i l a b l e  e l e c t r o l y z e r s ,  
t h e  c e l l  o f  t he  E l e c t r o l y s e r  Corpora t ion  Ltd.  
(Canada) represents  t h e  bes t  s t a t e - o f - t h e - a r t  
f o r  use i n  a  commercial e l e c t r o l y t i c  hydrogen 
f a c i l i t y .  The E l e c t r o l y s e r  c e l l  i s  est imated t o  
have t h e  lowest  i n s t a l l e d  cos t  a long w i t h  t h e  
h ighes t  e f f i c i e n c y .  I n  a d d i t i o n ,  t h i s  c e l l  has 
an e x c e l l e n t  se rv i ce  1  i f e  l a s t i n g  1 0  years before  
r e q u i r i n g  overhaul . Th is  dependable, h i gh  per -  
formance c e l l  has been se lec ted  t o  prov ide t h e  
base l o a d  requirement o f  1.0 I l W  f o r  t he  proposed 
p l a n t .  

Developing Techno1 ogy An advanced hydrogen 
e l  e c t r o l  yzer  c e l l  which i s  under development and 
scheduled t o  be ready f o r  f i e l d  t e s t i n g  i n  1981 
i s  t h e  G.E. SPE c e l l .  Th is  c e l l  i s  p ro jec ted  t o  
have a  r e l a t i v e l y  l o w  i n s t a l l e d  c a p i t a l  c o s t  and 
achieve an e f f i c i e n c y  o f  93% f o r  c e l l s  r a t e d  a t  
5 t.tU o f  capac i t y .  A i r  Products and G.E. have 
agreed t o  i nco rpo ra te  two 200-kw c e l l s  i n  t h e  
proposed e l e c t r o l y t i c  hydrogen p l a n t ,  a l l o w i n g  
an e a r l y  f i e l d  demonstrat ion o f  t h i s  new equipment. 

A  schematic o f  t he  proposed f a c i l i t y  i s  
inc luded as F igure  3.  

Hydrogen Product ion  ttethods 
Comparative Economics 

Steam Reforming 

Almost a l l  comnercial hydrogen i s  produced 
by steam re fo rm ing  o f  na tu ra l  gas, fo l lowed by 
c a t a l y t i c  s h i f t  and p u r i f i c a t i o n  stages; chemica l l y  
represented as: 

The process i s  energy i n tens i ve ,  r e q u i r i n g  approx- 
i m a t e l y  500 s c f  o f  n a t u r a l  gas t o  produce 1000 s c f  
o f  hydrogen. As i n d i c a t e d  i n  F igure  4, steam 
re fo rm ing  i s  a l so  c a p i t a l  i n t e n s i v e .  At produc- 
t i o n  r a t e s  g rea te r  than one m i l l i o n  sc f l day ,  t h e  
cos t  o f  hydrogen becomes f a i r l y  constant  and 
d i r e c t l y  r e f l e c t s  t h e  p r i c e  o f  na tu ra l  gas. Below 
t h i s  volume, t he  c o s t  o f  steam reformed hydrogen 
i s  q u i t e  s e n s i t i v e  t o  f i x e d  costs  which c o n s t i t u t e  
a  l a r g e r  percentage o f  p roduct ion  c o s t  a t  lower 

volumes. I n  a d d i t i o n ,  steam re formers  a r e  usual 1  y  
operated c o n t i n u a l l y ,  even i f  i n  a  tu rned down 
mode, s i nce  s t a r t - u p  and shut-down consumes sub- 
s t a n t i a l  t ime  and energy. Operat ion i n  a  tu rned 
down mode consumes na tu ra l  gas and reduces t h e  
average onstream t ime  t o  about 75%, thus  
i nc reas ing  t h e  e f f e c t i v e  c a p i t a l  and ope ra t i ng  
cos ts .  
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E l e c t r o l y s i s  

As a  means o f  hydrogen product ion ,  e l e c t r o -  
l y s i s  has n o t  been w ide l y  used i n  t h e  Un i ted 
Sta tes  due t o  t h e  h i g h  cos ts  o f  e l e c t r i c a l  power, 
compounded by low c e l l  e f f i c i e n c y ,  and h i s t o r i c a l  1  y  
low cos ts  o f  na tu ra l  gas used i n  t h e  competing 
steam re fo rm ing  process. Keturn ing t o  F igure  4 ,  
t h e  p roduc t i on  c o s t  of  e l e c t r o l y t i c  hydrogen i s  
l e s s  s e n s i t i v e  t o  volume than w i t h  re fo rm ing .  
The reason i s  t h a t  v a r i a b l e  power cos t s  a r e  
r e l a t i v e l y  more s i g n i f i c a n t  than f i x e d  cos ts  t o  
t h e  t o t a l  p roduc t i on  c o s t  o f  e l e c t r o l y t i c  hydrogen. 
For example, w i t h  energy a t  $.025/Kwh and c e l l s  
a t  73% e f f i c i e n c y  ( E l e c t r o l  yzer  c e l l  r a t i n g ) ,  t h e  
power c o s t  component t o  produce 100 s c f  o f  hydro- 
gen would equal 8.32, approx imate ly  t h i r t y  t o  
f o r t y - f i v e  percent  o f  t h e  t o t a l  p roduct ion  c o s t  
depending on t h e  s i z e  of  t h e  e l e c t r o l y t i c  hydrogen 
f a c i l  i t y .  Higher c e l l  e f f i c i e n c i e s  w i l l  reduce 
product ion  cos ts  s i g n i f i c a n t 1  y ,  however, a t  t he  
smal le r  p roduc t i on  l e v e l s  considered f o r  t h i s  
program, reduc t i on  i n  t h e  i n s t a l l e d  c a p i t a l  cos t  
w i l l  have t h e  g rea te r  e f f e c t .  The General 
E l e c t r i c  SPE c e l l  i s  being developed w i t h  t h e  
t w i n  o b j e c t i v e s  o f  c a p i t a l  c o s t  r educ t i on  and 
maximum c e l l  e f f i c i e n c y  (es t imated a t  93%). 



Herchan t  Supp ly  

As an  a l t e r n a t i v e  t o  t h e  " o n - s i t e "  sources  
ment ioned  above, a  hydrogen u s e r  can a l s o  buy 
l i q u i d  hydrogen w h i c h  i s  s u p p l i e d  by i n d u s t r i a l  
gas p roducers  by t r u c k ,  s t o r e d  a t  t h e  c u s t o m e r ' s  
l o c a t i o n ,  and v a p o r i z e d  a s  needed. L i q u e f y i n g  
t h e  hydrogen i s  c o s t  e f f e c t i v e  f o r  l a r g e  s c a l e  
p r o d u c t i o n  and t h e  o n l y  economical  means o f  
d i s t r i b u t i n g  l a r g e  volumes c o n s i d e r a b l e  d i s t a n c e s .  
Hydrogen i s  a l s o  s u p p l i e d  i n  gaseous fo rm t o  l o w  
volume u s e r s  ( 4 2 5 , 0 0 0  s c f l d a y )  b u t  t h e  d i s t r i b u -  
t i o n  economics become p r o h i b i t i v e  beyond 125 m i l e s  
o f  t h e  source .  

Cos t  Comparison 

Comparison o f  t h e  cos t /vo lume c u r v e s  f o r  t h e  
m a j o r  sources  o f  hydrogen p r e s e n t e d  i n  F i g u r e  4, 
i n d i c a t e s  t h a t  SPE e l e c t r o l y t e  hydrogen c o u l d  be 
c o m p e t i t i v e  a s  an  o n - s i t e  s o u r c e  f o r  an i n d i v i d u a l  
u s e r  w i t h  r e q u i r e m e n t s  o f  between 220,000 and 
500,000 sc f  p e r  day.  I n  a  c e r t a i n  range  immedi- 
a t e l y  be low t h e  l o w e r  1  i m i t ,  1  i q u i d  hydrogen 
s u p p l y  f r o m  a  vendor  wou ld  be more economical  
w h i l e  o n - s i t e  steam r e f o r m a t i o n  would be p r e f e r r e d  
f o r  r e q u i r e m e n t s  above t h e  upper  l i m i t .  The 
c x a c t  p o i n t  o r  equ i v d l  erlcy between I i q u i d l e l  e c t r o -  
l y t i c  s o u r c i n g  i s  dependent  upon many f a c t o r s  
i n c l u d i n g  e l e c t r i c a l  power c o s t s  f o r  e l e c t r o l y t i c  
p r o d u c t i o n ,  d i s t r i b u t i o n  c o s t s  o f  t h e  l i q u i d  
hydrogen,  and t h e  genera l  c o m p e t i t i v e  env i ronment .  

It must  be k e p t  i n  m ind  t h a t  t h e  c u r v e s  shown 
r e f l e c t  t h e  d e l i v e r e d  c o s t  o f  hydrogen f o r  l a r g e  
volume u s e r s .  The c o s t s  o f  steam r e f o r m i n g  and 
e l e c t r o l y s i s  assume o n - s i t e  p r o d u c t i o n  and hence 
v e r y  l o w  d e l i v e r y  c o s t s ,  w h i l e  t h e  1  i q u i d  
hydrogen c o s t  i n c l u d e s  d e l i v e r y  charges .  

I f  an on-s i . te  customer c o u l d  n o t  be found,  
e l e c t r o l y t i c  hydrogen would ,have t o  be c o m p e t i t i v e  
on  a  d e l i v e r e d  c o s t  b a s i s  w i t h  o t h e r  sources  o f  
gaseous hydrogen w h i c h  i s  used b y  customers t o o  
sma l l  t o  w a r r a n t  l i q u i d  s u p p l y .  The proposed 
f a c i l i t y  w i l l  be more p r o x i m a t e  t o  t h e  r e g i o n a l  
marke t ,  w i t h  c o r r e s p o n d i n g  d i s t r i b u t i o n  s a v i n g s  
w h i c h  s h o u l d  o f f s e t  t h e  p r o d u c t  c o s t  advan tage  
c u r r e n t l y  en joyed  a t  e x i s t i n g  gaseous hydrogen 
f a c i l i t i e s .  The l a t t e r  i s  produced by v a p o r i z i n g  
1  i q u i d  hydrogen, a t  r e g i o n a l  f a c i l i t i e s ,  and b y  
p u r i f y i n g  r e s i d u a l  hydrogen p r o d u c t  f rom c e r t a i n  
i n d u s t r i a l  p rocesses .  

F i g u r e s  5  and 6 i n t r o d u c e  g r a p h i c a l l y  t h e  
e f f e c t  o f  energy  c o s t s  on  steam r e f o r m i n g  and 
e l e c t r o l y t i c  hydrogen p r o d u c t i o n  p rocesses .  L l i t h  
r e s p e c t  t o  steam r e f o r m i n g ,  t h e  s e n s i t i v i t y  o f  
hydrogen c o s t  t o  t h e  change i n  n a t u r a l  gas c o s t  
shows a  l a r g e  r e l a t i v e  e f f e c t  a t  h i g h  p r o d u c t i o n  
l e v e l  s  ( o v e r  one m i l l  i o n  s c f l d a y )  w h i l e  hydrogen 
p r o d u c t i o n  l e v e l s  be low t h a t  1  eve1 a r e  more s e n s i -  
t i v e  t o  t h e  c a p i t a l  i n t e n s i v e  n a t u r e  o f  steam 
r e f o r m e r s .  

The s e n s i t i v i t y  o f  e l e c t r o l y t i c  hydrogen 
p r o d u c t i o n  c o s t s  t o  t h e  c o s t  o f  e l e c t r i c a l  power 
f o r  b o t h  t h e  G.E. SPE c e l l s  and t h e  E l e c t r o l y s e r  
Corp. c e l l s  i s  a l s o  shown. The c o s t  o f  e l e c t r i c a l  
power i s  t h e  s i n g l e  most  i m p o r t a n t  component on 
w h i c h  t o  f o c u s  i n  r e d u c i n g  t h e  c o s t  o f  e l e c t r o -  
l y t i c  hydrogen; hence t h e  i n t e r e s t  i n  low-head 
h y d r o e l e c t r i c  power. 

A l t h o u g h  t h e  d e t e r m i n a t i o n  o f  t h e  c o s t  o f  
e l e c t r i c i t y  f rom sma l l  dams and t h e  c o s t  o f  
hydrogen genera ted  f r o m  t h i s  power source  mus t  
a w a i t  t h e  c o n c l u s i o n  o f  t h e  program, t h e  compe- 
t i t i v e n e s s  o f  t h e  proposed f a c i l i t y  w i l l  s u r e l y  
improve  w i t h  t i m e ,  because t h e  c o s t  o f  low-head 
power i s  l a r g e l y  e s c a l a t i o n  p r o o f  w h i l e  t h e  c o s t s  
o f  a l t e r n a t i v e  sources ,  w h i c h  r e l y  o n  f o s s i l  
f u e l s ,  i s  expec ted  t o  c o n t i n u a l l y  r i s e .  
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Abs t rac t  

An i n v e n t o r y  of New York S t a t e ' s  hydropcwer 
p o t e n t i a l  conducted by t he  New York S t a t e  Energy 
Research and Development A u t h o r i t y  has 1 ocated 
more than 1,000 s i t e s  w i t h  dams i n  t h e  s t a t e  which 
cou ld  be re fu rb i shed  t o  produce power. I t  i s  e s t i -  
mated t h a t  these f a c i l i t i e s  can be made t o  generate 
3 . 8 - b i l l i o n  k i l o w a t t  hours o f  ( f i r r ~ )  e l e c t r i c a l  
p m e r  per  annum. The present  lcw r a t e s  which the  
u t i l i t i e s  a re  w i l l i n g  t o  pay f o r  excess dumped 
energy have mot iva ted hydropower devel opers t o  
f i n d  m w e  l u c r a t i v e  means o f  u t i l i z i n g  excess 
power. S p e c i f i c a l  l y  , the V i  l l a g e  o f  Potsdam has 
found t h a t  t he  use of excess power t o  operd le  an 
advanced technology so l i d  polymer e l  e c t r o l y z e r  can 
produce research grade hydrogen whose k i l o w a t t -  
hcur equ i va len t  va lue i s  more than 10 t imes g rea te r  
than t h a t  of dumped e l e c t r i c a l  energy. To achieve 
t h i s  goa l ,  t he  V i  l l a g e ' s  hydropower f a c i l i t y  wi 11 
be equipped w i t h  two,350-ki lowatt  tube tu rb ines  
and a 200-ki l owa t t  e l  e c t r o l y z e r .  The l a t t e r  w i  11 
produce approx imate ly  18-mil li m standard cub ic  
f e e t  o f  hydrogen annua l l y  which w i l l  be %odd f o r  
8.50 per  hundred cub i c  f e e t .  

I. I n t r n d u c t i  on 

A cons iderab le  amount o f  t he  s t a t e ' s  hyd ro  po- 
t e n t i a l  remains u n u t i l i z e d  f o r  pcwer p rcduc t i on .  
An i n v e n t o r y  of t he  s t a t e ' s  hydro p o t e n t i a l  con- 
ducted by t he  New York S ta te  Energy Research and 
Development A u t h o r i t y  has 1 ocated approx imate ly  
1,700 s i t e s  i n  the  s t a t e  which cou ld  generate 
pcwer. Seven hundered f i f t y - f o u r  (754) o f  these 
s i t e s  have been categor ized by s i z e  and presence or 
absence o f  dams as shown i n  t hea tab le  below: 

Tabu la t i on  o f  Undeveloped Capaci ty 50 Kw Minimum 

Capac i ty  Range Mw Undevel oped Capaci ty i n  Kw 

t o f  Wi th  # o f  Without 
S i t e s  Dams S i t e s  Dams 

100-50 
50-30 
30-1 5 
15-10 
10-5 
5- 1 
1-.5 
.5- .  25 
.25-. 10 
. l o - . 05  

T o t a l  

Ana l ys i s  of the  hydropower s t a t i s t i c s  f o r  New 
' York S t a t e  i n d i c a t e s  t h a t  w h i l e  3,000 megawatts o f  

hydropcwer p o t e n t i a l  may be harnessed, on ly  about 
one - th i rd  o f  t h i s  pcwer i s  es t imated t o  be econ- 
an i ca l  l y  a t t r a c t i v e  a t  t h i s  t ime.  

Some o f  t h e  hydropcwer s i t e s  t h a t  cou ld  undergo 
f e a s i  b i  li t y  examinat ion f o r  expansion o f  hydroelec- 
t r i c  p roduc t i on  a re  now operated by i n d u s t r i e s  t h a t  
can c rea te  more jobs  i f  increased paver a t  a reason- 
ab l y  s t a b l e  c o s t  i s  made a v a i l a b l e .  

11. A l t e r n a t i v e  Hydropcwer Concepts 

The a l t e r n a t e  use o f  hydropower i s  a l e  o f  sever- 
a l  s t r a t e g i e s  be ing s tud ied  by t h e  A u t h o r i t y  i n  i t s  
e f f o r t s  t o  broaden i t s  hyd ropwer  program and acce l -  
e r a t e  t he  redevelopment o f  o t h e r  f a c i l i t i e s .  

The development o f  t he  hydropcwer s i t e  a t  t h e  
V i l  lage o f  Potsdam i s  one o f  severa l  examples. I n  
t h i s  ins tance,  t he  power a t  t he  s i t e  w i l l  be used 
t o  operate an e l e c t r o l y z e r ,  which w i l l  c rea te  hydro- 
gen and oxygen f rom water  v i a  d i s s o c i a t i o n .  I n  t h i s  
respect ,  the  water w i l l  serve a dual  purpose,namely 
t h a t  o f  t he  d r i v i n g  f o r c e  used t o  power t h e  e l e c t r o -  
l y z e r ,  and t h e  f u e l  which w i l l  be used t o  generate 
hydrcqen !as. Hydrogen i s  convent i  onal l y  produced 
from f o s s i l  f u e l s .  

The V i l l a g e  o f  Potsdam's power house was b u i l t  
i n  1926 as an a d d i t i o n  t o  t he  e x i s t i n g  V i l l a g e  water  
t rea tment  p l a n t .  I t  conta ined two flumes, each de- 
s igned f o r  9 .5- feet  o f  head and 268-cubic f e e t  per  
second o f  f l  ON. A 42-inch, 238-KP, Type B James 
L e f f e l  and Company t u r b i n e  was i n s t a l l e d  i n  one o f  
the  f lumes and the  o ther  l e f t  f o r  f u t u r e  t u r b i n e  
i n s t a l l a t i o n .  A second t u r b i n e  was never i n s t a l l e d ,  
however, and the  p l a n t  operated u n t i l  1971 w i t h  only 
m e  machine which a t  t h a t  t ime,  was decommissioned. 

The V i l  lage expressed an i n t e r e s t  i n  redevelop- . 
i n g  t he  o l d  s i t e  i n  1978 thus i n i t i a t i n g  a f e a s i b i l -  . 
i t y  s tudy t o  assess what oppo r tun i t i es  e x i s t e d  a t  
t he  s i t e .  The V i l l a g e  o f  Potsdam suggested i n  t h e  
f i r s t  i ns tance  t h a t  f o u r  o f  i t s  e x i s t i n g  f a c i l i t i e s :  
t he  water t rea tment  p l a n t ;  t he  p o l i c e  s t a t i o n ;  t h e  
sewage t reatment  p l a n t ;  and the  i c e  ska t i ng  arena 
would be candidate r e c i p i e n t s  o f  t he  e l e c t r i c a l  
energy generated by t he  h y d r o e l e c t r i c  f a c i l i t y .  
Dur ing 1976-77, t he  average annual e l e c t r i c a l  energy 
consumption f o r  these f o u r  f a c i l i t i e s  t o t a l  l e d  
2,000,000 k i l o w a t t  hours, w i t h  a peak demand o f  550 
k i l o w a t t s .  With a .proposed expansion o f  t he  e x i s t -  
i n g  water t rea tment  p l a n t ,  and the  conversions of 
the  hea t i ng  system i n  t he  p o l i c e  s t a t i o n  t o  e lec -  
t r i c a l  r es i s tance  heat ing ,  i t  was a n t i c i p a t e d  t h a t  
the  maximum demand would r i s e  t o  690 KWs and t h a t  
the  annual energy consumpti on would consequent ly 
r i s e  t o  2,250,000 Kw hours.  

Because o f  the  t ime v a r i a t i o n s  i n  supply and de- 
mand i t  became c l e a r  t h a t  a s i g n i f i c a n t  amount o f  
excess e l e c t r i c a l  energy produced by t he  f a c i l i t y  
would have t o  be dumped i n t o  t h e  u t i l i t y ' s  g r i d .  
The f i v e - m i l  per  kwh r a t e  which the  u t i  1 i t y  ( i n  t h i s  
case the  Niagara Mohawk Pcwer Corpora t ion)  would 
pay f o r  dumped energy mot iva ted the V i l l a g e  t o  



exp lo re  o t h e r  and more l u c r a t i v e  means o f  u t i l i z -  
i n g  t h i s  excess p w e r .  S o l i d  polymer e l e c t r o l y s i s ,  
a  h igh -e f f i c i ency  e l e c t r o l y t i c  process being de- 
ve l  oped by t h e  General E l e c t r i c  Company proved t o  
be an economical ly v i a b l e  o p t i o n  t a i l o r e d  t o  meet 
t he  V i l l a g e ' s  needs. A t  an 85 percent  conversion 
e f f i c i e n c y  i t  may be shown t h a t  one kwh o f  e l e c - .  
t r i c a l  energy may be used t o  produce 8.8 s c f  o f  
research grade hydrogen whose p resen t  market va lue 
ranges f rom 8.75 t o  $1.25 pe r  hc f .  Th is  p r i c e  
represents  an equ i va len t  value rang ing f r a n  132 t o  
220 mi 1s per kwh ( e l e c t r i c a l )  .* On t h i s  bas is ,  
the  V i l l a g e  decided t o  c a r p l e  the  hydr .oe lec t r ic  
f a c i l i t y  t o  a  200-kw e l e c t r o l y s i s  module and con- 
v e r t  excess e l e c t r i c a l  energy t o  hydrogen (and 
oxygen) gas. 

Excess power produced over t h a t  needed t o  oper- 
a t e  the  f o u r  v i l l a g e  f a c i l i t i e s  and the hydrogen 
p roduc t i on  system w i l l  be s o l d  t o  t h e  Niagara 
Mohawk Power Corpora t ion  as dump p w e r  o f  the  
p l a n t ' s  700-KW t o t a l ;  approximately 500 KW and 200 
KW w i l l  be ded ica ted t o  e l e c t r i c a l  and hydrogen 
product ion ,  r e s p e c t i v e l y .  Fo r  t he  case o f  hydro- 
gen product ion ,  t he  power needed t o  run  the  e lec -  
t r o l y z e r  wi 11 be deducted f rom the excess a v a i l -  
ab le  and the  r e s t  s o l d  as dump p w e r .  Two o f  t he  
f i v e  f a c i l i t i e s  a re  n o t  l oca ted  i n  the  immediate 
v i c i n i t y  o f  t he  p w e r  p l a n t ,  and must have p w e r  
t r ansm i t t ed  ( o r  "wheeled") t o  these f a c i l i t i e s  
over  Niagara Mohawk power l i n e s .  

111. P r o j e c t  Development 

The t o t a l  c o n s t r u c t i o n  cos t  f o r  t he  700-KW 
p l a n t  w i t h  t h e  hydrogen p roduc t i on  system i s  ap- 
p rox ima te l y  $2,480,000, o f  which $299,000 and 
$1,900,000 i n c l u d e  the  c o s t  o f  the  hydrogen pro-  
d u c t i o n  system and the  redevelopment c o s t  o f  the  
h y d r o e l e c t r i c  p l a n t ,  r e s p e c t i v e l y .  The balance 
w i l l  be used t o  r e h a b i l i t a t e  t he  dam. The re-. 
a c t i v i a t i o n  o f  t h e  h y d r o e l e c t r i c  p l a n t  w i  11 c o s t  
$2,714/KW. Over t he  u s e f u l  l i f e  o f  t he  f a c i l i t y ,  
t o t a l  cos ts  amount t o  s l i g h t l y  l e s s  than $12,000,000 
w h i l e  b e n e f i t s  amount t o t  j u s t  over $31,000,000, 
r e s u l t i n g  i n  a  n e t  b e n e f i t  o f  anprox imate ly  
$19,000,000. Near ly  a1 1  t he  b e n e f i t s  a re  a  re -  
s u l t  o f  d i s p l a c i n g  p w e r  t h a t  would have t o  be 
purchased f r a n  Niagara Mohawk f o r  t h e  f o u r  v i l l a g e  
f a c i l i t i e s .  A  present  wor th  ana l ys i s  i s  performed 
by us ing  a  r a t e  o f  r e t u r n  o f  e i g h t  percent .  The 
present  wor th  o f  t h e  cos ts  i s  ccmputed t o  be 
s l i g h t l y  g r e a t e r  than $3,400,000, w h i l e  t he  pre-  
sen t  wor th  of t he  b e n e f i t s  i s  nea r l y  $5,700,000, 
i n d i c a t i n g  a  r a t e  o f  r e t u r n  exceeding e i g h t  per -  
cent .  The p r o j e c t ' s  t o t a l  cos t  i s  $2,929,100. 

Cons t ruc t i on  cos ts  i n c l u d e  r e h a b i l i t a t i o n  o f  
t he  dam, m o d i f i c a t i  ons t o  the  powerhouse, purchase 
and i n s t a l  l a t i  on o f  tu rb ine/genera tor  u n i t s ,  and 
engineer ing.  The cos ts  o f  dam r e h a b i l i t a t i o n  and 
the  b u i l d i n g  renova t i on  a re  es t imated on the bas i s  
o f  s i m i l a r  p r o j e c t s ,  w h i l e  tu rb ine/genera tor  cos ts  
a r e  obta ined f rom equipment manufacturers.  Engin- 
ee r i ng  cos ts  a re  der ived by t a k i n g  a  percentage o f  

t he  t o t a l  c o n s t r u c t i o n  cos t .  Cons t ruc t i on  cos ts  
i n c l u d e  the  e l e c t r o l y z e r  and gas s torage f a c i l i t i e s  
as w e l l .  These costs  were obta ined from data  sup- 
p l i e d  by General E l e c t r i c  ( t h e  e l e c t r o l y z e r  manu- 
f a c t u r e r ) .  I t i s  f u r t h e r  assumed t h a t  t h e  v i l l a g e  
w i l l  pay f o r  t he  c o n s t r u c t i o n  through a  bond i ssue  
t o  be repa id  over  a  25-year p e r i o d  a t  s i x  percent  
i n t e r e s t .  

Operat ion and maintenance c o s t s f o r  t h e  hydro- 
e l e c t r i c  p l a n t  a re  assumed t o  r e q u i r e  one man-year 
annua l ly .  An ope ra to r ' s  wage i s  es t imated and 
m u l t i p l i e d  by a  f a c t o r  t o  account f o r  p a r t s  and 
c o n t r a c t u a l  r e p a i r  work. Q e r a t i n g  cos ts  f o r  t h e  
e l e c t r o l y z e r  a re  taken as t he  l o s s  i n  revenues f o r  
t he  dump p w e r  used by t h e  u n i t .  Maintenance cos ts  
are  de r i ved  f rom data  supp l i ed  by t he  manufacturer.  

I V .  P r o j e c t  Econanics 

A  40-year p e r i o d  i s  used f o r  t h e  ana l ys i s  o f  t h e  
proposed p r o j e c t  as t h i s  i s  t h e  expected use fu l  
l i f e  f o r  s i m i l a r  f a c i l i t i e s .  The Potsdam p l a n t  i s  
expected t o  beg in  ope ra t i on  i n  1981. The p r i c e s  
f o r  purchased power and "wheel ing" and dump power 
are, there fore ,  ad jus ted  t o  re f f l ec t  expected costs  
a t  t h a t  t ime.  Cons t ruc t i on  cos ts  i n c l u d e  a  con- 
t ingency fa ' c to r  f o r  t he  same purpose. 

A  decreasing f a c t o r  o f  i n f l a t i o n  i s  used t o  
account f o r  f u t u r e  p r i c e  changes except f o r  t he  
sa les  o f  hydrogen gas which have a  constant  i n -  
f l a t i o n  f a c t o r  over t h e  e n t i r e  pe r i od .  Also,  t h e  
revenues f o r  dump p w e r  sa les  a r e  h e l d  constant  
over f i ve -yea r  per iods  i n  accordance w i t h  Niagara 
Mohawk's p o l i c y  o f  n e g o t i a t i n g  f i v e - y e a r  con t rac t s  
f o r  dump-power purchases. 

V .  Assumptions 

1 .  The hydropaver p l a n t  has a  capac i t y  o f  700 
k i l o w a t t s  and an average annual ou tpu t  o f  5,600,000 
k i l owa t t -hou rs .  2,250,000 k i l owa t t -hou rs  w i l l  be 
used by t he  V i l l a g e  a t  i t s  var ious  bu i l d i ngs ;  
2,016,000 k i l w a t t - h o u r s  w i l l  be used by t h e  e lec -  
t r o l y z e r ;  and 1,334,000 k i l owa t t -hou rs  w i l l  be s o l d  
as dump power. 1,550,000 k i l w a t t - h o u r s  used by 
the  V i l l a g e  has t o  be t ransm i t t ed ,  o r  "wheeled" 
f r a n  the  p l a n t  t o  o the r  l o c a t i o n s  by way o f  l i n e s  
w n e d  by t he  area e l e c t r i c  u t i l i t y  company. 

2. The V i l l a g e  wi 11 bond $938,600 a t  s i x  
percent  i n t e r e s t  f o r  25 years.  

3. Hydrogen gas p roduc t i  on wi  11 average 180,000 
HCF pe r  year .  The gas w i l l  s e l l  f o r  $0.50/HCF and 
w i l l  increase f o u r  percent  pe r  year .  

4. Operat ion and Maintenance f o r  t he  power 
p l a n t  w i l l  s t a r t  a t  $12,000 pe r  year .  Operat ion 
and Maintenance f o r  t he  e l e c t r o l y z e r  (which w i l l  
i nc lude  an annual c o s t  f o r  t h e  c e l l  replacement 
cos ts ,  c o s t  o f  annual maintenance f o r  t h e  c e l l s ,  
and c  t s  of power t o  run  the  p l a n t  a t  dump power 
ra tes?  s t a r t s  a t  $21,000. 

*The V i  l l a g e  d i d  n o t  choose t o  e x c l u s i v e l y  produce 
hydrogen because such a  p r o j e c t  would have proven 
t o  be extremely c a p i t a l  i n tens i ve .  The p ro to t ype  
p r i c e  of the  e l ' ec t ro l yze r  i s  es t imated a t  severa l  
thousand d o l l a r s  per  i n s t a l l e d  kw. 



5. Operat ion and Maintenance costs ,  "wheel ing" 
cos ts ,  and the cos t  of  the  d i sp laced  power increase 
annua l l y  a t  t he  f o l l o w i n g  ra tes :  

1981 t o  1985 12 percent  
1986 t o  1990 10 percent  
1991 t o  1995 8  percent  
1996 t o  2000 6  percent  
2001 t o  2020 . 4  percent  

6. Dump power r a t e s  are  re -nego t i a ted  every 
f i v e  years  and are  assumed t o  increase as i f  they 
had increased annua l l y  accord ing t o  No. 5  g iven 
above. 

7. Costs i n  1981 d o l l a r s  a re :  

Operat ion and Maintenance $ 33,000 
Purchased Power $100,125 
Dump Power Sales $ 7,951 
"Wheeling" $ 2,325 
Hydrogen Gas Sales $ 90,000 

V I .  Summary o f  B e n e f i t  - Cost Ana lys is  

TOTAL COSTS 

Debt Serv ice  $ 4,550,600 
Operat ion  and Maintenance $ 6,914,891 
"Wheel i n g "  487,129 

TOTAL $1 1,952,620 

TOTAL BENEFITS 

Hydrogen Gas Sales $ 8,552,292 
Dump Power Sales $ 1,608,175 
Value o f  Power Used i f  $20,980,500 

Purchased TOTAL $31,140,967 

POTENTIAL SAVINGS 

V I I I .  SUMMARY 

I t  i s  expected t h a t  t he  1 8 - m i l l i o n  standard 
cub i c  f e e t  o f  hydrogen t h a t  wi 1 ' 1  be produced a t  
t he  s i t e  annua l ly  w i l l  s e l l  a t  p r i c e s  under cu r -  
r e n t  market quo ta t i ons .  \Furthermore, t he  oxygen 
w i l l  produce ozone which w i l l  be used t o  p u r i f y  
t he  l o c a l  water  supply a t  t h e  V i l l a g e  o f  Potsdam's 
water  t rea tment  p l a n t  ad jacent  t o  t he  hydropower 
f a c i  1  i t y  

R e h a b i l i t a t i o n  o f  t he  s i t e  w i l l  produce both  
hydrogen and an increased amount o f  e l e c t r i c i t y  
f o r  l o c a l  use. Cur rent  p roduc t i on  o f  about 150 
k i l o w a t t s  w i l l  increase t o  more than 700 k i l o w a t t s .  

Of t h e  new t o t a l ,  about 500 k i l o w a t t s  w i l l  be 
used by t he  town o f  Potsdam and about 200 k i l o -  
wa t t s  w i l l  be used f o r  t he  hydrogen p roduc t i on  
process. 

The oxygen gas w i l l  be used i n  t he  p u r i f i c a t i o n  
process a t  t h e  ad jacent  water  t rea tment  p l a n t .  
The v i l l a g e  expects t o  manufacture ozone, which 
w i l l  be used i n  water t reatment,  more economical ly 
f rom oxygen t h a t  i t  c u r r e n t l y  does from a i r .  

Resu l ts  o f  t he  Potsdam experiment a re  expected 
t o  be e q u a l l y  app l i cab le  a t  some 50 o t h e r  s i t e s  
i n  t h e  s t a t e .  The i n s t a l l a t i o n  o f  s i m i l a r  equip- 
ment a t  t he  o t h e r  s i t e s  would ded ica te  a  t o t a l  o f  
47 a d d i t i o n a l  f i r m  megawatts o f  e l e c t r i c a l  power 
a t  a  90 percent  capac i t y  f a c t o r .  Th is  power 
p o t e n t i a l  i s  equ i va len t  t o  a  s ta te-wide hydrogen 
p roduc t i on  o f  3.2 b i l l i o n  cub ic  f e e t  o f  hydrogen 
per  annum. Th is  i n  t u r n  t r a n s l a t e s  i n t o  a  30 
m i l l i o n  d o l l a r  per  year  business f o r  New York 
S ta te .  

Th i s  demonstrat ion,  i n  a d d i t i o n  t o  produc ing 
hydrogen, i s  a l s o  p a r t  o f  t h e  o v e r a l l  p l an  t o  - 

increase ~ r o d u c t i o n  o f  h y d r o e l e c t r i c  Dower across 
To ta l  Bene f i t s  $31,140,967 the  s t a t e '  as o u t l i n e d  abbve. 
To ta l  Cos ts .  11,952,620 

TOTAL $19,188,347 

V I I .  Summary o f  Present Worth Ana lys is  

BENEFITS 

Hydrogen Gas Sales $ 1,752,758 
Dump Power Sales $ 250,382 
Value o f  Power Used $ 3,684,008 
i f  Purchased 

TOTAL $ 5,687,148 

COSTS 

Debt Serv ice  $ 2,106,875 
Operat ion  and Maintenance 1,214,197 
"Wheeling" 85,540 

TOTAL 3 3,406,612 
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Abstract 

Chemical Heat Pump/Chemical Energy 
Storage (CHP/CES) systems offer the 
potential for very high density energy 
storage with negligible losses, heating 
coefficients of performances (COP'S) 
greater than one, and both space heating 
and cooling. Using solar collector panels 
as the source of thermal energy the op- 
portunity exists to increase the solar 
fraction for a given collector array area 
with CHP/CES. In implementing CHP/CES a 
range of configurations of the system 
appear to be possible and attractive. A 
more fruitful program may follow if some 
consideration is given to the way such a 
system is to be laid out (e.g. does one 
drive the heat pump electricically when 
auxiliary power is required?) in its 
commercial form. Institutional concerns 
become prominent at this time. Cost- 
benefit analysis and an improved definition 
of loads can lead to a better understanding 
of market needs. Such an understanding can 
enhance the desirability of CHP/CES. 

Introduction 

Chemical Heat Pump/Chemical Energy 
Storage (CHP/CES) systems are being devel- 
oped as a possible means to improve solar 
collector efficiency and provide high den- 
sity energy storage. As a heat pump 
these systems operate using a thermodynamic 
cycle similar to that of an absorbtion 
chiller. Thermal energy from a solar 
collector panel or other source drives a 
dissociation reaction in which one of the 
products remains in a-.condensed state 
while the other product is transported by 
a difference in vapor pressure to another 
container where it condenses. The two 
products are then recombined by altering 
the temperature of the two species in 
order that the relative difference in the 
vapor pressure of the mobile species will 
now drive the chemical reaction in the 
opposite direction. Excellent descriptions 
of sucp-5ycles are provided in the liter- 
ature. Of prime import to a CHP/CES 
system is the reversibility of the chemical 
reaction. Extensive investigations have 
been carried out which have identified a 
wide range of such chemical systems. 
At the present time systems based upon 
metal hydrides, ammoniated salts, methan- 

olated salts, hydrated salts, sulfuric 
acid-water, and some liquid or slurry 
systems are being investigated presently. 

Space heating is accompiished via 
recombination of the two product species, 
excess heat from the heat source, and the 
heat of condensation of the vapor-phase. 
Such a system can operate with a heating 
COP > 1 as the heat of vaporization is 
supplied via air at ambient temperature. 
Vapor transport is again driven by dif- 
fering vapo; pressures. The capacity to 
operate with a heating COP between 1.2 
and 1.7 has been demonstr t d in single 
stage experimental units. '1' 1f an ap- 
plication requiring a greater COP is 
identified multistaging of CHP's is 
considered to be quite feasible. Cooling, 
with a COP<1 is accomplished by extracting 
thermal energy to drive the evaporator. 

The third function o f  a CHP/CES system 
is energy storage. Very high energy den- 
sities, characteristically 300-1100 M J / ~ ~ ,  
are also a feature of these systems. Due 
to the nature of chemical energy storage 
there is no loss of stored energy content 
with time, as occurs with phase change and 
sensible heat systems. However, to provide 
both heat pumping and energy storage in 
one cycle the chemical costs must be low 
enough to provide energy storage at a , 

cost competitive with other forms of 
storage. In doing such a comparison,how- 
ever, one should be mindful to include 
the added benefit with CES of extended 
storaae weriods. 

~;cle time, the characteristic time 
required for a charge/discharye of the 
system, is another differentiating char- 
acteristic. Rapid cycle times are favored 
when the chemical costs dominate for a 
longer cycle time. Longer cycle times are 
favored when sensible heat removal is 
sluggish, large amounts of thermal storage 
are deemed attractive, or slow reaction 
rates limit cycle time. By rapid cycle 
time a range of minutes to tens of minutes 
is envisaged while longer cycle times are 
characteristically diurnal. As various 
CHP/CES units approach the level of en- . 
gineering test unit the economies governing , 

cycle time will be more clearly understood. 
Future conclusions may be that diurnal 
cycles are most suited to solar space heat- . 
ing while more rapid cycle times may be 
more appropriate for industrial waste heat 
management. At the present it appears as 
if sensible heat removal considerations 
tend to favor longer cycle times for solid 
based systems (e.g. CaC12-CH30H, CaC12-NH3, 
MgC12-H20). Liquid and liquid-like systems, 
(e.g. H2S04-H20) appear to be capable of 
of operation over a wide range of cycle 
times. Metal-hydride systems appear,to 
require short cycle times in order to limit 
inventories of relatively expensive 
hydridable metals. 

When solar collector panels are used to 
?This work was performed under the auspices provide thermal energy to a CHP/CES system 
of the U. S. Department of Energy the interplay between collector cost and 



and efficiency as a function of temperature 
and CHP/CES cost and efficiency as a func- 
tion of temperature must be considered. 
One of the prime motivations for CHP/CES 
in solar space heating applications is 
to reduce the cost of the collector array. 
Higher generator temperatures may increase 
COP while necessitating more advanced 
collectors (vacuum tube or concentrating 
collectors). Furthermore, higher collector 
exit temperatures imply lower collector 
efficiencies. This effect must be borne 
in mind when designing an entire system. 

CHP/CES appears to at the present time 
have a lower ambient temperature operating 
limit of -10 tu -200C. This is a practical 
limit for space heating based upon COP 
considerations. Upper temperature limits 
exits for cooling as well. When this tem- 
perature range isexceeded in either 
direction auxiliary puwer is needed. 
Auxiliary power demands can easily dominate 
the system requirement for energy from 
nonrenewable sources due to the small elec- 
trical power demands of CHP/CES. Indeed, 
excessive parasitic power requirements can 
greatly reduce its appeal. Therefore, 
thorough consideration will be given to 
choosing chemical reactions well suited to 
their anticipated operating temperature 
range. Secondary reactions, which may 
occur very slowly, can.lead to the produc- 
tion of corrosive and noncondensible 
species. Such considerations must be add- 
ressed as well as they influence the long 
term performance. It may well be that no 
one chemical system is optimal for all 
ranges of input and output temperatures 
which will be encountered. 

One further consideration is that of 
vapor transport. A range of pressures 
will occur dependant upon ambient, load, 
and heat source temperatures as well as the 
degree of charge of the system, in some 
cases. A broader range of pressures 
(-10-~--1.'6 MPa) exists over the range of 
chemical systems presently under investi- 
gation. As the pressure of the transported 
vapor is lowered noncondensible foreign 
material becomes a more serious impediment 
to mass transfer. Noncondensibles may 
be limited either with a very clean, 
vacuum-tight system, or some active means 
of vapor purification. Furthermore, very 
low or high operating pressures may influence 
overall cost due to the need for larger i.d. 
or thicker walled piping, respectively. 

CHP/CES System Considerations 

One very basic issue which must be 
faced squarely when CHP/CES cost-benefits 
are addressed. This question is: Conser- 
vation at what price? For the case oE a 
solar driven space heating application 
the solar fraction offers a very good 
representation of the fractional energy 
savings of such a system, neglecting energy 
investments in production, installation, 
and maintainance. This is due to the small 
electrical energy requirements of CHP/CES. 
However, experience and computer simulations 

tend to show that as the solar fraction 
approaches 1.0 energy storage becomes 
quite large to account for periods of 
unusually length of hot or cold  eath her.^" 
Lifetime costs of an entire unit provides 
a means of comparing systems based on dif- 
fering chemical reactions and different 
amounts of thermal storage capacity. Main- 
tainance costs, as well as parasitic and 
auxiliary power costs, including an ap- 
propriate energy cost escallation factor, 
must be discounted back to the time of 
installation and included along with first 
costs. 

By deriving costs for various CHP/CES 
sysyems installed in various parts of the 
country it would appear as if a decision 
can be made regarding which systems to 
persue for differing climatologies. An 
effort to derive some of these costs fot 
various parts of the country has already 
been undertaken. 2 , 3 , 6 t  7 Another way to 
address this issue is to model CHP/CES 
performance using a computer simulation 
code (e.g. TRNSYS~) in order to set bounds 
upon as many parameters as possible which 
could be used to define a cost effective 
unit for different locales. For either 
method costs in dollars and benefits in 
dollars or megajoules converted to dollars 
of nonrenewable energy resources not con- 
sumed would then be calculable. 

Further refinements to such an analysis 
would be to attempt to account for CHP/CES 
and collector performance losses with time, 
estimate repair costs, and a more realistic 
model for space heating loads than is 
presently being utilized. Building heat- 
ing and cooling loads vary both with site 
and age. If the retrofit market is to be 
addressed building age may well need to be 
considered. 

One possible method for taking both 
locale and building age into account is 
to extract data for space heating and cool- 
ing from the Regional Reference Energy 
systems8. Age can be obtained by comparing 
demand for cities with varying rates of 
new building. One important conclusion to 
be drawn may be to define markets where 
CHP/CES could real benefits with the short- 
est possible lead time, and therefore pro- 
vide more impetus for commercialization. 
Another benefit to be accrued would be to 
gain a more complete understanding of the 
range of operational modes open to CHP/CES. 
.One mode could be to provide some space 
heating, cooling, or charging of the thermal 
storage unit with off-peak electric. Care- 
ful analysis could provide a decision mak- 
ing scheme for controlling the use of off- 
peak electric, or other sources. One 
future source could be waste heat driven 
district heating. 

Conclusions 

Scientific evaluation and engineering 
test units are now being operated to gain 
engineering experience and to gather data 
on the long term behaviour of some of the 
reversible chemical reactions which are 



the basis ot CHP/CES. In order to make 
the rather large step to engineering test 
units and prototypes analysis and design 
must be carried forth together in a 
thoughtfulmanner. Realizing the greatest 
benefits of CHP/CESiks essential to assure 
its acceptance on engineering, economic, 
and institutional grounds. Further 
benefits may be realized through a well 
thought out initial point of market:: 
penetration. - 
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Y A CHEMICAL HEAT PUMP BASED ON THE REACTION OF CALCIUM CHLORIDE 
AND METHANOL FOR SOLAR HEATING, COOLING AND STORAGE 

P. O ' D .  Offenhar tz ,  D. Schwartz and R .  E. Malsberger - 
EIC Corporation 
55 Chapel S t r e e t  

Newton, Massachusetts 02158 

A thermal ly  a c t i v a t e d  hea t  pump system based on t h e  r eac t ion  o f  CaC12 and CH30H 
t o  form sol id-phase  CaC12'2CH30H has  been developed. Pre l iminary  experiments have 
been c a r r i e d  o u t  on a bench-scale u n i t  with approximately 1000 BTU s to rage  capaci ty .  
This u n i t  i nco rpora t e s  a novel "finned-tube-in-container" h e a t  exchanger, which can 
provide low-cost s a l t  containment, t i g h t  hermetic s e a l i n g ,  good mass t r a n s p o r t  of  
vapor t o  t h e  s a l t ,  and complete i s o l a t i o n  of t h e  vapor and s a l t  froill Ll~e hea t  , 
t r a n s f e r  f l u i d .  The experiments show t h a t  an absorpt ion r a t e  around 10% of capac- 
i t y  pe r  hour can be maintained whi le  pumping hea t  up a 45OC grad ien t ,  e .g . ,  from 
an evaporator  a t  -S°C t o  s a l t  bed hea t  t r a n s f e r  f l u i d  a t  40°C. Anhydrous s a l t  can 
be regenerated i n  l e s s  than 6 hours with s o l a r  c o l l e c t o r  temperatures below 140°C 
(CH30H condenser a t  40°C). Projected c o e f f i c i e n t s  of  performance a r e  1.6 f o r  heat-  
i n g  and 0.6 f o r  cool ing,  and the  energy s to rage  dens i ty  is  ca .  4 x 105 kJ I I I - ~ .  

Based on t h e s e  r e s u l t s ,  an engineer ing development t e s t  u n i t  with 100,000 BTU 
s to rage  capac i ty  -- approximately 25% of  the  design capaci ty  of a r e s i d e n t i a l  s c a l e  
u n i t  -- has  been designed and const ructed.  Current p l ans  c a l l  f o r  t h i s  u n i t  t o  
be  evaluated over  t h e  course of t h e  next year .  Tes t s  w i l l  inc lude s tandard and 
off -des ign cyc l ing  i n  both hea t ing  and a i r - cond i t ion ing  modes, simulated process  
upsets ,  long- term,cycl ing,  and experimental  va l ida t ion  o f  the  c o e f f i c i e n t s  o f  
performance. 

Background 

The b a s i s  f o r  a chemical h e a t  pump thermal s t o r -  
age system is  a r eac t ion  t h a t  proceeds h o n e  
d i r e c t i o n  a t  high temperature and i n  t h e  opposi te  
d i r e c t i o n  a t  low temperature.  A gas-sol id  r eac t ion  
is  p a r t i c u l a r l y  s u i t a b l e  because it provides  con- 
s t a n t  vapor p res su re  a t  a given temperature,  and 
can hence give  cons tan t  hea t  pumping performance . 
over  t h e  f u l l  ex ten t  of chemical r eac t ion .  Further- 
more, s epa ra t ion  of t h e  r e a c t a n t s  upon hea t ing  is  
inhe ren t .  .Methanol i s  e s p e c i a l l y  s u i t a b l e  a s  the  
vapor izable  l i q u i d  due t o  i t s  low f reez ing  p o i n t ,  
high entropy of  vapor i za t ion ,  high vapor p res su re  
(compared t o  w a t e r ) ,  and r e l a t i v e  freedom from 
hazards .  Calcium c h l o r i d e  was s e l e c t e d  a s  t h e  
vapor-absorbing s o l i d  a f t e r  an  extensive  experimen- 
t a l  i n v e s t i g a t i o n  of  s a l t  candidates1. The reac- 
t i o n  scheme is 

T2 
CaC12-2CH3OH (solid)--CaC12 ( s o l i d )  + 2CH3OH (vapor) 

T1 
CH30H (vapor) -mCH30H ( l i q u i d )  

In t h e  s t o r a g e  mode, T2 is  t h e  s o l a r  c o l l e c t o r  
temperature  (120-140°C) and T1 i s  a temperature 
s u i t a b l e  f o r  hea t  exchange t o  t h e  space t o  be  
heated o r  f o r  hea t  r e j e c t i o n  t o  outdoor ambient 
a i r  dur ing t h e  cool ing season (45OC). In t h e  
h e a t  pump mode, the  r e a c t i o n s  proceed i n  r eve r se ,  
and T2 is  about 40-4S°C while T1 is i n  the  range 
-5 t o  +5OC. Thus, t h e  r e a c t i o n  can be  used f o r  
both  hea t ing  and a i r  condi t ioning a s  we l l  a s  f o r  
thermal s to rage .  

Measurements of  t h e  hea t  of  r eac t ion  of CH30H 
vapor wi th  CaC12 have been c a r r i e d  o u t  a t  Sandia 
~ i v e r m o r e ~ .  Experimental r e s u l t s  f o r  t he  depend- 
ence of  vapor pressure  on temperature and composi- 
t i o n  a r e  shown i n  Figure  1. The r eac t ion  proceeds 
i n  a s i n g l e  s t e p  t o  form CaC12*2CH30H, and t h e  

Fig .  1. Dependence o f  vapor p res su re  of  t h e  
CaC12-CH30H system on temperature and 
composition. 

second law enthalpy and entropy a r e  51.7 k J  (mole 
C H ~ O H ) - ~  and 126 J deg-I (mole C H ~ O H ) - ~ ,  r e spec t ive ly .  
Taking i n t o  account t h e  enthalpy and entropy of  
vapor i za t ion  and the  hea t  c a p a c i t i e s  o f  a l l  
chemicals and con ta ine r  ma te r i a l s ,  t h e  p ro jec t ed  
c o e f f i c i e n t s  of  performance a r e  1.6 f o r  hea t ing ,  
and 0.6 f o r  cool ing.  

Small-scale cyc l ing  and corros ion t e s t s  have 
ind ica t ed  t h e  complete absence of s i d e  r eac t ions .  
No corros ion of  A 1  o r  Cu has  been observed. During 
t h e  i n i t i a l  r eac t ion  of CaC12 with CH30H, t h e  s a l t  



expands t o  accommodate t h e  vapor .  When t h i s  expan- T y p i c a l  demethanola t ion  r e s u l t s  a r e  shown i n  
s i o n  i s  c a r r i e d  o u t  i n  a  c o n f i n e d  s p a c e ,  t h e  s a l t  F i g u r e  3. From thermodynamic c o n s i d e r a t i o n s  a l o n e ,  
forms a  porous  c a k e ,  which does  n o t  s u b s t a n t i a l l y  it can b e  shown t h a t  t h e  s o l a r  c o l l e c t o r  f l u i d  
expand o r  c o n t r a c t  on  subsequent  c y c l i n g .  The cake  t e m p e r a t u r e  must b e  a t  l e a s t  70°C above t h e  con- 
h a s  s u f f i c i e n t  p o r o s i t y  t o  a l l o w  vapor  f l o w . i n  and d e n s e r  t e m p e r a t u r e  f o r  demethanola t ion  t o  o c c u r .  
o u t  w i t h o u t  a  s e r i o u s  p r e s s u r e  drop .  I n  p r a c t i c e ,  w i t h  t h e  condenser  a t  40°C, r a p i d  

Experiments on t h e  Bench-Scale P r o t o t y p e  2.0, I 

The bench-sca le  p r o t o t y p e  p r e v i o u s l y  descr ibed1  
was used t o  e v a l u a t e  t h e  e f f e c t i v e n e s s  o f  o u r  
" f inned- tube- in-conta iner"  h e a t  exchanger .  I n  t h e  
p r e s e n t  d e s i g n  o f  t h e  s a l t  bed ,  t h e  prime s u r f a c e  
(copper  t u b i n g )  is  7.0 c11? per u n i t  bed l e n g t h ,  
w h i l e  t h e  a r e a  o f  t h e  aluminum f i n s  i s  67.6 CII? 

( f o r  0 . 5  cm f i n  s p a c i n g ) .  The o v e r a l l  h e a t  
t r a n s f e r  c o e f f i c i e n t  ( f o r  t y p i c a l  r a t e s  o f  f l u i d  
f low w i t h i n  t h e  t u b e )  i s  a b o u t  40 ~ - s e c - l m - ~ ~ - l  
( 7  BTU hr -1f t -20F- l )  . The t e m p e r a t u r e  d r o p  between 
t h e  warmest p a r t  of  t h e  s a l t  bed (ha l fway between 
t h e  f i n s )  and t h e  h e a t  t r a n s f e r  f l u i d  d u r i n g  
methanola t ion  ( f o r m a t i o n  o f  CaC12 - 2CH3OH) is a b o u t  
3OC. 

The r e s u l t s  o f  a  t y p i c a l  methanola t ion  e x p e r i -  
ment a r e  shown i n  F i g u r e  2 .  The near -cons tancy  o f  
t h e  r e a c t i o n  r a t e  may a t  f i r s t  seem s u r p r i s i n g ,  
since Lllc 'racLiu11 I ~ ~ c e r f a c e  inoves away from t h e  
h e a t  t r a n s f e r  f i n s  a s  t h e  r e a c t i o n  p r o c e e d s .  How- 

:::I , '  \<\ 
e v e r ,  a s  we have n o t e d  e a r l i e r 1 ,  methanola t ion  o f  0.2 

CaC12 i n c r e a s e s  t h e  c o n d u c t i v i t y  o f  t h e  s a l t  bed,  
and t h i s  l a r g e l y  compensates f o r  t h e  i n c r e a s e  i n  0.0 
h e a t  t r a n s f e r  d i s t a n c e .  0.0 1.0 2.0 3.0 9.0 5.0 6.0 7.0 

TllE (HWRS) . 

The r e s u l t s  i n  F i g u r e  2  i n d i c a t e  t h a t  a  h e a t  
pumping t e m p e r a t u r e  g r a d i e n t  o f  42-4E°C can b e  
main ta ined  a t  a  r e a c t i o n  r a t e ' a r o u n d  10% o f  
c a p a c i t y  p e r  h o u r ,  i . e . ,  a t  0.2 moles CH30H p e r  
mole CaC12 p e r  hour .  Thus,  t o  p r o v i d e  a  g i v e n  h e a t  
r a t e  ( s a y  50,000 BTU/hr) o v e r  an 8 h o u r . p e r i o d ,  
t h e  s t o r a g e  c a p a c i t y  must b e  8 t i m e s  t h e  h e a t  r a t e  
( i . e . ,  400,000 BTU). Tha heal: absorbed  i n  vapor- 
i z i n g  CH30H i s  roughly  0 . J  t i m e s  t h e  h e a t  o f  
r e a c t i o n ,  s o  t h e  same s t o r a g e  c a p a c i t y  c o u l d  
p r o v i d e  35,000 BTU/hr ( 3  t o n s )  o f  c o o l i n g  o v e r  a n  
8 hour  p e r i o d .  

F ig .  3. Demethanolat ion o f  CaC12-2CH30H i n  t h e  
s m a l l - s c a l e  p r o t o t y p e  w i t h  condenser  a t  
40°C and s a l t - b e d  h e a t  t r a n s f e r  f l u i d  a t  
140-145OC. 

demethanola t ion  b e g i n s  when t h e  h e a t  t r a n s f e r  f l u i d  
i n  t h e  bed r e a c h e s  120°C, o n l y  10°C above t h e  
minimum ( e q u i l i b r i u m ) ,  v a l u e .  However, because  t h e  
t h e r m a l  c o n d u c t i v i t y  o f  t h e  bed d e c r e a s e s  r a p i d l y  
upon demethanola t ion ,  t h e  r a t e  o f  r e a c t i o n  dimin- 
i s h e s  r a t h e r  q u i c k l y  when t h e  h e a t  t r a n s f e r  f l u i d  
is  main ta ined  a t  120°C. To a c h i e v e  complete de- . 

Fig .  2. Moles o f  CH30H absorbed  v s .  t i m e  f o r  t h e  s m a l l - s c a l e  p r o t o -  
t y p e .  Numbers show t e m p e r a t u r e  d i f f e r e n c e  between s a l t - b e d  
h e a t  t r a n s f e r  f l u i d  and CH30H e v a p o r a t o r .  



I .  

m e t h a n o l a t i o n ,  t h e  t e m p e r a t u r e  must b e  g r a d u a l l y  
i n c r e a s e d  t o  140°C, a s  shown i n  F i g u r e  3 .  Thus,  
t h e  r e q u i r e d  s o l a r  c o l l e c t o r  t e m p e r a t u r e  i s  i n  t h e  
r a n g e  120-140°C, which is w e l l  w i t h i n  t h e  c a p a b i l -  
i t y  o f  e v a c u a t e d  t u b e  ~ o l l e c t o r s .  

Engineer ing  Development T e s t  U n i t  

A l a r g e r  s c a l e  t e s t  u n i t ,  w i t h  100,000 BTU o f  
s t o r a g e  c a p a c i t y ,  h a s  been d e s i g n e d  and c o n s t r u c t e d .  
T h i s  s c a l e  is  l a r g e  enough fo 'r  a  d e t a i l e d  energy  
b a l a n c e  t o  b e  c a r r i e d  o u t  e x p e r i m e n t a l l y ,  and t h e  
s i z e  o f  t h e  i n d i v i d u a l  s a l t  beds  is comparable t o  
t h a t  p lanned  f o r  use i n  a r e s i d e n t i a l  u n i t .  Dur ing  
t h e  coming y e a r ,  t h i s  p r o t o t y p e  u n i t  w i l l  b e  
e v a l u a t e d  i n ' d e t a i l ,  w i t h  a f o c u s  on  long- te rm 
c y c l i n g  performance,  s a l t - b e d  s t a b i l i t y ,  b e h a v i u r  
u n d e r  normal and p r o c e s s  u p s e t  c o n d i t i o n s ,  and  
c h a r a c t e r i z a t i o n  o f  h e a t  exchanger  per formance .  
While t h e  p r o t o t y p e  i s  n o t  s u i t a b l e  f o r  f i e l d  
u s e  -- it l a c k s  r e q u i r e d  f l u i d - t o - a i r  h e a t  exchang- 
e r s ,  and c o n t a i n s  o n l y  a s i n g l e  b e d ,  s o  t t i a t  s imul -  
t a n e o u s  s o l a r  c o l l e c t i o n  and h e a t  pumping c a n n o t  be 
carried o u t  -- i t  s h o u l d  p r o v i d e  most, o f  t h e  
i n f o r m a t i o n  needed f o r  c o n f i d e n t  s c a l i n g  up t o  a 
sys tem s u i t a b l e  f o r  f i e l d  t e s t i n g .  

A t  t h e  t i m e  o f  w r i t i n g  t h i s  r e p o r t ,  p r e l i m i n a r y  
e v a l u a t i o n  o f  t h e  e n g i n e e r i n g  development p r o t o t y p e  
was j u s t  beg inning .  A v a i l a b l e  d a t a  w i l l  hence  be  
p r e s e n t e d  o r a l l y .  
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ABSTRACT 

A chemical heat  pump/chemical energy s to rage  
system (CHPICES) has  been designed, f a b r i c a t e d ,  and 
s u c c e s s f u l l y  t e s t e d  under U. S. Department of Energy 
(D0E)lSandi.a Corp. funding. This f i r s t  ope ra t iona l  
chemical heat  pump is a key mi les tone  in  DOE'S long- 
term thermal energy s to rage  goals.  

The s u l f u r i c  ac id lwater  chemical heat  pump i s  
s u i t a b l e  f o r  both hea t ing  and cool ing  with an inher- 
e n t  energy s to rage  dens i ty  i n  excess  of 600 B tu / lb  
of d i l u t e d  H2S04. During Phase 11, an engineer- 
i n g  model was const ructed  which demonstrated an  
energy s to rage  dens i ty  of up t o  569 Btul lb .  

During Phase 11-A,  now complete, t he  engineer- 
i n g  model was used t o  t e s t  high temperature c losed 
loop  cyc l ing ,  reduct ion  of evaporator/condenser 
c o i l s ,  abso rp t ion  column s i z e ,  and e l imina t ion  of 
one a c i d  tank. Preliminary i n v e s t i g a t i o n s  of 
commercial-type plumbing were made. Future  problems 
f o r  commercialization were inves t iga t ed  and a survey 
made of app l i cab le  bui ld ing codes t o  determine any 
a d d i t i o n a l  system requirements which would be 
imposed by these  r egu la t ions l  A pre l iminary  econo- 
mic s tudy based on weather t a p e s  from Albequerque, 
New Mexico determined t h a t  a CHPICES system us ing 
s o l a r  energy input  could provide hea t ing  and cool ing  
a t  equivalent  energy r a t e s  of .  $0.040/kw-hr inc luding 
t h e  c o s t  of s o l a r  c o l l e c t o r s .  

Phase 111, funded by Brookhaven Nat ional  Labo- 
r a t o r i e s ,  i s  now under way. A commercial-type ve r i -  
f i c a t i o n  t e s t  u n i t  (VTU) i s  t o  be designed, b u i l t  
and t e s t ed .  

This  paper covers t he  work conducted t o  da t e  
s i n c e  t h e  previous  con t r ac to r s  meeting i n  December 
1978, p lus .  a n t i c i p a t e d  a c t i v i t i e s  f o r  t he  fu ture .  

The condensing temperature c o n t r o l s  the  system pres- 
s u r e  and the  heat  of condensation i s  e i t h e r  used 
d i r e c t l y  f o r  hea t ing  or r e j ec t ed .  Heat pumping oc- 
c u r s  i n  t he  d ischarge  ( a c i d  d i l u t i o n )  mode. Cooling 
t h e  concentra ted  ac id  lowers i t s  vapor pressure  and 
f o r c e s  water vapor t o  flow from the  water tank. The 
water i s  kept from f r eez ing  by a b s t r a c t i n g  low temp- 
e r a t u r e  energy from the  surroundings., Discharging 
t h e  system rec la ims both the  heat  of vapor iza t ion  of 
water p lus  t he  heat  of d i l u t i o n  of t he  acid.  

Expanding the  bas i c  concept descr ibed above in- 
t o  a system capable  of providing both hea t ing  and 
coo l ing  r e q u i r e s  a d d i t i o n a l  components. Figure 1 
p re sen t s  a s imp l i f i ed  schematic of such a CHPICES, 
system and shows a l l  t he  major components except the  
h e a t  source. The system i s  s i m i l a r  t o  an absorpt ion '  
c y c l e  r e f r i g e r a t i o n  un i t  with t he  a d d i t i o n  of s t o r -  
age  tanks  f o r  t he  ac id  and water. 

Figure 1. SolarlCHPICES System Schematic 

INTRODUCTION 

Phase I of t he  H SO4 program was a 9-month 
conceptual  des ign and abora tory  demonstration of 
t h e  primary components.' F e a s i b i l i t y  of the  t he r -  
mal s to rage  concept and sepa ra t ion  and d i r e c t  l i q u i d  
recombination of t h e  chemicals were demonstrated. 
During the  Phase I1 program t h e  chemical heat  pump 
concept was i d e n t i f i e d ,  and an engineer  ng model was 
designed, cons t ructed  and demonstrated. f 

The Phase 1 1 - A  program extended the  system ana- 
l y s i s  t o  s tudy economics and an asessment was made 
of t he  i n s t i t u t i o n a l  b r r i e r s  t o  commercialization 
of t he  solar/CHP/CES. Also completed dur ing 
Phase 1 1 - A  was component opt imizat ion  t e s t i n g  with 
t h e  Phase I1 engineer ing system. 

The s imples t  form of s u l f u r i c  ac id /water  chemi- 
c a l  heat  pump c o n s i s t s  of an evacuated a c i d  tank and 
a water tank i n  vapor communication. The system is 
charged ( ac id  concentra t ion)  by d i s t i l l i n g  the  
d i l u t e  a c i d  under constant  pressure .  Water vapor 
r e l ea sed  from t h e  a c i d  i s  condensed i n  t he  water 
tank. 

A f u r t h e r  advantage i s  poss ib l e  with t h i s ' s y s -  
tem. I f  the  heat  removed from the  water condenser 
du r ing  the  charge cycle  is used t o  meet the  hea t ing  
load ,  a c o e f f i c i e n t  of performance (COP) g r e a t e r  
than u n i t y  i s  poss ib le .  Referencing Figure  1 ,  the  
d e f i n i t i o n  of COP f o r  t he  hea t ing  mode i s :  

COP = 'absorption + 'condensation 
%eat i n  + &paras i t i c  

The CHPICES system a d d i t i o n a l l y  can provide ,  cool ing  
c a p a b i l i t y  by a b s t r a c t i n g  heat  from the  bu i ld ing  v i a  
t h e  evaporator.  

The primary ob jec t ive  of the Phase I11 program, 
now s t a r t i n g  up, i s  t o  des ign,  cons t ruc t  and t e s t  a 
s u l f u r i c  a c i d  CHPICES v e r i f i c a t i o n  t e s t  un i t  (VTU) 
which inco rpo ra t e s  a s  many commercial, mass produci- 
b l e  des ign f e a t u r e s  a s  poss ib l e  t o  demonstrate sys- 
tem economics a s  wel l  a s  t echn ica l  f e a s i b i l i t y  i n  
s e v e r a l  ope ra t iona l  modes. P o t e n t i a l  a p p l i c a t i o n s ,  
and t h e i r  r e l a t e d  economics, o the r  then s o l a r  heat -  
i n g  and cool ing  w i l l  be' reviewed. The VTU w i l l  



- q t >  . 
-' ' incorporate low cost chemical storage tanks and be 

2- , capable of operation i n  the COP>l mode described 
,. : ,: above, a s  well a s  providing space cooling with si- 

multaneous charge and discharge capabi l i ty  (absorp- 
t i o n  cycle re f r igera t ion  mode.) $e nominal storage 

- design capacity w i l l  be about 10 Btu with a nomi- 
. . r ,  n a l  delivered heat r a t e  of approximately 150,000 

Btulhr. 

ENGINEERING MODEL TEST SYSTEM 

F A 1  The principle  components of the engineering 
hrddel t e s t  system consis t  of two glass  ac id  tanks 

, each loaded with 150 l b  of 93% H2S04, a 316 
,,' , s t a i n l e s s  s t e e l  water tank and two glass  s h e l l  and 

tube heat exchangers. A l l  components a re  supported , 

J, ., by a s t e e l  tube framework. A control  panel is 
' " 8  mounted on the  s t ruc ture  containing system roto- 
. meters and pert inent  valve controls. Inputs from 

twenty-two thermocoupies, two flowmeters, and three 
pressure transducer* a re  recorded on a computerized - 
d i g i t a l  data  logger and s t r i p  chart recorders. A 
more complete descript ion of the  system and its 
operation is given i n  reference 1. 

Since its or ig tna l  constrpction, the  engineer- 
ing  model CHPICES uni t  has been modified t o  use com- 
mercial grade plgmbingt valves and pumps. Figure 2 
is a closerTp of the system showing t h e  Duriron acid 
pump and improved\ teflon-lined s t e e l  piping. 

TEST RESULTS 

was 30,100 Btu/hr versus 32,000 Btu/hr. The reduc- 
t i o n  i n  t rans fe r  r a t e s  was caused by higher f l u i d  
system pressure drops i n  the  s ing le  acid tank ver- 
sion. --? <. 

1 .  

The l a s t  17 cycles were operated i n  a s ingle  Y - 

tank configuration with half the normal Raschig r ing :';If i 
absorption column. A t  the same time, the all-Teflon: :. . . 
a c i d  l i n e s  were replaced with Tef lon-lined s t e e l  , , 'i;;i,, J 

pipe and improved design vacuum-sealing valves were.7 * ?-:'" 

t e s t e d  i n  the acid system (reference Figure 2). a 
$, L,? 71 

. t . ;';' . 
Table 1 summarizes r e s u l t s  from dual acid tank ,, 

t e s t ing ,  s ingle  acid tank testi*, half column test- 7 *??. p7 
i n 8  and component examination and testing. The 
engineering system worked well and w i l l  be w e d  i n  , ' , '.. 
Phase 111 t o  ver i fy  system performance using atmos- 
pheric  pressure s torage tanks and an air-dr iven low 
temljerature sink. 
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To date, the engineering model t e s t  system has j I . , , .  
C. been i n  operation 475 house, accumulating 74 closed- ECONOMIC ANALYSIS li 

loop chargeldischarge cycles of which 29 cycles had ' 1 LL_ t 

h i  : * 
peak simulated col lector  temperatures of 400°F and A preliminary system economic analysis  was wn- 4 ;:- 

, ' q e a k  acid concentrations of 96 t o  98 per cent- An ducted t o  determine .the mosf, cost-effective apprpach - 
IL approximate t o t a l  of 15 mil l ion Btu's were charged f o r  an integrated chemical heat pump and so la r  col- 
.i and discharged. l e c t o r  system. The cos t s / s ize  of solar  systeiw a re  'k ,, 

* 

l i l  ,-- .. grea t ly  affected by the geographical placement and 
- 4 After 41 cycles, the engineering model was mod- s o l a r  insolat ion,  thus a computer model was gener- ' . , 5 , 
.A i f i e d  t o  operate with a s ingle  acid tank t o  verify ated t o  provide a tool  fo r  t h i s  aud future economic . 1; I - - - - 

- j *  5 performance with smaller components. Baseline t e s t s  studies. Storage requirements for  the CHPICES sye- 6 

; ' ;: a t  200 and 400°F maximum system temperatures showed tem were determined a s  a funceion of so la r  col lector  
.,' )L ,:' t h a t  system performance was not s ign i f ican t ly  f i e l d  s ize,  assuming that  100% of the building ther- 

I changed. The average charge r a t e  fo r  the s ingle  mal loads were m e t  by the solar/CHP/CES system. An 
- 

I ' - tank system was 32,700 Btulhr versus 38,000 Btu/hr Albequerque, New Mexico, annual weather tage was - , 
T I ?  #-I1' - f o r  the dual tanks and the average discharge r a t e  used f o r  the program input data  with heating and ? $,) f! . , -,;n7: _ t J  -pz -L--I -TP y?* 1- - ~ - d' t" ,, - L.F -, - L  " 

L - ,  - +d " & a '  ' :->: 83A 2 , - I_. 



coo l ing  loads  analyzed i n  hour ly  time increments. 
F igure  3  p re sen t s  the  r e s u l t s  of t he  s i z i n g  a n a l y s i s  
f o r  t h e  ope ra t iona l  modes where COP = 1 and COP = 
1.45 wi th  both hea t ing  and cool ing  provided. The 
peak i n  t he  graph r ep re sen t s  t he  minimum col l ' ec tor  
f i e l d  s i z e  required  t o  provide 100 percent  of t he  
energy demand. Systems wi th  sma l l e r  c o l l e c t o r  
f i e l d s  w i l l  r e q u i r e  a l t e r n a t e  energy systems t o  meet 
t h e  annual bu i ld ing  loads.  As a d d i t i o n a l  s o l a r  col-  
l e c t o r s  a r e  suppl ied  (above the  minimum), the  system 
energy s to rage  capac i ty  can be reduced while s t i l l  
mainta in ing a  100 percent  solar/CHP/CES. The re-  
s u l t s  i n  Figure  3  i n d i c a t e  t h a t  i f  the  minimum col-  
l e c t o r  f i e l d  s i z e  i s  doubled, t h e  energy s to rage  
r equ i r ed  i s  reduced roughly by a  f a c t o r  of four.  
The curves beyond the  s t o r a g e  s i z e  peak r ep re sen t  
t h e  optimized s to rage  c a p a c i t y ,  t h a t  can be used t o  
s a t i s f y  t he  100 percent  s o l a r  requirement f o r  t he  
Albequerque area .  

The b e n e f i t s  of ope ra t ing  i n  t h e  COP higher  
t han  1  a r e  a l s o  apparent i n  Figure  3. For e x ~ m p l e ,  
f o r  a  given s o l a r  c o l l e c t o r  ape r tu re  a r eas  of 0.2, 
t h e  s to rage  capac i ty  needed f o r  the  COP = 1.45 mode 
i s  2.5 times smal ler  than when ope ra t ing  with a  COP 
= 1.0; converse ly ,  f  r  a  given s to rage  s i z e ,  f o r  
example 4,000 B tu / f tq  of f l o o r  a r e a ,  t he  s o l a r  
c o l l e c t o r  f i e l d  can be reduced by a  f a c t o r  of 30 
percent .  

BUEDUWN 1WALBWWUERWE IEAWER DATA 
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DIMENSIONLESS S O U R  COLLECTOR APERTURE AREA' 

Figure 3. Required Thermal Energy Storage Capacity Versus 
Solar Collector Aperture Area 

The r e s u l t s  of the  s i z i n g  a n a l y s i s  i n d i c a t e  the  
t rade-off  between the  s o l a r  c o l l e c t o r  c o s t s  and CHP/ 
CES system c o s t s  which determines t he  most cos t -  
e f f e c t i v e  approach. Also when opera t ing  with a  COP 
g r e a t e r  than u n i t y ,  s u b s t a n t i a l  reduct ions  i n  system 
s i z e  can be achieved. 

Comparing the  CHP/CES and s o l a r  c o l l e c t o r  c o s t s  
i n d i c a t e s  t h a t  t he  most cos t - e f f ec t ive  system w i l l  
r e q u i r e  approximately 0.2 square  f e e t  of c o l l e c t o r  
a r e a  per square foot  of bu i ld ing  f l o o r  area .  The 
minimum normalized c a p i t a l  c o s t  is $ 4 / f t 2  ( r e f e r -  
encing f l o o r  a r ea ) .  Amortized over a  20-year l i f e  
c y c l e ,  t he  solar/CHP/CES w i l l  provide bui ld ing heat -  
i n g  and cool ing  a t  equ iva l en t  energy r a t e s  of 0.040 
$/Kw-hr when inc luding c a p i t a l  c o s t ,  i n s t a l l a t i o n ,  
l o a n  . i n t e r e s t  a t  lo%, maintenance and ope ra t ing  

cos t s .  The minimum c o s t  system has a d d i t i o n a l  r e -  
j e c t  hea t  s i n c e  it ope ra t e s  with overs ized s o l a r  
c o l l e c t o r s .  I f  t h i s  r e j e c t  heat  i s  f u l l y  u t i l i z e d  
( f o r  example hot water heat ing  or i n d u s t r i a l  process 
h e a t ) ,  t h e  amortized energy r a t e  i s  lowered by 
nea r ly  a  f a c t o r  o i  2. 

It was concluded t h a t  t he  s u l f u r i c  ac id  s o l a r /  
CHP/CES has '  p o t e n t i a l  f o r  producing economical 
bu i ld ing  space cond i t i on ing  without f o s s i l  f u e l -  
d r iven   backup^ systems. In  t he  f u t u r e  the  economic 
a n a l y s i s  w i l l  be expanded t o  inc lude  two a d d i t i o n a l  
geographic a r eas8  from DOE'S s tandardized heat  pump 
loca t ions .  

ASSESSMENT FOR COMMERCIALIZATION 

An i n v e s t i g a t i o n  i n t o  t h e  p o t e n t i a l  problems 
f o r  commercialization of t he  solar/CHP/CES system 
was conducted. The study comprised th ree  a r eas :  a  
survey of e x i s t i n g  and f u t u r e  app l i cab le  codes and 
r e g u l a t i o n s ,  an eva lua t ion  of i ndus t ry  acceptance ,  
and a  b r i e f  examination of pub l i c  acceptance. 

The r ' e su l t s  i n d i c a t e  t h a t  t he re  a r e  no major 
codes and r egu la t ions  t h a t  apply  d i r e c t l y  t o  the  
solar/CHP/CES. However, bu i ld ing  permits and env i r -  
onmental impact s ta tements  c o n s t i t u t e  two important 
p o t e n t i a l  i n s t i t u t i o n a l  c o n s t r a i n t s .  The s e v e r i t y  
of f u t u r e  codes and r egu la t ions  adopted t o  ensure  
pub l i c  s a f e t y  w i l l  l i k e l y  be inf luenced by pub l i c  
opinion. It i s  be l ieved t h a t  pub l i c  and indus t ry  
'acceptance w i l l  be p o s i t i v e  when system economics 
and s a f e t y  can be demonstrated. 
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THE METAL HYDRIDE CHEMICAL HEAT PUMP 
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Abst rac t  

The Argonne Nat ional  Laboratory (ANL) HYCSOS Metal Hydride Chemical 
Heat Pump Program a c t i v i t i e s  f o r  FY 1979 a r e  descr ibed i n  t h i s  paper .  
HYCSOS i s  a  chemical h e a t  pump which u t i l i z e s  t he  h e a t  of adso rp t ion / .  
desorpt ion  of hydrogen i n  a  meta l  a l l o y  f o r  t he  s t o r a g e  and recovery of 
thermal energy f o r  hea t ing  and cool ing .  The acronym HYCSOS r e f e r s  t o  
a  hydr ide  conversion and s t o r a g e  system. The HYCSOS h e a t  pump is  a t t r a c t -  
i ve  b e c a u s e ' i t s  des ign can be t a i l o r e d  t o  provide hea t ing  and/or cool ing  
over a ,w ide  range of temperatures.  The HYCSOS system can be used with a  
v a r i e t y  of hea t  sources  such a s  i n d u s t r i a l  waste h e a t ,  s o l a r  energy, o r  
even a  f o s s i l  f u e l .  The HYCSOS hea t  pump system can be  designed f o r  
both r e s i d e n t i a l  and i n d u s t r i a l  u se r s  and a l s o  f o r  a  community energy 
systems. 

With regard t o  accomplishments, t h e  proof of t he  HYCSOS concept has  
been demonstrated and t h e  v i a b i l i t y  of a  r e s i d e n t i a l - s i z e  u n i t  es tab-  
l i shed .  I n  add i t i on ,  an engineer ing development phase i s  now underway. 
The o b j e c t i v e  of t he  program is  t o  develop a  r e s i d e n t i a l - s i z e  HYCSOS 
chemical hea t  pump f o r  space hea t ing  and cooling.  So la r  energy o r  waste 
heat  can be used t o  opera te  t h e  pump and thus  e l imina t e  o r  reduce f o s s i l  
f u e l  requirements.  To meet t h i s  ob jec t ive  ANL has performed exper imenta l  
and a n a l y t i c a l  s t u d i e s  of t h e  HYCSOS system. The r e s u l t s  of t hese  
s t u d i e s  a r e  d iscussed i n  t he  body of the  paper.  

Also t o  be  d iscussed i s  t h e  proposed program plan  f o r  FY 80 and 
beyond. 

By varying the m a t e r i a l s  A and B and the  r a t i o  
B / A ,  pressure-temperature r e l a t i o n s h i p s  over wide 
ranges  a r e  ob ta inab le .  Ternary a l l o y s  of LaMi5,, 
Alx (O< x < 1 . 5 ) ,  r e c e n t l y  developed by ANL, a r e  
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Metal Hydrides 

About a  decade ago, i t  was discovered t h a t  in- 
t e r m e t a l l i c s  of t he  form ABs (A i s  a  l an than ide  

14 

and B is a  t r a n s i t i o n  metal)  possessed the  a b i l i t y  
t o  e a s i l y  absorb and r e v e r s i b l y  desorb l a r g e  

, amounts of hydrogen. A t  cons tant  tempera ture ,  t he  
12 

Fig.  1 Absorption-Desorption Diagram 
f o r  LaNis + H z  

- 

- 

- 
hydr id ing process  c o n s i s t s  of two d i s t i n c t  phases ,  - 

I 
a and B,  with a  mixed phase between them. The a 5 I O -  
phase corresponds t o  low hydrogen/metal (HIM) w 
r a t i o s  and, i n  t h i s  r eg ion ,  i nc reas ing  amounts of a 

hydrogen a r e  d issolved i n  t he  meta l  a l l o y  wi th  an 
.3 w" I -  

i n c r e a s e  i n  p re s su re .  The B phase occurs  a t  high = a -  - KEY: 
'a. 

HIM r a t i o s  where t he  meta l  a l l o y  becomes s a t u r a t e d  
wi th  hydrogen. Between these  d i s t i n c t  phases,  

A ~ R P T I O N  
6 - - 

t h e r e  is a  p re s su re  p l a t eau  where t h e  p re s su re  i s  DESORPTION 
r e l a t i v e l y  constant .  I n  a d d i t i o n  the  H/M range of 
t he  p l a t eau  region is  shor tened somewhat wi th  in-  
c r eas ing  temperature.  The abso rp t ion  and desorp-. 
t i o n  curves  f o r  meta l  a l l o y  hydr ides  may not  be 
i d e n t i c a l  bu t  e x h i b i t  a  h y s t e r e s i s  a s  shown f o r  
LaNis i n  Fig.  1. Although a t t r i b u t e d  t o  i n t e r n a l  
s t r e s s e s  on hydride format ion,  h y s t e r e s i s  e f f e c t s  
a r e  poor ly  understood, can vary wi th  p repa ra t ion  
cond i t i ons ,  and a r e  gene ra l ly  undes i r ab l e .  < 2 4 6 8  



e f f e c t i v e  i n  lowering hydrogen decomposition pres- 
s u r e s  by about t h r e e  o r d e r s - o f  magnitude i n  going 
from LaNi5 t o  LaNi4Al. Furthermore,  t he  p r o p e r t i e s  
o f  the  t e rna ry  a l l o y s  a r e  i n  gene ra l  improved over 
t he  o r i g i n a l  a l l o y ,  LaNi5. Because of t h e i r  des i r -  
ab l e  p r o p e r t i e s ,  meta l  a l l o y  hydr ides  have been 
proposed f o r  thermal energy s to rage  app l i ca t ions  
and f o r  thermal energy conversion cyc l e s .  

The HYCSOS system i s  capable of thermal energy 
s t o r a g e ,  space condi t ioning,  and e l e c t r i c a l  power 
genera t ion .  As a  thermal s t o r a g e  medium, meta l  
hydr ides  provide a  high-energy dens i ty  but t h e  
economics o1 such a  system a r e  cu r r en t ly  una t t r ac -  
t i v e .  As a  chemical heat  pump, a  meta l  hydr ide  
system o f f e r s  t h e  promise of us ing s o l a r  energy, 
waste h e a t ,  and o t h e r  energy sources  t o  provide 
space hea t ing  and cool ing .  The inco rpo ra t ion  of 
an e l e c t r i c a l  power genera t ion  cycle  is  a l s o  pos- 
s i b l e .  

Heat Pump Operation 

I n  i t s  simple form, a  hydr ide  heat  pump con- 
s i s t s  of two d i f f e r e n t  hydr ide  beds t h a t  a r e  i n t e r -  
connected t o  a l low hydrogen gas t r a n s f e r  between 
them. The hea t  pumping a c t i o n  of t h e  system in- 
volves  a four-s tep  process :  

1. High temperature ( s o l a r )  hea t  is appl ied  
t o  t he  f i r s t  bed causing i t  t o  desorb 
hydrogen a t  a  p re s su re  h ighe r  than t h e  
second bed. Therefo're, hydrogen flows t o  
t he  second bed where i t  i s  absorbed with a  
r e l e a s e  of heat  a t  an in t e rmed ia t e  tem- 
pe ra tu re .  This heat  i s  r e j e c t e d  t o  t he  
bu i ld ing  (hea t ing  mode) o r  t o  t h e  ou t s ide  
atmosphere (cool ing  mode). 

2. The two beds a r e  cooled,  t h e  f i r s t  t o  an 
in t e rmed ia t e  temperature and t h e  second t o  
a low temperature.  This s t e p  i n s u r e s  t h a t  
t he  c o r r e c t  p re s su re  d i f f e r e n t i a l  between 
beds e x i s t s  f o r  r eve r se  hydrogen flow 
dur ing t h e  next  s t e p .  

3 .  Heat from the  bu i ld ing  (cool ing  mode) o r  
from the  ou t s ide  atmosphere (hea t ing  mode) 
is  added t o  t h e  second bed t o  desorb hydro-. 
gen a t  a  p re s su re  h ighe r  than t h e  f i r s t  
bed. Hydrogen now flows t o  the  f i r s t  bed 
w h e r e . i t  absorbed and r e l e a s e s  heat  a t  t he  
i n t e rmed ia t e  temperature.  This heat  is  
r e j e c t e d  t o  t he  bu i ld ing  (hea t ing  mode) o r  
t o  t h e  ou t s ide  atmosphere (cool ing  mode). 

4. During t h i s  s t e p  both beds a r e  heated ,  t he  
f i r s t  t o  a  high temperature,  and t h e  sec-. 
ond t o  an in t e rmed ia t e  temperature,  i n  
p repa ra t ion  f o r  t he  s t a r t  of t h e  next four- 
s t e p  cycle .  It should be noted t h a t  t h e  
c o e f f i c i e n t  of performance (COP) of t h i s  
t h e o r e t i c a l  cycle  is 1 .0  f o r  cool ing  and 
2.0 f o r  hea t ing  i f  t he  n e t  energy t o  heat  
and.coo1 the  beds ( s t e p s  2  and 4) is zero .  
These COP va lues  can be improved by cas- 
cading u n i t s .  

Near-continuous heat  pumping a c t i o n  provided 
by even mul t ip l e  p a i r s  of hydr ide  beds.  The hyd- 
r i d e s  of CaNi5 and LaNi5 have been used and ex- 
h i b i t  extremely r ap id  k i n e t i c s .  The r ecen t  devel-. 
opment of t e rna ry  a l l o y s  of LaNis-,Al (.O< x C1.5) 
by ANL al lows ope ra t ion  over a  wide range of prc- 

s e l e c t e d  temperatures and permits  op t imiza t ion  of 
t h e  chemical h e a t  pump system. 

Purpose 

The purpose of t h i s  program is  t o  develop a  
r e s i d e n t i a l - s i z e  chemical hea t  pump based on meta l  
hydr ides  f o r  space  hea t ing  and cool ing .  S o l a r  
energy o r  waste hea t  w i l l  be used t o  opera te  t he  
pump and thus  e l imina t e  o r  reduce f o s s i l  f u e l  r e -  
quirements.  

P a s t  Work 

Argonne Nat ional  Laboratory has const ructed  a  
labora tory-scale  t e s t  f a c i l i t y  t o  e v a l u a t e  exper i -  
menta l ly  t he  HYCSOS chemical hea t  pump and energy 
conversion concept.  The hydr ides  of LaNi5 and 
CaNi5 a r e  used i n  a  four-bed system. The hea t  ex- 
changers were f a b r i c a t e d  from 4-inch, Sch. 10 s t a i n -  
l e s s  s t e e l  p ipe  and con ta in  fou r  i n t e r n a l  concent- 
r i c  bare-tube c o i l s  and two e x t e r n a l  c o i l s .  Water 
i s  t he  heat  t r a n s f e r  f l u i d  and, i s  heated  e l e c t r i -  
c a l l y  t o  s imula te  a  s o l a r  heat  source .  Tap water  
is  used a s  t h e  hea t  s ink .  P re s su re s ,  tempera tures ,  
and f lowra t e s  a r e  measured remotely,  monitored,  and 
recorded1 ., 

Under c o n t r a c t  t o  ANL, TRW c a r r i e d  ou t  a  con- 
cep tua l  des ign s tudy t o  determine the  approximate 
performance and c o s t  f o r  a  100-ton solar-powered 
HYCSOS a i r  condi t ioning u n i t 2 .  The s tudy demon- 
s t r a t e d  t h a t  the  concept was t e c h n i c a l l y  f e a s i b l e ,  
and des ign c a l c u l a t i o n s  showed t h a t  such a  u n i t  
would have a  c o s t  s l i g h t l y  l e s s  than cu r r en t  
LiBr-H20 abso rp t ion  u n i t  s e l l i n g  p r i c e s  and a  com- 
p e t i t i v e  c o e f f i c i e n t  of performance (COP). Since a  
l a r g e  f r a c t i o n  of t h e  cos t  of t h e  HYCSOS system i s  
i n  t h e  hydr ide  m a t e r i a l ,  and s i n c e  LiBr-H20 absorp- 
t i o n  u n i t s  e x h i b i t  l a r g e  economics of s c a l e ,  small-  
s c a l e  r e s i d e n t i a l  HYCSOS u n i t s  should show p a r t i -  
c u l a r  promise. 

Based upon t h e  above cons ide ra t ions ,  a  second 
subcontrac t  was awarded TRW t o  a s s e s s  t he  r e s iden t -  
i a l  a p p l i c a t i o n s  of HYCSOS f o r  space h e a t i n g ,  space  
cool ing ,  and e l e c t r i c a l  gene ra t ing  us ing  R-114 a s  a  
hea t  t r a n s f e r  f l u i d 3 .  A computer program was dev- 
eloped t o  c a l c u l a t e  hydr ide  bed heat  t r a n s f e r  r a t e s ,  
p r e s su re ,  and temperature flows', COP, c o s t ,  and 
power genera t ion  f o r  HYCSOS. E f f o r t s  were d i r e c t e d  
toward opt imiz ing t h e  HYCSOS des ign f o r  r e s i d e n t i a l  
a p p l i c a t i o n s  with s o l a r  energy inpu t .  

An economic eva lua t ion  based on t o t a l  annual- 
i zed  c o s t  was prepared f o r  two c i t i e s  -- Boston and 
Albuquerque. The r e s u l t s  showed t h a t  compared wi th  
convent ional  systems, t h e  HYCSOS system had a  
h ighe r  annual  c o s t ,  due t o  t h e  high c a p i t a l  c o s t ,  
but  i t  used considerably  l e s s  energy. Also when 
comparisons were made with s o l a r  hea t ing  and cool- 
i ng  systems, t he  HYCSOS system had lower c o s t s  f o r  
both Albuquerque and Boston. 

F i s c a l  1979 Program . .  . .  . 

During f i s c a l  1979, t h e  Chemistry and Energy 
and Environmental Systems (EES) Divisions.performed 
HYCSOS development work. The a r e a s  i n  which work 
was done was d iv ided a s  fo l lows:  



Chemistry Divis ion  t h e  temperatures used.  A s i m i l a r  measurement f o ~  
o t h e r  cyc l e s  would be  l e s s  meaningful because l a c k  

Heat exchanger performance of r egene ra t ion  heat  exchange coupled wi th  t h e  
measurements l a r g e  heat  capaci ty  of t h e  looo e x t e r n a l  t o  t h e  hea t  

Simulated cool ing  cycle  

Hydride s t u d i e s  

EES Divis ion  

Systems design s t u d i e s  - 
Heat t r a n s f e r  a n a l y s i s  

Heat t r a n s f e r  experiments 

Conceptual des ign s t u d i e s  

System i n t e g r a t i o n  i . . to  s o l a r /  
s t o r a g e  systems 

A d i s c u s s i o n , o f  each a r e a ,  a s  w e l l  a s  t he  ac- 
complishments, is presentAd i n  t he  fo l lowing sec- 
t i o n s .  

CHEMISTRY DIVISION 

Heat Exchanger Performance 

To exp lo re  t he  performance of advanced hydr ide  
hea t  exchangers,  ANL contrac ted  with Energy Re- 
s ea rch  and Generation,  I n c . ,  of Oakland, Ca l i fo rn i a  
t o  des ign and f a b r i c a t e  a  high performance heat  
exchanger. I n  t h i s  des ign ,  LaNi5 powder is  poured 
i n t o  open-cel l  aluminum foam t o  provide enhanced 
h e a t  t r a n s f e r  between che hydride powder and t h e  
h e a t  t r a n s f e r  f l u i d .  The foam i s  93% void with 
approximately 20 po res  t o  the  inch.  Also the  h a l f  
t h i ckness  of the  hydr ide  bed was reduced from 0.12 
inches  i n  t h e  cu r r en t  des ign t o  0.02 inches  t o  i m -  
prove t h e  h e a t  t r a n s f e r  r a t e .  A pre l iminary  adia-  
b a t i c  hydrogen absorpt ion  on LaNi5 i n  a  t e s t  module 
showed t h a t  t he  equ i l i b r ium p res su re  was reached i n  
approximately 30,seconds compared t o  3  minutes f o r  
t h e  cu r r en t  u n i t s .  

I n  a d d i t i o n  t o  t h i s  advanced des ign ,  more con- 
v e n t i o n a l  des igns  a r e  a l s o  being inves t iga t ed .  A 
commercially a v a i l a b l e  compact p l a t e - f i n  h e a t  ex- 
changer was ordered from Hughes-Treit ler  Corpor- 
a t i o n .  The a l l o y  conta in ing s i d e  of the  hea t  ex- 
changer has  20 f i n s  pe r  i nch ,  and a  heat  t r a n s f e r  
s u r f a c e  of 55 square  f e e t .  The hea t  t r a n s f e r  f l u i d  
s i d e ,  with 15 f i n s f i n c h ,  has  20 square  f e e t  of hea t  
t r a n s f e r  su r f ace .  Two u n i t s  w i l l  be  f i l l e d  with 
about 10 moles of LaNi5, and two wi th  a s i m i l a r  
amount of LaNi4. 7A10. 3. 

Simulated Cooling Cycle 

I n  an e f f o r t  t o  s imu la t e  a  complete cool ing  cyc l e ,  
hydrogen was t r a n s f e r r e d  from CaNi5 hydr ide  a t  
llO°C t o  LaNi5 a t  33OC whi le  a t  t he  same time hy- 
drogen was desorbed from LaNi5 hydride i n  t he  cool- 
i n g  loop a t  g ° C  and absorbed on CaNi5 a t  33'C f o r  
coo l ing  cyc l e  11. For t h i s  s imu la t ion ,  t he  hydro-. 
gen va lves  were open and the  heat  t r a n s f e r  f l u i d  
loops  were manually switched a t  cyc l e  t imes  of 
about 7-10 minutes wi th  d a t a  taken a t  1 minute 
i n t e r v a l s .  Five complete cycles  were run s t a r t i n g  
w i t h . a  thermally e q u i l i b r a t e d  system. Corrected 
f o r  t h e  lower hydrogen t r a n s f e r  i n  t he  cool ing  
loop f o r  Cycle 1, t h e  c o e f f i c i e n t  of performance 
(COP) f o r  t h i s  cyc l e  was approximately 1.1 com-. 
pared t o  a  t h e o r e t i c a l  COP of 2.1 c a l c u l a t e d  f o r  

- 
exchanger would r equ i r e  a  s u b s t a n t i a l  amount of hea t  
t o  a r r i v e  a t  t he  s t a rL iug  temperatures.  Thc tcmp- 
e r a t u r e s  used were no t  optimum and should be s e l -  
ec t ed  t o  prevent hydrogen bui ldup i n  t he  heat  ex- 
changer. 

Hydride S tud ie s  

Since  t h e  r a t e s  of r e a c t i o n  between hydrogen 
and the  meta l  su r f ace  i s  l imi t ed  by hea t  t r a n s f e r ,  
t h e  thermal  conduct iv i ty  i s  an important cha rac t e r -  
i s t i c  determining hea t  t r a n s f e r  of powder beds.  
Lehrfe ld  and ~ o s e r ~  have measurcd on e f f e c t i v e  
thermal conduct iv i ty  of a c t i v a t e d  LaNi5 and found 
t h a t  t he  f i l l i n g  f a c t o r ,  t h e  r a t i o  of powder pack- 
i ng  dens i ty  t o  t h e  bulk m a t e r i a l  d e n s i t y ,  a f f e c t s  
thermal conduct iv i ty  more s t rong ly  than e i t h e r  
temperature o r  hydrogen p re s su re .  This  r e s u l t  i s  
cons i s t en t  wich the  gene ra l ly  accepted model t h a t  
conduction i n  a  powder bed i s  l imi t ed  by the  po in t  
contac t  between adjacent  p a r t i c l e s ,  and t h e  g r e a t e r  
t h e  compression the  h igher  is t h e  thermal con- 
duct ion .  

Using t h e  t r a n s f e r  of hydrogen from one a l l o y  
bed t o  another  t o  provide the  temperature d i f f e r -  
ence between t h e  bed and t h e  heat  t r a n s f e r  f l u i d  
i n  t he  co i l ed  tubing heat  exchangers c u r r e n t l y  used 
i n  t he  HYCSOS system, a  f a i r l y  cons t an t ,  1 .0  2 0 .1  
BTU/(OF.Ft-Hr), was determined f o r  both CaNig hy- 
d r i d e  and LaNi5 hydr ide  over  a  f i l l i n g  f a c t o r  range 
of 0.4-0.6. This compares with a Lehrfe ld  and 
~ o s e r ~  value  of 0.27 BTU/("F-Ft-Hr) a t  0 .4  f i l l i n g  
f a c t o r  and 0.41 BTU/("FaFt-Hr) a t  0.6.  Although 
the  thermal conduct iv i ty  measurements a r e ,  a t  b e s t ,  
approximate,  t he  r e l a t i v e  constancy of t he  de t e r -  
minat ions  would i n d i c a t e  t he  importance of f a c t o r s  
o t h e r  than composition o r  f i l l i n g  f a c t o r ,  e . g . ,  bed 
d i s r u p t i o n  dur ing hydrogen mass t r a n s p o r t ,  on t h e  
e f f e c t i v e  conduct iv i ty  of powder beds i n  these  heat  
exchangers.  

One scheme5 t o  improve hea t  t r a n s f e r  cha rac t e r -  
i s t i c s  of meta l  hydr ides  i s  t o  make compactions 
wi th  a  meta l  powder, i . e . ,  Cu, N i  o r  A l ,  having a  
much l a r g e r  thermal conduc t iv i ty  than t h e  hydr ide .  
Metal  hydr ide  e l e c t r o d e s  f o r  e lec t rochemical  s t o r -  
age ,  and hydrogen s t o r a g e  beds f o r  automotive a  p l i -  
ca t ions  have been r epo r t ed  us ing t h i s  method6, '. 

Work a t  Argonnc i s  progress ing on the  prcpar- 
a t i o n  of compactions with r a p i d  hydr ide  r e a c t i o n  
k i n e t i c s  which w i l l  mainta in  phys i ca l  i n t e g r i t y  
dur ing repeated  cyc l e s .  

Long term thermodynamic s t a b i l i t y  of A85 hydr i -  
des has  y e t  t o  be  determined. S u b s t a n t i a l  degrad- 
a t i o d  of CaNi5 was found i n  the  l abo ra to ry  s c a l e  
f a c i l i t y .  Much of t h e  p l a t eau  d e t e r i o r a t i o n  occur- 
r ed  while t h e  hydrided a l l o y  was a t  room tempera- 
t u r e .  The p l a t eau  determined a t  97'C between d i s -  
s o c i a t l o n  p re s su re s  of 5 atm and 6  atm had a  com- 
p o s i t i o n  range between CaNi5H2.3 and CaNi5H3.3. A 
A s i m i l a r  p l a t eau  f o r  a  smal l  sample (% 10 gm) of 
t he  alloy.when received was between CaHi5H1.5 and 
CaNigH4.0. S imi lar  bu t  l e s s  ex t ens ive  degradat ion  
has  been r epo r t ed  i n  some LaNi5 systems. Additions 
of aluminum appears t o  s t a b i l i z e  t h e  hydr ide  system. 



The HYCSOS System I n s t r u m e n t a t T o n  and C o n t r o l  

The HYCSOS i n s t r u m e n t a t i o n  was d e s i g n e d  t o ,  
1 )  p r o v i d e  r e a l - t i m e  i n d i c a t i o n  of i m p o r t a n t  sys tem 
c h a r a c t e r i s t i c s ,  2 )  p r o v i d e  f o r  l o g g i n g  of  d a t a  
g e n e r a t e d  d u r i n g  s y s t e m  o p e r a t i o n ,  3) p r o v i d e  a  
means of p r o c e s s i n g  raw d a t a ,  and 4) p r o v i d e  a way 
t o  a u t o m a t i c a l l y  c o n t r o l  s y s t e m  o p e r a t i o n .  Da ta  is  
i n p u t  th rough  a  d a t a  l o g g e r  c o n t a i n i n g  t h i r t y  v o l -  
t a g e  and t h i r t y  the rmocouple  c h a n n e l s ,  t o  a  Tek- 
t r o n i x  G r a p h i c s  System. I n t e r f a c e  and  c o n t r o l  c i r -  
c u i t r y  f ? r  a u t o m a t i c  c o n t r o l  of  HYCSOS o p e r a t i o n s  
have  been  c o n s t r u c t e d  and i n s t a l l e d .  Any sys tem 
c h a r a c t e r i s i t c ,  e . g .  t e m p e r a t u r e ,  g a s  o r  l i q u i d  
f l o w ,  o r  t h e r m a l  change c a n  b e  used  t o  m o n i t o r  and 
c o n t r o l  HYCSOS o p e r a t i o n .  

EES DIVISION 

System Design S t u d i e s  

were  p u t  i n t o  d i m e n s i o n l e s s  fo rm,  and t h e  r e l a t i o n -  
s h i p s  among t h e s e  d i m e n s i o n l e s s  numbers were  d e t e r -  
mined. A  d i s c u s s i o n  of t h e s e  r e s u l t s  is  beyond t h e  
s c o p e  of t h i s  p a p e r .  D e t a i l s - o f  t h e  a n a l y s i s  and a  
d i s c u s s i o n  of  t h e  r e s u l t s  a r e  g i v e n  i n  Ref .  9 .  

Hea t  T r a n s f e r  Exper iments  

An e x p e r i m e n t a l  h e a t  t r a n s f e r  program was i n i t -  
i a t e d  i n  FY79 t o  o b t a i n  i n f o r m a t i o n  on h e a t  t r a n s -  
f e r  t o  h y d r i d e  b e d s .  An e x p e r i m e n t a l  l o o p  was con- 
s t r u c t e d  t o  conduc t  b a s i c  h e a t  t r a n s f e r  e x p e r i m e n t s  
T e s t  s e c t i o n s  of v a r i o u s  s i z e s  w i t h  d i f f e r e n t  h e a t  
t r a n s f e r  g e o m e t r i e s  ( e . g . ,  f i n s  c a n  b e  accommo- 
d a t e d ) .  

During t h e  p a s t  y e a r ,  t h e  l o o p  was c o n s t r u c t e d  
and shakedown t e s t s  c o n d u c t e d .  P r e l i m i n a r y  r e s u l t s  
on a p l a i n  t u b e  h e a t  e x c h a n g e r  were  o b t a i n e d ,  F i g .  
2 .  A d e s c r i p t i o n  of  t h e  r e s u l t s  of  t h e  e x p e r i m e n t s  
t o  d a t e  i s  p r e s e n t e d  i n  Ref .  1 0 .  

I n  o r d e r  t o  d e t e r m i n e  t h e  s e n s i t i v i t y  of . the 
HYCSOS s y s t e m  t o  v a r i o u s  d e s i g n  p a r a m e t e r s ,  a  com- 5 2 -  
p u t e r  s t u d y  was e r f o r m e d .  The computer  program 5 deve loped  by TRW was m o d i f i e d ,  and used  f o r  t h i s  
p u r p o s e .  A  r e p o r t  d e s c r i b i n g  t h e  r e s u l t s  of t h i s  
study i s  g i v e n  i n  R p f .  8 .  R r i ~ f l y ,  t h e  r a s u l t c  
o b t a i n e d  were : 

1. The c o s t  and c o e f f i c i e n t  of  pe r fo rmance  
(COP) a r e  v e r y  s e n s i t i v e  t o  c y c l e  t i m e ,  
b u t  o n l y  s l i g h t l y  s e n s i t i v e  t o  r e g e n e r -  
a t i o n  t i m e .  

2 .  The c o s t  and  COP a r e  s t r o n g  f u n c t i o n s  o f  
t h e  h e a t  f l u x ,  b u t  t h i s  dependence i s  l e s -  
s e n e d  a t  h i g h e r  h e a t  f l u x e s .  

3 .  Hydr ide  c o m p o s i t i o n  d o e s  n o t . h a v e  a  d e f i n -  . 
i t e  e f f e c t  on c o s t  o r  COP f o r  t h e  b a s e l i n e  
c a s e .  I n  g e n e r a l ,  b o t h  t h e  c o s t  and COP 
of LaNi5-,AlX h y d r i d e  is  lower  t h a n  f o r  4 2 I I I I I 

LaNi5 h y d r i d e .  0 4 8 12 16 2 0  
ELAPSED TIME, MIN. 

4 .  The u n i t  c o s t  of  t h e  s y s t e m  d e c r e a s e s  
r a t h e r  s t r o n g l y  w i t h  t h e  sys tem r a t i n g .  F i g .  2  Sample P l a i n  Tube Hea t  T r a n s f e r  Da ta  

5 .  The COP d e c r e a s e s  l i n e a r l y  a s  t h e  i n e r t  
m a s s l h y d r i d e  mass r a t i o  i n c r e a s e s .  C o n c e p t u a l  System Design 

6. Large  changes  i n  bed  conduc tance  o r  work ing  
f l u i d  t e m p e r a t u r e  r e s u l t e d  i n  v e r y  s m a l l  
sys tem e f f e c t s .  

7 .  The a d d i t i o n  of f i n s  t o  t h e  aluminum foam 
h y d r i d e  h e a t  e x c h a n g e r  was of m a r g i n a l  
v a l u e .  

8. The program was m o d i f i e d  t o  u s e  a  s i n g l e  
p h a s e  c o o l a n t - a i r  o r  e t h y l e n e  g l y c o l .  
However, s a t i s f a c t o r y  r e s u l t s  h a v e  n o t  been  
o b t a i n e d .  

Hea t  T r a n s f e r  A n a l y s i s  

To g a i n  i n s i g h t  i n t o  t h e  pe r fo rmance  of h y d r i d e  
h e a t  e x c h a n g e r s ,  a n  a n a l y t i c a l  s t u d y  was per fo rmed .  
The model used  i n  t h i s  work was a  one-d imens iona l  
s l a b  of h y d r i d e .  One f a c e  of  t h e  s l a b  was s u b j e c t  
t o  a  s t e p  change o f  s u r f a c e  t e m p e r a t u r e  w h i l e  t h e  
o t h e r  f a c e  was i n s u l a t e d .  The h e a t  of r e a c t i o n  of 
t h e  a b s o r p t i o n / d e s o r b t i o n  of hydrogen was i n c l u d e d  
i n  t h i s . a n a l y s i s .  The r e s u l t s  of  t h i s  a n a l y s i s  

Much of  t h e  work t o  d a t e ,  h a s  been d i r e c t e d  t o -  
wards  what migh t  be  c a l l e d  a n  " e x t e r n a l "  sys tem i n  
which t h e  hydrogen  f l o w s  be tween  h e a t  e x c h a n g e r s  
th rough  a  plumbing s y s t e m .  ANL i s  p r e s e n t l y  dev- 
e l o p i n g  an " i n t e r n a l " . s y s t e m  i n  which t h e  hydrogen 
i s  i n d i v i d u a l l y  e n c a p s u l a t e d  i n  a  l a r g e  number of 
h e a t  exchanger  e l e m e n t s  ( F i g .  3 ) .  T h i s  sys tem h a s  
a  number of  a d v a n t a g e s  i n c l u d i n g :  no  hydrogen  . 
v a l v e s ,  s i m p l i f i e d  i n t e g r a t i o n  i n t o  h e a t i n g  and 
c o o l i n g  s y s t e m s ,  and h i g h  r e l i a b i l i t y  due  t o  a  
l a r g e  number of  i n d e p e n d e n t  h e a t  exchanger  e l e m e n t s .  

T h i s  d e s i g n  h a s  been  i n v e s t i g a t e d  th rough  a 
s e r i e s  of  s c o p i n g  c a l c u l a t i o n s .  A  s y s t e m  h a s  been 
s i z e d ,  and rough  e s t i m a t e s  of  t h e  s y s t e m  perform- 
a n c e  made. The r e s u l t s  of  t h e s e  s t u d i e s  a r e  shown 
i n  Tab le  1. 

System I n t e g r a t i o n  i n t o  S o l a r / S t o r a g e  System 

An e n g i n e e r i n g  s t u d y  h a s  b e e n  s u b c o n t r a c t e d  t o  
p r o v i d e  a  f i r s t  c u t  a n a l y s i s  o f  how a  HYCSOS h e a t  
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T a b l e  1. summary o'f Tubular  System Design 

Physical 
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g c l e  time 4 mid 

Performenee 

Design Rating ' 50,000 Btulhr 
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Coefficient of  Perfomance (Cooling) .55 
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Abstract 

A portion of the DOEISTOR Hydrogen Energy 
Storage Program has been conducted by NASA for DOE 
under an interagency agreement. That portion 
consists of research and development in the areas 
of advanced (solar) production concepts, thermo- 
chemlcal cycles, transmission and distribution, 
containment materials and associated system studies . 
as well as the attendant project management. With 
the program budget decreasing 60% in FY80 this pro- 
ject is being phased out. The reported work is 
primarily from FY79, so the project is described 
for FY79. 

Introduction 

The Department of Energy (DOE). Division of 
Energy Storage Systems (STOR), in implementing a 
Hydrogen Energy Storage Program, established an 
agreement with the National Aeronautics and Space 
Administration (NASA) for NASA to assume project 
responsibility for a portion of the program 
beginning in FY78. This project assignment encom- 
passes system studies and assessments, thermo- 
chemical and other advanced hydrogen-p'roduction 
techniques, and containment and transportation 
technologies. ~hrough Interagency Agreements (IA) 
EC-77-A-31-1035 and ET-78-1-01-3112, NASA provided 
assistance to DOE in the execution of these pro- 
gram elements in FY77 and FY78. The responsibility 
for implementing this project. hereinafter titled 
the Hydrogen Energy Storage Technol.ogy (HEST) 
project, has been assigned to the Jet Propulsion 
Laboratory (JPL) with the Ames Research Center 
(ARC) haying responsibility for containment 
materials technology. 

The planned' DOEISTOR budget for Hydrogen Energy 
Storage in FY80 is about 60% below the FY79 budget. 
As a result this project at JPL will be terminated. 
Cognizance for chemical production of hydrogen is 
expected to continue at a lower funding level. A 
phase-out proposal for the project has been sub- 
mitted by JPL. The project description which 
follows refers to the FY79 activities. 

Oblectives of the HEST Project 

The DOE Hydrogen Energy Storage Program Five 
Year Plan described in DOEIET-0046 dated April 
1978 is comprised of seven program components: 

1. Production 

Hydrogen Energy 2. Storage 
System Components 3. Transport 

4. Use 

5. Supporting Research and 
Technology 

Support Components 6. Systems Studies and 
Assessments 

7. Program Mansgemcnt 

Two field centers. JPL and BNL, provide major 
.support to DOEISTOR in this program. Brookhaven 
National Laboratory carries out responsibilities 
for electrolytic hydrogen production, underground 
and occluder materials hydrogen storage, and a 
number of related systems developments and support- 
ing research and technology. NASA/JPL carries out 
the responsibilities shown in Figure 1: this 
figure compares in pattern with Figure 3-1 in DOE/ 
ET-0046 to illuminate the relationship between the 
HEST Project and the overall DOE Program. 

The broad objectives of the HEST project can 
be stated as follows: 

To explore and develop thermochemical hydrogen 
production cycles to the point that (1) technically 
and economically feasible thermochemical cycles 
are developed, or (2). it is determined that none 
such are likely in the foreseeable future. 

To stimulate, monitor and manage the proposal, 
evaluation and development of advanced hydrogen 
production and storage concepts which, in produc- 
tion versions, could exceed the net, energy ' 
efficiencies and cost effectiveness of water 
electrolysis and thermochemical cycles. 

. To develop and maintain coherent and valid 
projections of hydrogen market penetration in the 
near, mid- and long-range future., 

To develop hydrogen production-to-use systems 
concepts,which will support the earliest possible' 
implementation of non-petroleum or natural gas- 
based hydrogen production/energy storage tech- 
nologies. 

To develop a scientific and engineering founda- 
tion of knowledge and practice which will allow 
the use of low-cost, plentiful containment materials - 
in hydrogen production, storage, transport and use. 

. To monitor and maintain the pace of technologi- 
cal developments in gaseous pure hydrogen and 
hydrogen blends transmission, distribution and 
storage to the end that these technologies maintain 
a level of maturity consistent with the development 
of hydrogen production and end-use technologies. 

n 

Within the management structure of the HEST 
project, these .six broad objectives are grouped 
into five project elements -- markets analyses and 
the development of production-to-use systems 
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HEST Project FY79 Work Breakdown Structure - -  
\ 

The six HEST project elements are each made up 
of several tasks and, where appropriate, tasks may 
be broken down further into subtasks. Most of the 
identified tasks and subtasks are performed by 
contractors: as a matter of policy, JPL manages 
contracts and performs enough technical work in- 
house to assure maintenance of its competence at 
the forefront of the technologies involved and to 
validate some technical results. Contracts may be 
let and managed by JPL or ARC or, when it is more 
expedient, may be let directly by DOE and then 
technically managed by JPL or ARC. Table I lists 
contracts and task orders in order of the tasks and 
subtasks. Figure 3 summarizes the hierarchical 
relationships among HEST project elements, tasks ' 
and contracts. 

6.1 SLL - Compatibility of Exist- 
ing Pipelines 

6.2.1 ARC Microstructural 
Influences 

6.2:2 PtW Laser Welding 

6.3.1 VPI' State of Stiess 

6.3.2 Rockwell ' Threshold Fatigue I 

6.3.4 Cornell Influence on Fatigue 

ELEMENTS TASKS CONl'RACTORS 
I 1 

C~ORDINITION * 
AND MANAGEMENT 

Table I. HEST Project Contracts and 
Task Orders 

ANALYSIS AND PUNNING 

PROJECT 
MANAGEMENT 

PROJECT REPORTING TASK CONTRACTOR SUBJECT 

1.3 Courtesy Associates Annual Contracts 
Review 4-1 ANNUAL PROGRAM R N I W  COURTESY 

2.1.1 Escher: Foster Solar/Hydrogen Systems 
Assessment 

2.1.2 General Atomic Hydrogen Product ion 
from Solar Energy/ 
Water 

2.2.1 Air Products .Hydrogen Markets/ 
Supply Options 

BATTELLE 
HYDROGEN ROWCED CALTECH 

. . 
2.2.4 Billings Workshop on Cost of 

Hydrogen from Coal 

ENERGY STORAGE CONCEPTS GEORGIA , 
ADVANCED 

, . HYDROC€N PRODUCTION 
ENERGY CONCEPTS 
STORAGE CONSERVATION P I  
TECHNOLOGY 
PROJECl 

3.1.1 EIC Hydrogen Photo- 
electric Conversion 

3.1.2 CaltechIJPL Photocatalytic Decom- 
position ok Water 

3.4 ' 
NEW CONCEPT ADAPTATION 3.1.3 Battelle Direct Thermal Water 

Splitting 

3.2.1 Univ. of Georgia Photochemical Energy 
Storage 

3.3.1 SRI International Hydrogen Sulfide 
TUERMO- IGT, USL, LLL, 

U OF KENTUCKY 4.1.1 General Atomic Sulfur-Iodine Cycle 
Development 

4.3 u OP 
CYCLE &'ALUATION KENTUCKY 4.1.2 Westinghouse Sulfur-Electrochemical 

Development 

4.2.1 IGT Hybrid Cycles/Solar 
Heat Sources 

Thermochemical Pro- 
cesses . 

4.2.4 LLL Materials Development 

4.2.5 Univ. of KY Open Thermochemical 
Cycles 

4.3.1 Univ. of KY Evaluation of Thermo- 
chemical Processes 

Figure 3. Element and Taek Relationship Within 
the HEST Project (FY79) 

5.1 IGT Natural Gae Equip. in 
Hydrogen Service 



HEST P r o j e c t  Funding 

I n  a d d i t i o n  t o  DOE ,funding through NASA f o r  
c o n t r a c t s  and in-house work, some e f f o r t s  under 
t h i s  p r o j e c t  a r e  funded d i r e c t l y  by DOE. These 
inc lude  funding of DOE l a b o r a t o r i e s  and con t inua t ion  
of some , con t rac t s  i n i t i a t e d  by DOE p r i o r  t o  t h e  
format ion of t h e  HEST p r o j e c t .  

Table  I1 l i s t s  t11e.project e lements  wi th  FY79 
d i r e c t  DOE funding. IT78  funded and NASAIJPL- 
funded c o n t r a c t s  which r e q u i r e  FY79 management, 
and FY79 New Obl igat ion Author i ty  (NOA) f o r  t h e  
base f ine  budget. The managed funds t o t a l  
about $3 mi l l ion .  

Table  11. HEST P r o j e c t  Funding ($K) 

DIRECT FmmINC THROUGH NASA ' 

we 
FUNDING N 7 9  

N 7 8  NON OBL 
NO. ELEnEKI N 7 9  N78* CARRYOVER AUTHORIN 

I Xsnagemenc and 46 190 
supporc 

2 Systems Studies 248 173 
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Abstract  

S o l a r  energy r ep resen t s  a very l a r g e  renew- 
a b l e  energy resource  which can, t h e o r e t i c a l l y ,  be 
u t i l i z e d  i n  numerous ways t o  produce hydrogen from 
water.  An i n i t i a l  assessment of  solar/hydrogen 
systems is  c u r r e n t l y  being completed. A l a r g e  num- 
ber of i d e n t i f i e d  candidate  product ion means have 

'been cha rac te r i zed ,  from a technology s t andpo in t ,  
f o r  both the  d i r e c t  and i n d i r e c t  s o l a r  energy con- 
vers ion modes. 

Based on t h e  s t a t u s  of  t h e  r e l evan t  techno- 
l o g i e s ,  and on the  f e a s i b i l i t y  of production sys- 
tems encompassing these  technologies ,  a screening 
of t h e  candidates  capable of commercialization by 
t h e  year  2000 is being c a r r i e d  o u t .  One c l e a r  
i n d i c a t i o n  is  t h a t  water e l e c t r o l y s i s  w i l l  p lay  
a key and unique r o l e  i n  such nearer- tern  app l i -  
ca t ions .  

This  paper reviews t h e  context  and coverage 
of t h e  s tudy and comments on t h e  technologies  
assessed.  (De ta i l s  o f  t h e  screening were not  
a v a i l a b l e  f o r  t h i s  paper . )  

In t roduc t ion  and Background . 

Rat ionale  f o r  Solar/Hydrogen Systems 

The 'future of t he  world ' s  energy system 
appears q u i t e  unce r t a in .  Logic and prudence d i c t a t e  
t h a t  ou r  a v a i l a b l e  energy systems op t ions  provide  
a l t e r n a t i v e s  t o  t h e  p resen t  foss i l - fuel -based 
systems. Fur the r ,  it would be advantageous t h a t  
such systems be compatible with p resen t  primary 
energy r e sources ,  and theene rgyresources  t h a t  a r e  
hoped t o  be  brought i n t o  being i n  f u t u r e  decades 
would a i d  t h e  t r a n s i t i o n  t o  new a l t e r n a t i v e  energy 
systems. Fur ther ,  i f  t h e  b a s i c  energy media could 
be p rogres s ive ly  intermixed and t h e  resources  i n  
d iminishing supply phased ou t  wi thout  major d i s -  
rup t ions  of  t h e  wor ld ' s  energy system, t h i s  would 
a l s o  r ep resen t  a d e s i r a b l e  a l t e r n a t i v e .  

Recent events  have c a s t  g r e a t  unce r t a in ty  on 
t h e  f u t u r e  of t h e  nuclear  "burner" and "breeder" 
r e a c t o r  indus t ry .  The f u t u r e  of fus ion  energy sys- 
tems i s  a s u b j e c t  f o r  much debate.  Even i f  both 
f ami l i e s  of  systems achieve g r e a t  market success ,  
t r a d i t i o n a l l y ,  t h e i r  output  is as soc ia t ed  with 
e l e c t r i c i t y  generat ion.  E l e c t r i c i t y  cannot be 

I 

s to red ,  it cannot,  economically, be t r ansmi t t ed  1 long d i s t a n c e s ,  nor i s  it compatible wi th  c e r t a i n  
app l i ca t ions ,  e . g . ,  a i r  t r a n s p o r t a t i o n .  Fluid  f u e l s  
a r e  required along with e l e c t r i c i t y ,  and t h e  nuc lea r  
production of f u e l  forms is  t e c h n i c a l l y  f e a s i b l e .  
But, i n  t h e  i n t e r e s t  of developing a range of  f u t u r e  
a l t e r n a t i v e s ,  other-than-nuclear-based f u e l  poss i -  
b i l i t i e s  appear t o  be l imi t ed  t o  geothermal and 
s o l a r  energy. Without commenting on t h e  former,  
which appears t o  have i t s  own unique advantages 
and l i m i t a t i o n s ,  t h e  sun appears t o  be the  major 
primary energy source  o f  oppor tuni ty .  Thus, t h e  s o l a r -  
production of f u e l s  should be an op t ion  brought 
c l e a r l y  i n t o  focus f o r  energy planners  and decis ion-  
makers. Solar/production of  hydrogen, being t h e  
fundamental s t e p  i n  so la r - fue l s  product ion,  is  a 
speckf i c  t o p i c  of  i n t e r e s t  and t h e  s u b j e c t  of t h e  
s tudy repor ted  on here .  

A s  an informed commentary, t h i s  s iz ing-up of  
t h e  solar /hydrogen prospect  by D r .  Wolf Haefel i  
of t h e  I n t e r n a t i o n a l  I n s t i t u t e .  of Applied Systems 
Analysis is  appropr i a t e  he re :  ' 

"Solar power i s  obviously a b ig  opt ion.  
The t o t a l  i n p u t  a t  t h e  o u t e r  boundary of 
t h e  atmosphere is  178,000 TW* and t h i s  is 
p r a c t i c a l l y  forever .  So t h e  resources  a r e  
not  t h e  problem, nor the  power, i n  p r in -  
c i p l e .  The problem is  how t o  g e t  hold of  
it. 

A s a l i e n t  p o i n t  i n  a l l  t h a t  i s  energy 
s to rage .  Both the  d a i l y  and t h e  seasonal  
cycle  must be bridged ... f o r  deep-seated 
reasons  of  physics ,  thermal,  o r  mechanical 
s to rage  would not do i t ,  ins t ead  t h e  energy 
must be s t o r e d  on the  negentropic  l e v e l  
of  t h e  molecules, t h a t  is  i n  terms of  
chemistry.  ' 

And he re  t h e  most e l egan t  s o l u t i o n  is 
again  hydrogen. I n  t h e  fo reseeab le  f u t -  
u re  hydrogen would be produced through 
e l e c t r o l y s i s  o r  through thermochemical 
means, whi le  i n  the  long run a b iotech- .  
no log ica l  approach might t u r n  o u t  t o  be 
a b e t t e r  s o l u t i o n . "  

* Presen t  world t o t a l  energy use i s  about 8 TW, 
p ro jec t ed  t o  grow t o  25-40 TW i n  2030. 



Background of the Study 
I 

In early 1978, the Caltech Jet Propulsion 
Laboratory (JPL) initiated an in-house task entitled 
"Assessment of Solar/Hydrogen Systems." Using the 
inputs of both JPL researchers and outside~:consul- 
tants, state-of-the-art documentation for a broad 
range of direct and indirect solar energy conver- 
sion and related hydrogen production processes was 
developed. By late-1978, a study "core group" had 
developed a basic study plan-of-progression aimed 
at the identification of the more attractive 
solar/hydrogen system approaches. The recommended 
assessment work-flow was developed. 

Subsequently, with the initial tasks under- 
way, JPL elected to contract the continuation andcom- 
pletion of the study to Escher:Foster Technology 
Associates, Inc. (E:F). The contract was initiated 
in mid-June 1979 and is scheduled for completion at 
the end of November 1979. 

2. Indirect Conversion Technologies, where 
an intermediate medium is utilized to 
operate the conversion process and where, 
often, large time constants are encoun- 
tered. 

Figure 1 graphically presents the taxonomy 
o'f solar/hydrogen production processes as determined 
in the study. The direct and indirect SECTS are noted 
on the left-hand side of the diagram; the HEPTS are 
called out in the middle of the diagram as the el- 
lipses; leading to the hydrogen product at the right. 
Of special interest is the interlinking of SECTS and 
HEPTS via heat and work processes. 

Figure 2 illustrates an entire solar/hydrogen 
ene.rgy system showing the SECTS (Item 1.1) and HEPTS 
(Item 1.2) as these combine to form the entire pro- 
duction system. Delivery and use are conventional. 

This paper is a brief summary of the assess- To provide focus and to establish a line-of- 
ment activity status as of the beginning of October direction within the assessment, in context with the 
1979. Two earlier references covering initial .solar/hydrogen technologies and systems represented 
phases of the assessment have been publi~hed.~'~ in Figures 1 and 2, a general guideline was adopted, 

whose essence is aiven in five points: 
Assessment Definitions,Guidelines and 

Documentation 

There are four basic considerations im~licit 

..--- - - - -  ~~- - 
~ a 

Solar technologies that can become commer- 
cially viable within the next 20 years are to 
be emphasized. - -  - - -  

in an energy system. These are 1) the primary en- 
ergy resource, 2) the energy form produced from the Solar technologies that are capable of evolving 

primary energy resource, 3 )  the delivery of that en- with, and supporting, a gradually expanding 
ergy form, and 4 )  the use of that energy form. Here hydrogen market are to be preferred. 

the primary energy resource is the sun, and the hy- 
drogen production step is the area of inquiry spec- 
ifically treated here. The technologies associated 
with the delivery of the energy form, although 
within the scope of this assessment, are of a secon- 
dary level-of-interest(documented for completeness): 
Hydrogen use is not directly covered but is tiea in 
to the stthdy by means of thorough referencing. 

The first level of differentiation can be 
helpfully separated into two basic sub-steps (with- 
in the total solar/hydrogen production step): 

The eventual use of solar energy as the pri- 
mary energy source for hydrogen production 
should be viewed as a future energy option wor- 
thy of preservation. 

Lead time requirements associated with develop- 
ment arid deployment of new technologies, as 
process which must be cmpleted before sig- 
nificant impact is made on any energy sector, 
suggest that the hydrogen fuel issue is one of 
immediate concern. 

1. Solar Energy Conversion, through which A United States purview, rather than inter- 
the electromagnetic solar radiation is national coverage, is to be maintained. 
converted to some intermediate energy 
form, and The first point, introduces a pragmatic forcing- 

2. Hydrogen Production, through which the , function which serves as a strong sorting-out means, to 

converted energy form is ysed, generally narrow down those technologies and systems to be 

in a water-splitting process, to produce assessed from a general standpoint of detailed tech- 
the product: hydrogen (and usually oxy- noeconomic characterization and implementation. 

Emphasizing the technological facets, a more 
complete definition of these two steps is implied in 
these sub-step titles: 1) Solar Energy Conversion 
Technologies (SECTS), and 2) Hydrogen Energy Pro- 
duction Technologies (HEPTS), respectively. 

Further, inspection of the nature of the en- 
ergy conversion technologies suggests further that 
solarhydrogen technologies fall into two classes 
(Figures 1 and 2) : 

1. Direct Conversion Technologies, where Ae 
principal conversion step is operated 
directly by solar radiation. 

The assessment is being documented in two 
report volumes: 

Volume I, "Systems Assessment," emphasizes 
the technoeconomic description of those can- 
didate technologies and systems which are . '  

viewed as the most promising for commercial- 
ization by the year 2000. 

Volume 11, Technology Reirl-ew," comprehensively 
documents a review of all solar/ hydrogen 
technologies which have been considered in the 
assessment. Emphasis is on the production 
step, with an appropriate summary review of the 
hydrogen delivery step as well. 

In brief, Volume I presents more detailed in- 
formation on prospective nearer-term solarhydrogen 
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systems and technologies characterized more gen- 
e r a l l y ,  but  comprehensively, i n  Volume 11. 

Review of Solar/ 
Hydrogen Technologies 

Direct Solar  Energy Conversion Processes 

This category of processes consis ts  of three 
subcategories (phot ic ,e lec t r ic ,  and thermal) and 
a number of spec i f ic  conversion processes, as  shown 
i n  Figure 2. 

1. Photic Processes. This subcategory in- 
cludes th ree  spec i f ic  s o l a r  energy conversion 
processes - biophotolysis,  photocatalysis ,  and 
photo-electrolysis.  The commonalities shared by 
these processes a r e  : 1) i n  each process, photons 
i n i t i a t e  electrochemical react ions which r e s u l t  
i n  water s p l i t t i n g ,  and 2) each process i s  i n  i t s  
developmental infancy, with respect  t o  forseeable 
large-scale hydrogen production. 

The d i r e c t  photo production of hydrogen by 
biological  systems uses water as an electron source 
(biophotolysis) and includes the use of l iv ing  
algae ( i n  vivo) and the  construction of a r t i f i c i a l  
systems from biological  components ( i n  v i t r o )  . 
Both i n  vivo ( l iv ing  systems) and i n  v i t r o  ( a r t i -  
f i c i a l  systems containing subcel lular  components) 
a r e  under invest igat ion.  However, t h i s  tech- 
nological pathway must, f o r  now, be assessed as  one 
which a t  bes t  i s  f a r  from commercial-scale r e a l i -  
zation. Even i f  sustained react ions having accep- 
t ab le  e f f ic ienc ies  a re  achieved, t h e  resu l tan t  hy- 
drogen and oxygen emerge mixed from the surface of 
the aqueous medium, and s a f e  andcos t -e f fec t ive  
means f o r  separating the two under the necessary 
conditions are  not now obvious. 

Nevertheless, considerable i n t e r e s t  has de- 
veloped i n  constructing hydrogen producing systems 
with i so la ted  biological  components ( i n  v i t r o ) .  
This approach promises higher conversion eff ic iency 
than i n  vivo systems but  requires  the solut ion of 
a number of d i f f i c u l t  technical  problems, including: 
1) s t a b i l i z a t i o n  of biological  components, 2) phy- 
s i c a l  separation of oxygen and hydrogen producing 
a c t i v i t i e s ,  3)  simplif icat ion of the photo-synthetic 
system, and 4 )  developing systems f o r  u t i l i z i n g  the 
e n t i r e  incident  s o l a r  spectrum. These a c t i v i t i e s  
are  highly research-oriented and p r a c t i c a l  i n  v i t r o  
systems a r e  not l i k e l y  t o  be forthcoming i n  the 
immediate future.  

b. Photocatalysis.  The object ive *of 
photocatalyt ic  systems i s  t o  produce an e f f e c t  
s imi la r  t o  boiphotolysis without the  involvement 
of biological  media. Current approaches involve 

. near simultaneous photo-catalytic oxidation and 
reduction reactions t h a t  y i e l d  oxygen and hydrogen 
followed by a dark react ion i n  which the  reagents 
recombine t o  t h e i r  o r i g i n a l  form. The challenge 
impl ic i t  i n  photocatalyt ic  processes is  t o  add re- 
cyclable material t o  water t h a t  w i l l  absorb s o l a r  
l i g h t  spectra  and de l iver  the absorbed energy t o  a 
hydrogen and oxygen producing react ion.  Reactions 
current ly under study require  the  use of re la t ive ly  
r a r e  and expensive mater ials ,  primarily rhodium 
complexes; cycles based on f a r  more abundant cat-  
a l y s t s  must be developed before t h i s  technology 
can be considered as a po ten t ia l ' source  of hydrogen 

for  e i t h e r  central ized or  d i s t r ibu ted  systems i n  
e i t h e r  the near- term o r  far- term future . 

c. Photoelectrolysis (or  Photoelectro- 
c a t a l y s i s ) .  Photoelectrolysis ,  o r  

photoelectr ic-catalysis  is  a f l u i d  analog of a photo- 
vo l ta ic  c e l l  combined with an e l e c t r o l y t i c  c e l l .  
Theoretical conversion e f f ic ienc ies  of 45% have been 
calculated. The bes t  experimental conversion e f f i c -  
iencies  of 10% t o  11% have been achieved with mono- 
chromatic l i g h t .  The bes t  t o t a l  so la r  spec t ra l  
eff ic iency at ta ined thus f a r  is on the order of 2% 
t o  3%. Aside from these low p r a c t i c a l  e f f i c i e n c i e s ,  
the major problem with these systems is  t h a t  no 
electrode mater ials  have been found t h a t  a re  thermo- 
dynamically s t a b l e  when the c e l l  is operating. Cor- 
rosion of electrodes and the resu l t ing  drop i n  con- 
version eff ic iency presents  the major problem. . This 
f i e l d ,  l i k e  others  i n  t h i s  subcategory, is  r e l a t i v e l y  
unexplored and breakthroughs a re  possible. Never- 
the less ,  it cannot now be included among the  near- 
term contenders f o r  commercial hydrogen production. 

2. E lec t r ic  Processes. The term " e l e c t r i c  
processes" i s  employed here t o  encompass photovoltaic 
and concentrating hybrid photovoltaic concepts, 
thermionic technologies, and s o l a r  thermo-electric 
phenomena - the l a t t e r  being d i s tknc t  from the so la r  
thermal-to-heat engine-to-electric generation con- 
cept i n  t h a t  e l e c t r i c i t y  is produced d i r e c t l y .  

a .  Photovoltaic Systems. 

(1) T e r r e s t r i a l  Photovoltaic Tech- 
nology. Photovoltaic c e l l s  are  a 

form of s o l i d  s t a t e  dlode and can be made from var- 
ious semiconductor mater ials .  While there a re  a var- 
i e t y  of possible  mater ials ,  the preponderance of U.S. 
experience is  with s i l i c o n  c e l l s .  They have been 
i n  use s ince 1955, when Bell  Telephone Laboratories 
successfully powered telephone amplif iers  i n  f i e l d  
t e s t s  and t h e i r  technology and r e l i a b i l i t y  a re  well 
known. 

,Present ly,  cos t  reduction is  the prime ob- 
ject ive of such e f f o r t s  a s  DOE'S Low-Cost Solar  
Array (LSA) Program. This program is funding tech- 
nology developments and volume so la r  c e l l  procurement!s 
as  a push-pull means of cost  reduction. 

Si l icon photovoltaic c e l l  production processes 
a r e  well understood although some process val idat ion 
is  s t i l l  necessary before sequence automation can be 
undertaken. Currently, there a re  some process se- 
quences t h a t  r e s u l t  theore t ica l ly  i n  cos t s  equal t o  
the LAS Project  goals of $2.00 per watt by 1982 and 
$0.50 per watt i n  1986 (1975 d o l l a r s ) ,  and some ad- 
vanced technology cel.1 processes show promise of fur- 
ther  cost  reductions. 

(2) Solar Power S a t e l l i t e  Concept. While 
t e r r e s t r i a l  appl icat ions of the photovoltiac concept 
may range from the miniscule t o  qu i te  l a rge ,  the 
Solar Power S a t e l l i t e  (SPS) concept is  i n t r i n s i c a l l y  
a "macro system." A s  present ly seen, SPS involve 
large photovoltaic arrays located i n  a geostationary 
o r b i t  36,.000 kilometers above the Ear th ' s  equator. 
Each SPS would be i n  sunl ight  more than 99% of the 
time and i n  continuous line-of-sight contact with 
i t s  unique ground receiving s ta t ion .  E lec t r ica l  
power produced on the s a t e l l i t e  by photovoltaic con- 
version of sunl ight  would then be donverted t o  radio 
frequency energy a t  high eff ic iency,  formed i n t o  a 



focused beam and precisely dkrected t o  t h e  SPS 
ground s ta t ions .  The ground s t a t i o n  receiving 
antenna systemwuld reconvert the energy i n t o  elec- 
t r i c i t y  f o r  d i s t r ibu t ion .  Conceptually, e lectro-  
l y t i c  hydrogen could be produced as  an a l t e r n a t i v e  
t o  e l e c t r i c i t y .  

The SPS concept is present ly being c r i t i c a l l y  
assessed by a spec ia l  DOE/NASA task force,  i n  
which a whole range of impacts and ramifications a re  
being looked a t .  An assessment report  i s  due i n  
mid-1980. A t  the e a r l i e s t ,  deployment of the 
SPS system is  planned i n  the post-2000 perkod. 

b. Concentrating Hybrid Ph6t6voltaic 
Processes. The present high cost  per 

un i t  of photovoltaic c e l l s  might theore t ica l ly  be 
circumvented by the use of op t ica l  concentrating 
methods which could increase the r a t e  of energy 
delivery per un i t  area ( so la r  f lux)  applied t o  
photovoltaic c e l l s .  In  addition t o  the d i r e c t  
mechanism of reducing the c e l l  area required, the  
resu l t ing  heat  rejected t o  a cooling medium ( i f  
any) can be conceivably used a s  an energy source 
for  a bottoming cycle heat-engine system. 

Concentrating hybrid photovoltaic systems 
a rc  prcscnt ly being investigated i n  t l~e  U11i.ted 
S ta tes .  The appl icab i l i ty  of t h i s  technology t o  the  
commercial-scale production of hydrogen from s o l a r  
energy is  highly dependent upon the ac tua l  extent  
t o  which cost  reductions, vis-a-vis s t r a i g h t  photo- 
vo l ta ic  systems, csn be achieved. However, t o  da te ,  
design and analysis  work has not y e t  proceeded f a r  
enough t o  support de ta i led  assessments of the  po- 
t e n t i a l  of t h i s  technology. 

c.  Thermoelectric Systems. The generation 
of a voltage between the junctions of d i ss imi la r  
metals where a temperature difference e x i s t s  be- 
tween the  two ( the  Seebeck e f f e c t )  is  the  bas i s  of 
operation of thermocouple/thennopile systems. 
This e f f e c t  has found p r a c t i c a l  appl icat ion,  with 
low energy conversion e f f ic iency ,  i n  spacecraf t  
power supply systems using rac?.oisotopes as  heat  
sources. While s ign i f ican t  advances have been made 
i n  t h i s  technology, low conversion eff ic iency re- 
mains the  major b a r r i e r  t o  i t s  appl icat ion t o  so la r  
energy conversion devices. Moreover, s o l a r  thermo- 
e l e c t r i c  technology is  not being developed i n  the 
United S ta tes .  

d. Thermionic Processes. The unique 
features  and charac te r i s t i cs  of s o l a r  thermionic 
power include r e l a t i v e l y  high theore t ica l  e f f ic ien-  
c i e s ,  on the  order of 20%, and the  po ten t ia l  f o r  
operating these systems a t  high temperature. High 
temperature operation of s o l a r  thermionic systems, 
l i k e  concentrating hybrid systems, o f f e r s  t h e  oppor- 
tun i ty  t o  use the discharge thermal energy t o  dr ive 
shaft-power devices (Rankine, S t i r l i n g ,  o r  Brayton 
cycle) i n  bottoming cycles. 

With presently known mater ials ,  the optimum 
hot-to-cold junction temperature r a t i o  is  about 2. 
Today's bes t  mater ials  can produce t h i s  r a t i o  but  
the  temperature of the  t o t a l  system a t  which t h i s  
r a t i o  is  produces is  too low t o  permit the cost  
e f fec t ive  operation of inexpensive s h a f t  power de- 
vices  t o  support a bottoming cycle. 

Present ly,  the  major l imi ta t ion  i s  t h a t ,  with 
higher temperatures, the cold electrode becomes an 

electron emit ter  and a c t s  t o  reduce the po ten t ia l  
avai ldble  from the junction. New breakthroughs 
i n  mater ials  a re  required. Work on t h i s  par t i cu la r  
problem i s  being supported i n  the Soviet Union t o  
a greater  extent than i n  the United S ta tes .  Ther- 
mionic technology is not considered t o  be an a t t rac -  
t i v e  candidate f o r  commercialization i n  the United 
S ta tes  within the next two decades. 

3 .  Thermal Processes. Solar  thermal energy, 
derived from opt ica l  concentration of so la r  rad- 
i a t i o n ,  may r e s u l t  i n  the production of hydrogen from 
water by taking any of three paths: 1) heat  engine 
through e l e c t r i c a l  generation t o  e l e c t r o l y s i s ,  2) a s  
the heat  source f o r  thermochemical o r  hybrid electro-  
lytic-thermochemical cycles ,  and 3)  i f  su f f ic ien t ly  
high temperatures can be achieved and maintained, 
d i r e c t  thermal water-spl i t t ing.  

a .  ,Solar Thermal Engine Processes. Solar 
thermal engine system research andckvelopment i n  the 
United S ta tes  is  developing along several  paths. The 
JPL i s  pursuing the development of small d i s t r ibu ted  
systems i n  which the focal  point and heat engine a r e  
i n t e g r a l  with the  parabolic r e f l e c t o r .  Sandia Liv- 

ermore Laboratory is  pursuing the "power tower" con- 
cept i n  which multiple r e f l e c t o r s  a re  concentrated 
on a s ing le  thermal cavity supported by a c e n t r a l  
tower. Sandia Laboratories a t  Albuquerque, New 
Mexico, a r e  invest igat ing arrays of line-focusing 
parabolic cy l indr ica l  reflecting. concentrators. 
These a r e  a t  the demonstration s tage,  e .g . ,  i r r i g -  
a t ion water pumping. Rankine-, Brayton-, and 
St i r l ing-cycle  engine appl icat ions a re  a l l  under 
invest igat ion.  

The so la r  thermal engine approach shares with 
the photovoltaic approach the  s t a t u s  of a re la t ive ly  
mature developmental technology i n  which the remain- 
ing object ives a re  t o  lower c a p i t a l  costs  while de- 
r iving low maintenance designs with high long-term 
r e l i a b i l i t y ;  therefore,  it is  included i n  the l i s t  
of po ten t ia l  candidates f o r  commercial-scale s o l a r  
hydrogen production by the year 2000. 

b. Direct Thermal Water S p l i t t i n g .  A t  
temperaturesof 3000 K and one atmosphere pressure, 
approximately 14% of water vapor is  dissociated.  
This f rac t ion ,  a s  would be expected, increases as  
the pressure i s  decreased and the temperature in-  
creased. This concept has received e a r l i e r  theore- 
t i c a l  a t t en t ion .  

A t  present ,  Ba t te l l e  Geneva is  conducting an 
i n i t i a l  empirical invest igat ion of the  po ten t ia l  
technical  f e a s i b i l i t y  of t h i s  approach via  a small 
contract with JPL. The Bat te l l e  process i s  held a s  
proprietary u n t i l  the  point  r e s u l t s  a r e  avai lable .  
No d e f i n i t i v e  r e s u l t s  have been obtained. Moreover, 
even i f  the laboratory method indicates  basic  tech- 
n ica l  f e a s i b i l i t y ,  ultimate commercial a t t rac t iveness  
may s t i l l  l i e  f a r  i n  the fu ture .  Materials w i l l  pose 
challenges as  w i l l  methods f o r  obtaining acceptable 
system net  energy e f f i c i e n c i e s ,  considering the very 
high temperatures t h a t  must be maintained. Addit- 
iona l ly ,  t h i s  approach shares with biophotolysis the 
problem of separating the product hydrogen and oxy- 
gen. Therefore; d i r e c t  thermal water-spl i t t ing must 
be considered t o  be no more than a theore t ica l  long- 
range p o s s i b i l i t y  f o r  commercial hydrogen production. 

c.  Solar Thermochemical and Hybrid Elec- 
trolytic-Thermochemical Production of 



Hydrogen. A s  a consequence of worldwide 
e f f o r t s  i n  thermochemical water-spl i t t ing,  there 
$re a great  number of s e t s  of closed-cycle re- 
act ions t h a t  provide f o r  the dissociat ion of water 
i n t o  hydrogen and oxygen, while preserving the in te r -  
mediate reagents fo r  recycling. A key requrirement 
f o r  the  rea l iza t ion  of commercial thermochemical hy- 
drogen production i s  a continuous high temperature 
(1550° t o  2200°F0 heat source is  avai lable .  How- 
ever, pending major advances i n  high temperature 
thermal energy storage, s o l a r  energy could be har- 
nessed t o  provide a t t r a c t i v e  continuous thermal en- 
ergy sources. However, the commercial po ten t ia l  of 
the s o l a r  thermochemical and hybrid e lec t ro ly t ic -  
thermochemical approaches t o  hydrogen production 
appears remote a t  t h i s  time. I t  would appear t h a t  
t h i s  approach merits no fur ther  consideration u n t i l  
such time as :  1) commercially a t t r a c t i v e  react ions 
a re  p rac t ica l ly  demonstrated, and 2) a cammercially 
viable ,  high-temperature, thermal energy s torage 
technology which is able  t o  compensate f o r  the in te r -  
mittency of the  primary s o l a r  energy resource is  
demo~istrated . 

Ind i rec t  Solar  Energy Cor.version Processes 

Ind i rec t  so la r  energy processes f a l l  i n t o  
th ree  classes:  1) thermal, a s  manifested i n  the  
ocean thermal gradient ,  2) k ine t ic ,  as manifested i n  
winds, waves, and hydraulic reservoirs ,*  and 3) bio- 
log ica l ,  as  manifested i n  the  production of biomass. 
However, the  related primary conversion technologies 
f a l l  i n t o  only two subcategories i n  the  categor- 
i za t ion  system employed here; (1) mechanical, and 
(2) biological .  

1. Mechanical Solar Conversion Tech- 
nologies. Examined b r i e f l y  under t h i s  

subcategory a r e  wind energy conversion systems, 
ocean thermal energy conversion, ocean wave power, 
and hydropower. 

a .  Wind Energy Conversion Systems. Wind 
systems a r e  presently being developed by the U.S. 
Department of Energy i n  i t s  Wind Energy Conversion 
Systems (WECS) Program. The present  emphasis i s  on 
r e l a t i v e l y  la rge  wind turbine generators (0.1 t o  
1.0 megawatts) and on horizontal  ax i s  machines. 
There does e x i s t ,  however, a smaller e f f o r t  d i r -  
ected toward small-scale wind energy conversion 
systems with the  i n t e n t  of applying such systems t o  
d i s t r ibu ted  or  decentralized system designs. There 
is  no doubt t h a t  wind energy conversion systems 
represent a po ten t ia l ly  large and near-term energy 
contribution. 

One of the well known technical  problems 
is  the f luctuat ion of output power due t o  wind vel- 
oc i ty  variat ions (power output i s  propor t iona l . to  
the cube of the  wind ve loc i ty ) .  Wind veloci ty may 
vary s ign i f ican t ly  i n  minutes, i n  a wide range 
d a i l y ,  and from zero t o  some maximum on a weekly 
o r  monthly bas i s .  Moreover, zero-output s i t u a t i o n s  
may p e r s i s t  fior days o r  weeks i n  some locat ions.  
Thus, without t i e - ins  t o  a power gr id ,  s torage 
systems a re  of great  sigriifi,cance t o  p r a c t i c a l  wind 
systems. This i s  where hydrogen may o f f e r  a very 
a t t r a c t i v e  po ten t ia l .  

* Even though they a re  renewable energy 
sources, ocean currents  and t i d e s  are  not 
included i n  t h i s  discussion s ince they a r e  
not purely s o l a r  energy forms. 

Because the technology i s  reasonably mature i n  
general,  and because new design approaches a r e  pro- 
ducing meaningful r e s u l t s ,  the WECS technology must be 
considered a near-term candidate f o r  hydrogen pro- 
duction v i a  water e lec t ro lys i s .  

b. Ocean Thermal Energy Conversion (OTEC). 
In the  t rop ica l  oceans, the temperature gradient be- 
tween the warm surface water and the cold intermed- 
i a t e  water 500,to 600 meters below is approxhattely 
40°F. This AT gives a theore t ica l  Carnot eff ic iency 
of approximately 7%. The oceanic temperature grad- 
i e n t  represents a huge resource i f  it can be tapped. 
A t  present ,  the closed Rankine Cycle employing ammo- 
n ia  as  the working f l u i d  is the technology of choice 
although open cycles such as the one tes ted  unsuc- 
cessful ly by Claude i n  the 1920's as  well a s  several  
exot ic  approaches t o  vaporization and hydraulic head 
production a r e  being examined by some invest igators .  
With a l l  proposed approaches, the requirements f o r  
pumping huge volumes of water, pressure drops with- 
i n  the system and other  p a r a s i t i c  losscs  r e s u l t  i n  
the most opt imist ic  estimates of p rac t ica l  system 
ef f ic ienc ies  f o r  e l e c t r i c i t y  production being no 
more than 1% #or 2%, and some observers doubt ser-  
iously t h a t  OTEC can produce net  energy a t  a l l .  

In s p i t e  of OTEC's low net energy prospects,  
the U.S. DOE supported OTEC component and subsys- 
tem developments a t  a funding leve l  of about $40 
mil l ion i n  F i sca l  Year 1979. The f i r s t  subsystem 
t e s t s  of heat  exchangers and cold water pumping a r e  
scheduled i n  1980 aboard a converted ship h u l l ,  
ca l led  "OTEC-1" s ince the s iz ing  of the components 
w i l l  r e f l e c t  a theore t ica l  one megawatt e l e c t r i c a l  
production capacity. OTEC-5 (5 megawatts) i s  sche- 
duled f o r  t e s t  operations by the mid-1980's and i s  
expected t o  include a Rankine engine and e l e c t r i c a l  
generation capabi l i ty .  Should OTEC-1 and OTEC-5 be 
successful,  it seems probable t h a t  OTEC developments 
w i l l  be accelerated and tha t  the f i r s t  p i l o t  sca le  
t e s t s  (approxiamtely 25 megawatts) w i l l  occur i n  
the  ea r ly  1990's.  

Because most t rop ica l  oceanic locat ions of-  
fe r ing  the necessary depths a re  not c lose t o  major 
urban i n d u s t r i a l  complexes, a perplexing problem 
a r i s e s  should OTEC become otherwise commercially a t -  
t rac t ive .  Either the complexes w i l l  be obliged t o  
move t o  the  OTEC s i t e s  ( the is land of Hawaii might 
thereby become a major i n d u s t r i a l  complex) o r  the  
energy must be transmitted over considerable d i s -  
tances i n  some form. Analyses have been performed 
t h a t  ind ica te  t h a t  OTEC can be par t i cu la r ly  useful  
fo r  manufacturing chemical fue l s ,  such as  hydrogen 
or  ammonia i n  l iqu id  forms. However, delivered costs  
of the  product s t i l l  would be about three times 
present gasoline pr ices  ( i n  1975 d o l l a r s ) .  OTEC is  
viewed as a spec ia l ,  but s t i l l  tenuous, candidate 
f o r  commercial-scale solar/hydrogen production by 
the close of t h i s  century. 

c.  Hydropower. Hydropower systems employ 
very mature technology. However, most avai lable  and 
sui tably located large hydropower resources i n  the 
continental United S ta tes  already have been exploi- 
ted. 

The use of ex i s t ing  non-hydroelectric dams 
f o r  the production of hydrogen and oxygen from water 
is being invest igated by the U.S. DOE. Two develop- 
ment and demonstration pro jec t s  a r e  being supported 
on modest sca les .  The t o t a l  U.S. resource of such 



s i t e s  is  large i n  number but r e l a t i v e l y  small i n  
t o t a l  energy content - representing l e s s  than 0.3 
quads a t  most. Thus, small hydropower hydrogen pro- 
duction systems represent a t  l e a s t  limited oppor- 
t u n i t i e s  t o  es tab l i sh  near-term solar/hydrogen en- 
ergy systems. I t  is l ike ly  t h a t  these would a f f e c t  
merchant gas markets on a loca l  bas i s  only. How- 
ever, t h i s  contribution is  not t o  be overlooked. 

d .  Ocean Wave Power. Ocean wave power 
a s  a renewable energy resource i s  being pursued 
a t  a modest l eve l  i n  the United S ta tes .  A cooper- 
a t i v e  program involving the United Kingdom and Japan 
i s 'be ing  par t i c ipa ted  i n  a t  t h i s  time. Shnuld t h i s  
approach be viewed favorably, it seems c lear  t h a t  
e l e c t r o l y t i c  hydrogen, vs. e l e c t r i c i t y ,  could 
o f f e r  s ign i f ican t  po ten t ia l .  

2. Biological Conversion Technologies. Con- 
cepts f o r  producing hydrocarbon energy forms from 
biomass a r e  many and varied. Primary biomass re- 
sources span the  spectrum from urban and animal 
wastes a s  feedstocks through a variety of fo res t ry  
and agr icu l tu ra l  wastes, t o  a variety of spec i f ic  
plant  grow-out options ranging from unice l lu la r  
algaes, t o  grasses, t o  s i l v i c u l t u r e ,  t o  massive a t -  
sea farms of the g ian t  brown kelp, Macrocystus, 
pyr i fe ra .  A ~ t h o s i ~ a t i v ~  e+timates ~f thc  po ten t ia l  
of biomass t o  supply U.S. energy needs range from 
a few percent t o  many hundreds of percent ,  de- 
pending upon the assumptions employed. Also, de- 
pending on t h e  assumptions employed and the type of 
feedstock, both biochemical and thermochemical 
means of converting feedstocks t o  l iqu id  and gaseous 
hydrocarbon fue l s  are  possible ,  e .g . ,  fermentation 
and gas i f ica t ion .  

This so'lar/hydrogen assessment does not 
consider biomass sources t o  be leading candidates 
fo r  large-scale hydrogen production within the fore- 
seeable future.  Although it cer ta in ly  is technical ly 
feas ib le  t o  derive hydrogen from celli.ilosic feed- 
stocks through thermochemical processes, we o f f e r  
the  fodlowing several  arguments against  doing so  on 
commercial scales:  

1. the  net  energy eff ic iency of the process 
chain which s t re tches  from biomass pro- 
duction t o  hydrogen del ivery is well l e s s  
than 1%. 

2. processes with very low ne t  energy e f f ic -  
iencies  invariably w i l l  r e s u l t  i n  very ex- 
pensive f i n a l  products unless they display 
some strong remedial charac te r i s t i cs .  

3. compared t o  common hydrocarbon fue l s ,  hy- 
drogen is d i f f i c u l t  and expensive t o  s t o r e  
and t ransport .  

4. Common hydrocarbon fue l s  can be derived 
from biomass feedstocks with higher net  
energy e f f ic ienc ies  and laver  cos t s ,  i n  
general,  than can hydrogen; f i n a l l y ,  when 
hydrocarbon fue l s  are  continually derived 
from biomass, atmospheric C02 released upon 
t h e i r  combustion is  not a problem since the 
C02 is taken up again as  the  next generation 
of the biomass feedstock is grown. 

Therefore, we see  few i f  any log ica l  tech- 
n ica l  o r  economic arguments f o r  large-scale commer- 
c i a l  production of hydrogen from biomass feedstocks 
even though we recognize t h a t  ce r ta in  unusual, and 
probably local ized,  economic and i n s t i t u t i o n a l  con- 
d i t ions  could cons t i tu te  exceptions t o  t h i s  general- 
i t y .  

-- 

:inn Near-Term Svstems 

(Note: This taskwork was i n  progress a t  t h e  time 
t h i s  paper was prepared, hence, spec i f ic  r e s u l t s  could 
not be included here.) 

Context f o r  the  Screening and Select ion Process 

The task areas  present ly underway which w i l l  
lead t o  the screening of the  candidate technologies 
and systems l i s t e d  above include: 

Alternat ive Futures - t o  provide a general 
context within which fiuture solar/hydrogen sys- 
tems can be appropriately assessed, a s e t  of 
a l t e rna t ive  fu tures  has been assembled and 
t h e i r  general economic, environmental, socio- 
p o l i t i c a l  and i n s t i t u t i o n a l  face t s  character- 
ized. 

Total Costs - a l l  candidates a r e  being eval- 
uated on the  bas i s  of t o t a l  cos t s ,  defined a s  
yhe combination of conventional economic costs , '  
p lus  those . s ign i f ican t  non-direct cos t s ,  such 
as  those associated with environmental damage 
and public  heal th,  safety considerations, and 
the  basic  issues of resource depletion and 
se1.f-~uff iciency.  

I n s t i t u t i o n a l  Variables - those control l ing 
i n s t i t u t i o n a l  var iables  which s ign i f ican t ly  in -  
fluence the energy system se lec t ion  process 
such a s  enacted Federal laws and regulat ions,  
tax treatment options, and the l e s s  tangible  
aspects of the decision-making environment, 
a re  under consideration as variables  a f fec t ing  
decision-making, as  p a r t  of the screening and 
se iec t ion  process. 

Selected System Concept Specif icat ions 

Once the  screening and se lec t ion  process i s  
completed, one or  more solar/hydrogen system (or  c l a s s  
of systems) which a r e  judged bes t  able t o  meet the p r i -  
mary c r i t e r i o n  of showing promise of achieving econ- 
omic v i a b i l i t y  by 2000, w i l l  be characterized and 
documented. A b r ie f  engineering descript ion i n  t ex t -  
plus-graphical format w i l l  be developed f o r  each 
candidate system based on the most recent  technical  
inforination avai lable .  

' In t h i s  documentation, it is  planned t o  give 
due heed t o  po ten t ia l  implementation investment re-  
quirements foreseen both generally and for  each of the 
selected systems. 

Forthcoming Recommendations 

Final ly,  recommendations with supporting ra t - , ,  
ionale  w i l l  be developed and documented t o  cover not 
only the selected "near term" candidates, but a l l  of 
the  technologies and systems re la ted  i n  the  previous 
sect ion.  These w i l l  include treatment o f :  

a.  Technologies and systems which a re  recommended 
t o  be considered f o r  immediate RD&D 

b. Incentives expected t o  maximize i n d u s t r i a l  
par t i c ipa t ion  i n  RDLD and commercialization 
of these systems. 

c .  Longer-term bas ic  and applied research t o  be 
considered f o r  t h e  farther-term and/or less-  
developed but s t i l l  promising solar/hydrogen 
technologies. 



The assessment f i n a l  documantation is  
scheduled t o  be avai lable  by year-end 1979. 
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SOLAR HYDROGEN PRODUCTION VIA THE SULFUR/IODINE 
THERMOCHEMICAL WATER-SPLITTING CYCLE 

J. R. Schus t e r ,  G. E. Besenbruch, 
H. D. Chiger,  and K.  H.  McCorkle 

General  Atomic Company 
San Diego, C a l i f o r n i a  

Abst rac t  

A s tudy is  being conducted t o  examine t h e  r equ i r e -  
ments f o r  producing hydrogen by d r i v i n g  t h e  s u l f u r /  
i o d i n e  thermochemical w a t e r - s p l i t t i n g  cyc l e  u s ing  
s o l a r  energy. The process  con f igu ra t ion  involves  
conducting t h e  high temperature po r t i on  of t h e  cyc l e  
( s u l f u r i c  a c i d  decomposition) dur ing day l igh t  and 
s t o r i n g  s u f f i c i e n t  SO2 and 02 t o  provide enough 
r ecyc le  m a t e r i a l s  t o  run the  o t h e r  p o r t i o n s  of t he  
cyc l e  continuously.  Various types  of s o l a r  co l l ec -  
t o r s  have been evaluated  f o r  supplying heat  f o r  
s u l f u r i c  ac id  decomposition. Cavity-type and 
f l u i d i z e d  bed-type tower c e n t r a l  r e c e i v e r s  a r e  pre- 
f e r r ed .  A comparison of molten s a l t  s e n s i b l e  hea t  
s t o r a g e  and a d d i t i o n a l  S02/02 s to rage  is  i n  p rog res s  
t o  determine t h e  p re fe r r ed  energy s to rage  method f o r  
d r i v i n g  t h e  lower temperature po r t i ons  of t h e  process  
a t  n i g h t .  Ear ly  i n d i c a t i o n s  a r e  t h a t  t h e  molten 
s a l t  s t o r a g e  w i l l  be t h e  p re fe r r ed  approach. 

In t roduc t ion  

As a  means f o r  producing hydrogen from non- 
f o s s i l  sou rces ,  t he  General  Atomic Company (GA) 
s u l f u r f i o d i n e  thermochemical w a t e r - s p l i t t i n g  cyc l e  
has been undergoing development f o r  s e v e r a l  yea r s  
under t he  j o i n t  auspices  of DOE, the  Gas Research 
I n s t i t u t e  (GRI), and GA. The cyc l e  is  character-. 
i z e d  by t h e  fo l lowing t h r e e  r e a c t i o n s :  

Bench-scale t e s t i n g  of t h e  c y c l e  i s  c u r r e n t l y  being 
conducted and a  flowsheet has been prepared f o r  a  
process  design t h a t  accomplishes t h e  cyc l e  u s ing  
hea t  and power produced by a  Very High Temperature 
Gas Cooled Nuclear Reactor (VHTR). 

S o l a r  Energy is r ece iv ing  wide-spread a t t e n t i o n  
a s  a  means of reducing our demand f o r  convent ional  
f u e l  sources .  Most a c t i v i t y  has  centered  on t h e  use  
of s o l a r  energy t o  provide hea t  and e l e c t r i c i t y ;  
however, i f  s o l a r  energy could be u t i l i z e d  i n  t h e  
production of f u e l s  and chemicals,  t he  p o t e n t i a l  f o r  
s o l a r  t o  d i s p l a c e  convent ional  sources  of energy 
would g r e a t l y  expand. 

The purpose of t h e  cu r r en t  system s tudy i s  t o  
eva lua t e  coupling t h e  s u l f u r / i o d i n e  cyc l e  t o  s o l a r  
energy sources .  The p a r t i c u l a r  o b j e c t i v e s  inc lude:  
1 )  an eva lua t ion  of va r ious  types  of s o l a r  energy 
c o l l e c t o r s  t o  determine those  most s u i t a b l e  f o r  
supplying hea t  f o r  t h e  w a t e r - s p l i t t i n g  cyc l e ;  
2) des ign of a  conceptual f lowsheet t h a t  u t i l i z e s  
s o l a r  energy t o  d r i v e  t h e  c y c l e ,  paying p a r t i c u l a r  
a t t e n t i o n  t o  coupl ing t h e  d i u r n a l  s o l a r  source  t o  
t he  continuous process  energy demand; and 3) make 
recommendations f o r  f u t u r e  development work. 

This  r e p o r t  desc r ibes  progress  t o  d a t e  on t h e  
s tudy ,  inc luding completion of t h e  s o l a r  c o l l e c t o r  
eva lua t ion  and i n t e r i m  r e s u l t s  on a  comparison of 
thermal energy s t o r a g e  and chemical energy s to rage .  

Process  Conf igura t ion  

The b a s i c  problem i n  coupl ing a  s o l a r  hea t  source  
t o  water s p l i t t i n g  is  t h a t  of dev i s ing  systems t h a t  
can use  t h e  time-varying s o l a r  hea t  i npu t  t o  permit  
a  uniform l e v e l  of hydrogen production over a  24-hr 
day. A thermochemical approach may r e a d i l y  lend 
i t s e l f  t o  s o l a r  hea t ing  because many in t e rmed ia t e  
compounds a r e  s t o r a b l e .  Figure 1 i l l u s t r a t e s  a  
p o s s i b l e  system arrangement f o r  t h e  s u l f u r / i o d i n e  
cycle .  The mi r ro r  f i e l d  i s  d iv ided i n t o  high-and 
in t e rmed ia t e  temperature po r t i ons .  The low tem- 
pe ra tu re  s o l u t i o n  r e a c t i o n  i s  conducted 24 hours a  
day, producing H2S04 and H I .  The H2S04 is s t o r e d  
and.dur ing day l igh t  is  pumped from s t o r a g e ,  pre- 
heated ,  and is  then decomposed i n  t h e  hea t  r e c e i v e r  
of t h e  high-temperature mi r ro r  f i e l d .  The a c i d  
,decomposition products  a r e  then heat  exchanged wi th  
t h e  incoming a c i d ,  t h e  oxygen and water a r e  removed, . .  . 
and the  SO2 i s  s t o r e d  f o r  use  i n  t h e  low tem- 
pe ra tu re  s o l u t i o n  r eac t ion .  

The in t e rmed ia t e  temperature, mi r ro r  f i e l d  h e a t s  a  
hea t  t r a n s p o r t  f l u i d ,  such a s  a  e u t e c t i c  s a l t .  
During day l igh t  t h e  s a l t  charges a  heat -s torage  
r e s e r v o i r ,  gene ra t e s  steam t o  d r i v e  compressors and 
pumps, and provides  hea t  f o r  concen t r a t ion  and 
cracking of t h e  H I  t o  y i e l d  t h e  llydrugen product: 
and iod ine  f o r  r ecyc le  t o  t h e  main r eac t ion .  A t  
n i g h t  t h e  h e a t  t r a n s p o r t  f l u i d  cont inues  t o  perform 
t h e s e  func t ions ,  but  bypasses t h e  heat  r e c e i v e r  
and i s  heated  by t h e  hea t - s to rage  r e s e r v o i r .  

An a l t e r n a t i v e  t o  t h e  use  of a  e u t e c t i c  s a l t  i s  
t o  s t o r e  s u f f i c i e n t  a d d i t i o n a l  SO2 and 02 dur ing . 
day l igh t  t o  d r i v e  t h e  lower temperature po r t i ons  of 
t h e  process  a t  n i g h t  u t i l i z i n g  t h e  heat  from t h e  
exothermal recombination of SO2 and 02 t o  g ive  SO3. 

A p l an t  heat  requirement of 400 MW(t) has been 
s e l e c t e d  because it corresponds approximately t o  
commercial-sized s o l a r  p l a n t s  be ing s tud ied  f o r  
e l e c t r i c  power a p p l i c a t i o n ,  and i t  would r e s u l t  i n  
a  hydrogen p l a n t  of accep tab le  capac i ty  wi th  an 
es t imated hydrogen output  i n  t h e  range of 4 . 4 4 ~ 1 0 ~  
m3/day ( 1 . 5 7 ~ 1 0 7  f  t3 /day) .  * This  energy would be 
absorbed dur ing day l igh t  hours and used a s  necessary  
wi th  t h e  balance  being s to red  f o r  u s e ' a t  n i g h t .  Of 
t h i s  energy, 100 MW(t) would be  needed du r ing  t h e  
day f o r  high temperature cracking of s u l f u r i c  ac id . ,  
Because a  100 MW(t) h igh  temperature s o l a r  r e c e i v e r  
would be t h e  s i n g l e  most t echno log ica l ly  advanced 
component i n  t he  p roces s ,  it was s ing led  ou t  f o r  
t h i s  study. 

*Based on 45 percent  process  e f f i c i e n c y ,  t h e  h igher  
hea t ing  va lue  of hydrogen, s tandard  cond i t i ons ,  and 
a  nominal eight-hour hea t  c o l l e c t i o n  per iod.  



Solar  Co l l ec to r  Evaluat ion  

I n i t i a l  Considera t ions  

The ope ra t ing  c o n s t r a i n t s  imposed on t h e  high- 
temperature r ece ive r  a r e  q u i t e  severe .  Within %OX,  
t he  heat  f l u x  i n c i d e n t  on i t  is  1 Ftw/m2 (320,000 
~ t u / h r - f t 2 ) ,  o r  t h a t  equa l  t o  about 1000 suns .  It 
must run cont inuously  f o r  about 8 hours  each day, 
be shutdown a t  n i g h t ,  and have an accep tab le  des ign 
l i f e t i m e .  

Gaseous s u l f u r i c  ac id  e n t e r s  t h e  r e c e i v e r  a t  
90 kg / s ,  517 kPa, and 798K (200 l b / s e c ,  75 p s i a ,  
and 980°F). I t  flows through a packed c a t a l y t i c  
bed, which a i d s  i n  t he  endothermic cracking of t h e  
gas  i n t o  water vapor ,  s u l f u r  d iox ide ,  and oxygen. 
This  mixture  l eaves  the  r e c e i v e r  a t  about 1144K 
(1600°F). Hot ambient a i r  ou t s ide  t h e  r e c e i v e r  
blows a t  a design b a s i s  v e l o c i t y  of up t o  3.58 m/s 
( 8  mi les /hour) .  These des ign b a s i s  ope ra t ing  
cond i t i ons  f o r  t h e  s o l a r  r ece ive r  a r e  summarized 
i n  Table 1. 

The conceptual des ign op t ions  a v a i l a b l e  f o r  t h e  
s o l a r  r ece ive r  concern t h e  hea t  exchanger media and 
t h e  r e c e i v e r  geometry. The func t ion  of t he  r ece ive r  
is  t o  c o l l e c t  t h e  i n c i d e n t  s u n l i g h t  and t r a n s f e r  
t h i s  hea t  t o  t he  cracking s u l f u r i c  ac id .  The hea t  
t r a n s f e r  medium t o  accomplish t h i s  may be the  su l -  
f u r i c  a c i d  i t s e l f ,  d i r e c t l y  r ece iv ing  t h e  inc iden t  
l i g h t .  It may a l s o  be a d i f f e r e n t  f l u i d  which 
absorbs  t h e  heat  and then t r a n s f e r s  i t  t o  t h e  ac id  
e i t h e r  w i th in  o r  o u t s i d e  t h e  s o l a r  r ece ive r .  The 
r ece ive r  i t s e l f  may be a s i n g l e  100 EIW c e n t r a l  
r ece ive r  which a c t s  a s  t h e  f o c a l  po in t  f o r  a f i e l d  
of h e l i o s t a t s ,  o r  i t  may be  a system of sma l l e r  
r e c e i v e r s  upon which a r e  i nc iden t  po r t i ons  of t h e  
t o t a l  energy inpu t .  These p o s s i b i l i t i e s  a r e  shown 
i n  Table  2. Discuss ions  of them p lus  t h e  s t r u c t u r a l  
problems gene r i c  t o  s o l a r  r e c e i v e r s  follow. 

Heat Exchanger Media 

Gaseous s u l f u r i c  a c i d  may be cracked us ing s o l a r  
energy i n  any of t h r e e  d i f f e r e n t  systems. 

1. The gas can be  c i r c u l a t i n g  a s  t he  only f l u i d  
i n s i d e  t h e  r e c e i v e r ,  t h e  r ece ive r  being t h e  only  
high-temperature hea t  exchanger i n  t h e  system. 

2. The s o l a r  f l u x  may be  d i r e c t e d  t o  a second 
f l u i d  i n  t h e  r ece ive r .  Th i s  f l u i d  hea t s  up and 
t r m c f e r s  the  energy t.0 t h e  a c i d  which i s  a l s o  c i r -  
c u l a t i n g  wi th in  t h e  r e c e i v e r .  

3. The s o l a r  energy can be  used t o  hea t  a second 
f l u i d  i n  t he  r ece ive r .  Th i s  h e a t s  up and t r a n s f e r s  
t h i s  energy t o  t h e  a c i d  i n  a s e p a r a t e  heat exchanger 
l oca t ed  ou t s ide  t h e  r ece ive r .  

The f i r s t  two systems have t h e  advantage t h a t  
they r e q u i r e  only one h igh temperature h e a t  
exchanger. Moreover, hea t ing  t h e  ac id  d i r e c t l y  i n  
t h e  r ece ive r  reduces  t h e  plumbing complexity,  

' 

p ip ing  l o s s e s  and unnecessary system entropy 
inc reases .  Although d i r e c t  hea t ing  of t h e  ac id  i n  
t h e  r ece ive r  exposes i t  t o  t h e  p o t e n t i a l l y  non- 
uniform hea t ing  cond i t i ons  common i n  s o l a r  r e c e i v e r s  
which makes t h e  chemical r e a c t i o n  more d i f f i c u l t  t o  
c o n t r o l ,  and l i m i t s  t h e  f l e x i b i l i t i e s  i n  choosing 
heat  t r a n s f e r  f l u i d s ,  i t  was decided t h a t  t he  
advantages f o r  t h i s  a p p l i c a t i o n  l i e  with t h e  
system i n  which the  a c i d  is  c i r c u l a t i n g  wi th in  

t h e  r e c e i v e r .  A s  such, t h i s  s tudy concentra ted  on 
systems t h a t  f a c i l i t a t e d  t h i s  method of hea t  t r ans -  
f e r .  

Receiver Types 

There a r e  s e v e r a l  types  of gene r i c  s o l a r  rece iv-  
e r s ,  each cha rac t e r i zed  by a p a r t i c u l a r  geometry, 
s o l a r  concen t r a t ion  r a t i o ,  and temperature range of 
opera t ion .  F igures  2 and 3 show t y p i c a l  r e c e i v e r  
con f igu ra t ions  and t h e i r  ope ra t ing  ranges ,  respec- 
t i v e l y .  F l a t  p l a t e  and evacuated chamber c o l l e c t o r s  
a r e  a t  t h e  low end of t he  s o l a r  r e c e i v e r  spectrum, 
r a r e l y  achieving temperatures above 533K (500°F). 
S ingle-axis  t r ack ing  trough c o l l e c t o r s ,  w i th  con- 
c e n t r a t i o n  r a t i o s  approaching 100, t y p i c a l l y  ope ra t e  
wi th  temperatures i n  t h e  range of 333 t u  700 K 
(200 t o  800°F) w i th  a maximum of approximately 811K 
(1000°F). Of t h e  concepts reviewed, only c e n t r a l  
r e c e i v e r s  l oca t ed  a top  a tower i n  a h e l i o s t a t  f i e l d  
and double-axis t r ack ing  pa rabo lo ida l  d i s h  receiv-  
e r s  were capable  of t he  very h igh concentra t ion  
r a t i o s  necessary  f o r  t he  1144K (1600°F) working 
temperature required  f o r  t h i s  a p p l i c a t i o n .  The 
double-axis t r ack ing  d i s h  r e c e i v e r s ,  commonly a i r  
h e a t e r s ,  envis ioned f o r  use i n  high temperature 
S t i r l i n g  cyc l e s ,  a r e  t y p i c a l l y  low-power per  module 
u n i t s .  This  imposes enormous des ign c o n s t r a i n t s  
(o r  a second ope ra t ing  f l u i d )  on t h e  high-power, 
uniform hea t ing  requirements of t h e  thermochemical 
s u l f u r i c  ac id  cracking process .  Therefore ,  al though 
the  pa rabo lo ida l  d i shes  and c y l i n d r i c a l  and parabol-  
i c  trough systems even now on t h e  market could be  
used f o r  some of t h e  o t h e r  processes  i n  t he  water- 
s p l i t t i n g  ope ra t ion  (e .g . ,  charging high temperature 
s a l t  s t o r a g e  b e d s ' o r  cracking hydrogen i o d i d e ) ,  only 
c e n t r a l  r e c e i v e r s  were evaluated  i n  d e t a i l  f o r  t h i s  
s tudy.  

Ex te rna l  Cen t r a l  'Receiver. The e x t e r n a l  c e n t r a l  
r e c e i v e r  considered has a s i n g l e  row of tubes  i n  a 
c y l i n d r i c a l  a r r a y  whose e x t e r n a l  boundary i s  d i r e c t -  
l y  exposed t o  t h e  concentra ted  l i g h t  f l u x  of t he  
h e l i o s t a t  f i e l d .  Ring headers a t  t h e  top and bottom 
d i s t r i b u t e  and c o l l e c t  t he  heated  f l u i d .  

The thermal performance of e x t e r n a l  r e c e i v e r s  
s u f f e r s  g r e a t l y  because they a r e  completely exposed- 
t o  t h e i r  surroundings .  Assuming a l i g h t  absorbing 
s u r f a c e  of high q u a l i t y  (a = 0.95) ,  5% of t h e  in-  
c iden t  l i g h t  i s  r e f l e c t e d  from t h e  tube  s u r f a c e  and 
immediately l o s t .  A t  t h e  high temperatures con- 
s ide red  i n  t h i s  s tudy,  another  6% of t h e  incoming 
energy is  l o s t  by r e r a d i a t i o n ;  another  1% of the  
t o t a l  energy is  l o s t  through t h e  culllbined mech- 
anisms of f r e e  and forced convection t o  t h e  ambient 
a i r .  Thus, a n e t  r e c e i v e r  e f f i c i e n c y  of 88% could 
be obta ined f o r  t h i s  u n i t .  

The s t e a d y - s t a t e . s t r u c t u r a 1  problems a s soc i a t ed  
wi th  t h i s  type of r ece ive r  can be a t t r i b u t e d  t o  t h e  
l a r g e  tube  wa l l  g rad ien t s  r e s u l t i n g  from (1) high 
hea t  f l u x e s  (hence l a r g e  thermal wa l l  g r a d i e n t s ) ,  
(2) d i ame t ra l  tube  temperature d i f f e r e n c e s  (tem- 
p e r a t u r e s  on oppos i t e  f aces  of t h e  tlibe) caused by 
i n s o l a t i o n  h i t t i n g  only one-half of t h e  t o t a l  tube  
s u r f a c e ,  and (3) tube-to-tube temperature d i f f e r ;  
ences  caused by t h e  asymmetric n a t u r e  of t he  f l u x  
f i e l d .  I n  a d d i t i o n ,  t h i s  system possesses  l i t t l e  
thermal i n e r t i a  and is  very  s u s c e p t i b l e  t o  r ap id  
temperature f l u c t u a t i o n s  should t h e  heat  f l u x  vary 
(cloud cover) .  



Although conceptual ly  s imple ,  t h i s  r ece ive r  i s  by 
no means easy t o  des ign and analyze.  Many c r i t i c a l  
p i eces  of informat ion,  both gene r i c  t o  s o l a r  receiv- 
e r s  and s p e c i f i c  t o  t h i s  geometry, need t o  be 
exper imenta l ly  a sce r t a ined  before  des ign confidence 
can be obta ined.  The thermal behavior of t h e  ex- 
t e r n a l  r e c e i v e r  coa t ings  on h ighly  i n s o l a t e d  sur- 
f aces  f o r  long dur 'at ions a t  high tempera tures  is 
unknown and must be  explored.  The p r o t e c t i v e  i n t e r -  
n a l  coat ing ,  which a c t s  a s  a  bu f f e r  between the  
s u l f u r i c  ac id  and t h e  tube wa l l ,  must be completely 
r e l i a b l e  under t hese  ope ra t ing  condi t ions .  The 
coa t ings  must n o t  crack o f f  ( e spac i a l ly  i n  view of 
t h e  c y c l i c  loading on t h e  tube w a l l s ) ,  and t h e i r  
performance must n o t  degrade.  

L i t t l e  is  known about t h e  high Grashof number 
f r e e  convection regime which i s  the  b a s i s  f o r  t he  
e x t e r n a l  boundary condi t ion  of t he  r e c e i v e r .  Even 
l e s s  i s  known about t h e  combined mechanisms of 
n a t u r a l  and forced convection and a e r o e l a s t i c  
loadings  r e s u l t i n g  from winds b u f f e t i n g  the  r ece ive r  
a t o p  i t s  high tower. Bas ic  m a t e r i a l  p r o p e r t i e s ,  and 
thermal ,  s t r u c t u r a l ,  and manufacturing c a p a b i l i t i e s  
must be determined, and p o t e n t i a l l y  long-term expen- 
s i v e  t e s t i n g  performed, before  f i n a l  des ign dec i s ions  
a r e  made. 

Cavity Cen t r a l  Receivers.  Cavity c e n t r a l  rece iv-  
e r s  a r e  more complex than e x t e r n a l  c e n t r a l  r ece ive r s .  
The c a v i t y  r ece ive r  tube bundle is s i m i l a r  t o  t he  
e x t e r n a l  r e c e i v e r  but  has a  s h e l l  surrounding t h e  
c y l i n d r i c a l  tube  a r r a y  wi th  t h e  i n s o l a t i o n  d i r ec t ed  
toward the  i n t e r i o r ,  r a t h e r  than the  e x t e r i o r ,  sur-  
f ace  of t h e  cy l inde r .  The s h e l l  may be used simply 
a s  a  p r o t e c t i v e  b a r r i e r  f o r  i n h i b i t i n g  the  energy 
l o s s  mechanisms of r e f l e c t i o n ,  r e r a d i a t i o n ,  and 
convect ion ,  wi th  t h e  i n c i d e n t  l i g h t  p r imar i ly  aimed 
a t  t h e  i n t e r i o r  tube absorbing wa l l s ;  o r  i t  may be  
used a s  t h e  f i r s t  i n c i d e n t  l i g h t  su r f ace ,  a l lowing 
t h e  somewhat asymmetrical  i n c i d e n t  energy t o  be 
evenly d i s t r i b u t e d  by the  m u l t i p l e  cav i ty  r e f l e c -  
t i o n s .  The former technique  o f f e r s  much g r e a t e r  
thermal e f f i c i e n c y  and was used i n  t h i s  s tudy.  

A s  i n  t h e  e x t e r n a l  r e c e i v e r ,  l i g h t  e n t e r i n g  t h e  
cav i ty  and impinging on the  tube wa l l s  i s  absorbed 
wi th  about 5% r e f l e c t e d .  For t h i s  r e c e i v e r ,  however, 
t h e  r e f l e c t e d  l i g h t  is  no t  l o s t  t o  t h e  environment; 
r a t h e r ,  most of t h e  l i g h t  is  i n t e r n a l l y  r e f l e c t e d  
and absorbed. Only about 1% t o  1-112% of t h e  in-  
coming energy i s  l o s t ,  depending upon geometry 
( t o t a l  s i z e ,  s i z e  of e n t r y  p o r t ,  e t c . ) .  Approx- 
imate ly  another  1% of the  a v a i l a b l e  energy is  
r e r a d i a t e d  from t h e  ho t  tubes ,  through t h e  p o r t ,  and 
ou t .  Very l i t t l e  can be p red ic t ed  about t h e  complex 
n a t u r a l  convection flows i n t o  and ou t  of t h e  cav i ty ,  
p a r t i c u l a r l y  wi thout  spec i fy ing  t h e  geometry of 
des ign.  Scale  model t e s t s  would be  necessary  t o  
determine convect ive  l o s s e s  and a  va lue  of 112% was 
assumed t o  be t y p i c a l .  

I n  add i t i on  t o  t h e  i nc reased  thermal e f f i c i e n c y  
of t h e  cav i ty  r ece ive r  over t h e  e x t e r n a l  r ece ive r  
(97% versus  886), a  s l i g h t l y  increased f l u x  uniform- 
i t y ,  due t o  'ifiternal r e f l e c t i o n s  and r e r a d i a t i o n  
may be a n t i c i p a t e d .  However, s p i l l a g e ,  t h e  amount 
of l i g h t  r e f l e c t e d  towards t he  r ece ive r  from the  
h e l i o s t a t  f i e l d  but n o t  h i t t i n g  i t ,  is  l a r g e r  i n  a  
cav i ty  than an e x t e r n a l  r e c e i v e r  because t h e  appar- 
e n t  t a r g e t ,  t h e  a p e r t u r e ,  i s  much sma l l e r .  

F lu id i zed  Bed Cen t r a l  Receivers.  A f l u i d i z e d  bed 
hea t  exchanger c o n s i s t s  of an a r r a y  of tubes  

immersed i n  a  bed of f i n e  (10 t o  1 0 0 0 ~ )  p a r t i c l e s .  
A flowing gas p e r c o l a t e s  throughout t h e  bed, caus ing 
f l u i d  behavior of t hese  p a r t i c l e s .  Such beds can 
e x h i b i t  g r e a t  thermal mixing (uniform tempera ture) ,  
h igh hea t  t r a n s f e r  r a t e s ,  and t h e  a b i l i t y  t o  d i s -  . 
s i p a t e  l a r g e  heat  f l uxes .  It i s  of p a r t i c u l a r  
i n t e r e s t  t h a t  t h e  heat  exchanger tubes  themselves 
t y p i c a l l y  occupy only  10% of t h e  bed volume; hence, 
t h e  t o t a l  volumetr ic  heat  capac i ty  of a  f l u i d i z e d  
bed can be o rde r s  of magnitude g r e a t e r  than t h a t  of 
t he  tubes  alone.  

In  c o n t r a s t  t o  t h e  previous ly  descr ibed s o l a r  
r c c c i v e r s ,  i n  a f l u i d i z e d  Led Lhe tubes  con ta in ing  
t h e  s u l f u r i c  ac id  working f l u i d  a r e  exposed t o  a  
very uniform heat  f l u x  (which i s  b e n e f i c i a l  both  
chemically and s t r u c t u r a l l y )  between tubes  and 
around a  s i n g l e  tube .  Th i s  type of r ece ive r  a l s o  
e x h i b i t s  a  more f avo rab le  response dur ing t r a n s i e n t  
ope ra t ions .  

Because the  e f f i c i e n c y  of t he  f lu id ' ized  bed 
r e c e i v e r  i s  about equal  t o  t h a t  of t h e  e x t e r n a l  
r e c e i v e r ,  i t  is  worthwhile t o  compare t h e  t r a n s i e n t  
response  of t h e  tube wa l l s  of t h e  two r e c e i v e r s  
dur ing r ap id  shutdown, i . e . ,  cloud r.over (Fig.  4) .  
The slow t r a n s i e n t  of t he  high capaci tance  bed 
(compared wi th  immediate response of t h e  e x t e r n a l  
r e c e i v e r )  coupled wi th  t h e  temperature uni formi ty  
d iscussed e a r l i e r  g ives  t h e  f l u i d i z e d  bed d i s t i n c t  
des ign advantages f o r  long-term use. 

D i r ec t  Absorption Receivers.  The d i r e c t  absorp- 
t i o n  r e c e i v e r  c o n s i s t s  of tubes  immersed i n  a  l i q u i d  
bath .  Its heat  is  picked up by a  c u r t a i n  of l i q u i d  
cascading down t h e  exposed wa l l s  (o r  p a s t  t h e  open 
windows) of t h e  r e c e i v e r  and d i r e c t l y  absorbing t h e  
i n c i d e n t  l i g h t .  Th i s  system has t he  appearance of 
an e x t e r n a l  r ece ive r  and t h e  thermal capac i t ance ,o f  
a  bed. Its p o t e n t i a l  advantage is  t h a t  i t  decreases  
r e r a d i a t i o n  l o s s e s  because t h e r e  is no temperature 
drop through t h e  r ece ive r  wa l l s  t o  t h e  working 
f l u i d .  Hence, t he  temperature of r e r a d i a t i o n  i s  a s  
low a s  poss ib l e .  Th i s  is p a r t i c u l a r l y  d e s i r a b l e  
when t h e  hot  working f l u i d  can be t h e  primary heat  
t r a n s f e r  medium ( i . e . ,  molten s a l t ) .  However, i n  
t he  case  s t u d i e d ,  t he  s u l f u r i c  ac id  cannot be  
d i r e c t l y  exposed i n  t h i s  manner, and an even h o t t e r ,  
secondary f l u i d  c u r t a i n  temperature must be obta ined 
t o  d r i v e  t h e  immersed bed hea t  exchanger. For t h e  
working tempera tures  necessary ,  r e r a d i a t i o n  l o s s e s  
could n o t  be reduced t o  l e s s  than 25%; t h e r e f o r e ,  
t h i s  concept does n o t  appear a t t r a c t i v e .  

S t r u c t u r a l  Considera t ions  

I n  l i g h t  of expected ope ra t ing  tempera tures  of up 
t o  about 1144 K (1600°F), s t r u c t u r a l  cons ide ra t ions  
f o r  t h e  u n i t  a r e  c r i t i c a l .  A t  such tempera tures ,  
a l lowable  m a t e r i a l  s t r e s s e s  f o r  extended ope ra t ing  
t imes and f r equen t  temperature changes (due t o  
i n s o l a t i o n  v a r i a t i o n s )  a r e  smal l .  Consequently, t h e  
p re s su re  and dynamic loadings  r equ i r e  t h a t  t h e  com- 
ponents be  r e l a t i v e l y  t h i ck .  However, t h i s  could 
l e a d  t o  c o n f l i c t i n g  des ign requirements ,  because 
thermal s t r e s s  gene ra l ly  i nc reases  a s  th ickness  
i nc reases .  I n  extreme c a s e s ,  simultaneous s a t i s -  
f a c t i o n  of both t h e  p re s su re  and thermal s t r e s s  
c r i t e r i a  is  imposs ib le ,  and no des ign would e x i s t  
f o r  t h e  m a t e r i a l ,  geometry, and ope ra t ing  cond i t i on  
c o n s t r a i n t s  under considera t ion .  Therefore ,  an.  
envelope of accep tab le  des igns  wi th  boundaries 
def ined by t h e  va r ious  competing and l i m i t i n g  
s t r u c t u r a l  cons ide ra t ions  i s  needed. Th l~s ,  i t  i s  



impor tant  t o  review candidate  geometries e a r l y  i n  
t he  program, a f t e r  i n i t i a l  r ece ive r  s c reen ing ,  and 
e v a l u a t e  them with r e spec t  t o  both performance/ 
s i z i n g  and s t r u c t u r a l  c a p a b i l i t i e s .  A by-product 
of t h i s  a n a l y s i s  is  a  d e s c r i p t i o n  of concept 
ope ra t ing  envelopes.  S t r u c t u r a l  des ign equat ions  
s u i t a b l e  f o r  conceptual des ign must be  developed f o r  
each s e l e c t e d  heat  exchanger concept i n  o rde r  t o  do 
these  eva lua t ions .  

The major cons ide ra t ions  a r e  t y p i c a l l y  p re s su re  
containment and thermal s t r e s s e s ,  such a s  those  due 
t o  t he  temperature d i f f e r e n c e  through the  tube wa l l ,  
a c ros s  t h e  tube  diameter and between tubes.  Other 
t ube  thermal  s t r e s s e s  may a l s o  develop due t o  tem- 
p e r a t u r e  d i f f e r e n c e s  between t h e  tubes  and t h e i r  
suppor t  s t r u c t u r e ,  p a r t i c u l a r l y  those a r i s i n g  dur ing 
t r a n s i e n t  hea t ing  cond i t i ons  ( e . g . ,  s t a r t u p ,  shut -  
down and i n s o l a t i o n  v a r i a t i o n s ) .  Such temperature 
d i f f e r e n c e s  a r e  a  s t rong  func t ion  of component 
response t ime which is  d i r e c t l y  p ropor t iona l  t o  com- 
ponent thermal capaci tance .  Designs wi th  slow 
response  t imes  ( l a r g e  thermal capaci tance)  would 
l i m i t  such temperature d i f f e r e n c e s  and would be  pre- 
f e r r e d .  A t  p r e sen t ,  the  only measure of tube/  
s t r u c t u r e  thermal s t r e s s e s  i s  t h e  comparative ther-  
mal capac i t ance  s i n c e  the  complete s t r u c t u r a l  con- 
c e p t s  a r e  n o t  ye t  def ined.  These and o t h e r  s t r e s s e s  
a r e  l i m i t e d  by m a t e r i a l  s t r e n g t h  c h a r a c t e r i s t i c s ,  
which a r e  a  func t ion  of maximum m a t e r i a l  temperature.  
Thermal s t r e s s e s  a r e  c y c l i c  i n  n a t u r e  and, t h e r e f o r e ,  
have an a l lowable  s t r e s s  range which is  a  func t ion  
of ope ra t ing  condi t ions .  Expected ope ra t ing  con- 
d i t i o n s  depend on t h e  time-dependent c h a r a c t e r i s t i c s  
o f  t h e  s o l a r  heat ing .  Hence, f o r  e l eva t ed  tem- 
p e r a t u r e  des igns  i n  which ope ra t ing  thermal s t r e s s e s  
a r e  comparable t o  a l lowable  c y c l i c  s t r e s s e s ,  t h e r e  . 
a r e  s eve re  r e s t r i c t i o n s  on geometry, ope ra t ing  con- 
d i t i o n s ,  and ma te r i a l .  Thus, i t  is  necessary  t o  
s e l e c t  t h e  bes t  m a t e r i a l  by comparing the  s t r o n g e s t  
of t h e  wrought supe ra l loys  (e .g . ,  Alloy 800H, 
Haynes 188,  Inconel  617, o r  Has t e l loy  X) wi th  t h e  
b e s t  ceramics (such a s  a lpha-s in tered  s i l i c o n  car-  
b i d e  o r  s i l i c o n  n i t r i d e ) .  I t  i s  poss ib l e  t h a t  i n  
t h e  temperature ranges  of i n t e r e s t  and because 
of t h e  c y c l i c  thermal s t r e s s e s ,  supe ra l loys  may 
only  be  a c c e p t a b l e  f o r  a  l imi t ed  des ign l i f e t i m e  
compared wi th  ceramic ma te r i a l s .  

Allowable c y c l i c  s t r e s s e s  must be s p e c i f i e d  f o r  
t h e  cand ida t e  m a t e r i a l s  before  t h e  s t r u c t u r a l  con- 
c e p t s  can be evaluated .  Therefore ,  t h e  expected 
ope ra t ing  cyc l e s  must be def ined and the  a s soc i a t ed  
m a t e r i a l  behavior determined. Two types  o f  ope ra t ing  
cyc l e s  a r e  gene ra l ly  expected t o  be  c r i t i c a l :  (I) a  
s t r a i n  c y c l e  with a  s i n g l e  hold t ime and (2) a  
s t r a i n  c y c l e  with two hold t imes.  For s t eady  opera- 
t i o n s  dur ing t h e  day, with shutdown t o  low tem- 
pe ra tu re  cond i t i ons  a t  n i g h t ,  t h e  governing ma te r i a l  
s t r e s s - s t r a i n  cycle  i s  cha rac t e r i zed  by a  r epea t ing  
h y s t e r e t i c  cyc l e  w i th  a  sus t a ined  s t r a i n  a p p l i c a t i o n  
(hold time) dur ing t h e  day. During t h e  d a i l y  sus- 
t a i n e d  s t r a i n  a p p l i c a t i o n ,  c reep r e l a x a t i o n  occu r s ,  
and a s soc i a t ed  m a t e r i a l  c reep damage must be  w i th in  
accep tab le  l i m i t s .  When temperature changes 
a s s o c i a t e d  wi th  i n s o l a t i o n  f l u c t u a t i o n s  occur dur ing 
t h e  day ( e . g . ,  because of cloud cove r ) ,  t h e  govern- 
i n g  c y c l e  can be cha rac t e r i zed  by a  s t r a i n  cyc l e  
w i th  two hold t imes ,  one a t  maximum hea t ing  r a t e s  
and t h e  o t h e r  a t  a  lower h e a t  input .  Elevated 
tempera tures  p e r s i s t  dur ing t h e  e n t i r e  cyc l e  so t h a t  
t h e r e  i s  creep r e l a x a t i o n  a t  both c y c l e  extremes. 
Opera t ions  wi th  two hold t imes  have more severe  
consequences f o r  m a t e r i a l s  than the  s i n g l e  hold t ime 

cyc l e  and gene ra l ly  have lower a l lowable  c y c l i c  
s t r e s s  ranges.  The c reep  d a t a  c u r r e n t l y  a v a i l a b l e  
f o r  c e r t a i n  cand ida t e  m a t e r i a l s  may be i n s u f f i c i e n t  
f o r  d e t a i l e d  l i f e  c a l c u l a t i o n s .  However, approx- 
imate a l lowable  s t r e s s  curves  f o r  t h e  conceptual  and 
pre l iminary  des ign can be  es t imated from limiLed 
creep rup tu re  d a t a ,  which a r e  gene ra l ly  ava i l ab l e .  

' The s t r u c t u r a l  suppor t ing  e f f o r t  should b a s i c a l l y  
c o n s i s t  of two d i f f e r e n t  des ign phases:  (1) i n i t i a l  
concept d e f i n i t i o n  ( s t r u c t u r a l  equat ions)  and se l ec -  
t i o n  and (2) d e t a i l e d  des ign of a  t e s t  component. 
I t  should be  emphasized t h a t ,  f o r  t h e  s eve re  con- 
d i t i o n s  a n t i c i p a t e d  i n  a l l  c and ida t e  des igns ,  
s t r u c t u r a l  e f f o r t s  must be i n t e g r a t e d  wi th  perfor-  
mance and s i z i n g  ana lyses  and cannot be delayed 
u n t i l  l a t e r  des ign s t ages .  

Heat Receiver Comparison. A comparison of t h e  
c e n t r a l  r e c e i v e r s  considered  i n  t h i s  s tudy,  sum- 
marized i n  Table  3 ,  shows t h a t  t h e  cav i ty  des ign 
i s  t h e  p re fe r r ed  concept from t h e  s t andpo in t  of 
thermal e f f i c i ency .  However, s t r u c t u r a l  requi re-  
ments i n d i c a t e  a  preference  f o r  des igns  w i th  r e l -  
a t i v e l y  smal l  temperature g r a d i e n t s  and l a r g e  ther-  
mal capaci tance .  Hence, t h e  f l u i d i z e d  bed concept 
may be compet i t ive  when both performance and 
s t r u c t u r a l  upse t s  a r e  considered.  A s  such,  t hese  
two d i f f e r e n t  concepts should be s tud ied  f u r t h e r  i n  
a  second conceptual des ign phase t o  d e f i n e  s p e c i f i c  
r ece ive r  geometries.  This would allow determinat ion  
of t h e  s t r u c t u r a l  i n t e g r i t y  o f  t h e  concept and t h e  
economic t r a d e o f f s  between the  c a v i t y  and f l u i d i z e d  
bed r ece ive r s .  

Energy S to rage  Evaluat ion  

Molten s a l t  and t h e  SO2 f SO3 chemical conversion 
system have been chosen a s  t he  two energy s t o r a g e  
candidates  f o r  providing t h e  means t o  d r i v e  t h e  
lower temperature po r t i ons  of t h e  w a t e r - s p l i t t i n g  
c y c l e  a t  n i g h t .  Technica l  and c o s t  comparisons of 
t h e s e  two energy s to rage  approaches w i l l  be made. 

Molten S a l t  S torage  

Sensib le  heat  s t o r a g e ,  r a t h e r  than l a t e n t  heat  of 
fu s ion  s t o r a g e ,  has been s e l e c t e d  a s  a  r e s u l t  of 
DOE-funded s t u d i e s  of energy s t o r a g e  i n  s o l a r  power 
p l an t s .  It p re sen t s  fewer t e c h n i c a l  u n c e r t a i n t i e s ,  
i t  has accep tab le  c o s t ,  i t  provides  heat  over a  
range of temperature t o  match process  hea t  demand, 
and the re  i s  some i n d u s t r i a l  exper ience  wi th  t h i s  
technology. Draw s a l t  (a  50% molar mixture of 
sodium n i t r a t e  and potassium n i t r a t c )  is  t h e  s e l e c t -  
ed s t o r a g e  medium. It has  low vapor p re s su re  and, 
t h e r e f o r e ,  can be s to red  i n  unpressur ized t anks ,  and 
wi th  the  proper  cover gas and containment m a t e r i a l s ,  
i t  has good s t a b i l i t y  up t o  temperatures of 867K 
(1100°F). 

A two-tank (hot  and warm) approach, a s  opposed t o  
a  thermocline tank,  was s e l e c t e d  along wi th  e x t e r n a l  
thermal i n s u l a t i o n  t o  l i m i t  h ea t  l o s s .  The heat  
l o s s  from t h e  tanks  i s  only a  few percent .  

Chemical Energy S to rage  

Figure  5  shows t h e  process  flowsheet f o r  t h e  S02- 
02 recombustion system f o r  supplying t h e  heat  and' 
work t o  t h e  s u l f u r / i o d i n e  w a t e r - s p l i t t i n g  cycle  
when t h e r e  is  no e f f e c t i v e  i n s o l a t i o n .  Ma te r i a l  
and energy balances  have been.prepared.  The 
matching of t h i s  system t o  t h e  energy demand i s  



nccdcd bcf o r c  comparing i t s  t l~rL ' luur ly l~amic pal Lor= 
mance t o  t h a t  of t h e  load  matched draw s a l t  energy 
s t o r a g e  system. The p o r t i o n  of t h e  system flow- 
shee t ed  t h u s  f a r  l o s e s  about 6% of  t h e  a v a i l a b i l i t y *  
[ p o t e n t i a l  i d e a l  work f o r  a r e j e c t  hea t  tempera ture  
of  300K (80°F)] for  t h e  m a t e r i a l  i n p u t l o u t p u t  con- 
d i t i o n s  which have been s p e c i f i e d .  However, ' t h e  
i n p u t  m a t e r i a l s  must be made by a s i m i l a r  but  re -  . 

versed  r e a c t i o n  i n  t h e  main w a t e r - s p l i t t i n g  process .  
The a v a i l a b i l i t y  l o s s  w i th  r e s p e c t  t o  captured  s o l a r  
h e a t ,  a t  t h e  tempera ture  a t  which i t  i s  exchanged' 

. i n t o  t h e  main p roces s  SO3 decomposer, w i l l  be  n e a r l y  
t he  same a s  t h e  l o s s  i n  t h e  S02-02 combustor. The 
o v e r a l l  h e a t  capture-and-recovery thermodynamic . 
performance w i l l ,  tl~r~rIors, be a t  leas t :  12% l e s s  
than  t h e  i n i t i a l l y  captured  a v a i l a b i l i t y  and can be  
expected t o  have a s i m i l a r  e f f e c t  on t h e  o v e r a l l  
energy e f f i c i e n c y  o f  t hose  s torage-dr iven  p o r t i o n s  
of t h e  w a t e r - s p l i t t i n g  process .  

Ten t a t i ve  e a r l y  i n d i c a t i o n s  a r e  t h a t  i t  w i l l  be 
more economical t o  s t o r e  S02-02 a s  g a s  a t  one 
atu.osphere i n  t e l e scop ing  gasholders  than t o  com- 
p r e s s  t he  mixture  and s t o r e  i t  a s  a l i qu id ,S02 -  
gaseous 02 mixture. ,  - 
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*The o v e r a l l  r e a c t i o n  has  an a v a i l a b i l i t y  (maximum 
work p o t e n t i a l )  of 136.5 k J l0 .993  g-mole H2 product 
f o r  an entha lpy  of r e a c t i o n  of 186.6 kJ l0 .993 
g-&ole H2 product.  
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Table 1 

SYSTEM CONSTRAINTS FOR HIGH-TEMPERATURE 
SULFURIC A C I D  SOLAR RECEIVER 

Table  2 

HIGH TEMPERATURE RECEIVER DESIGN OPTIONS 

Operating Conditions I. Fluid  Medium 

Tubeside A. D i r ec t  i n s o l a t i o n  of H2S04 wi th in  r e c e i v e r .  

P re s su re  517 kPa (75 p s i a )  B. D i r ec t  i n s o l a t i o n  of another  f l u i d  w i th in  a 

Temperature 800K (980°F) i n l e t ;  1144K (1600°F) r ece ive r  conta in ing t h a t  f l u i d  and t h e  L 

o u t l e t  H2S04. 

F lu id  90 kg/sec  (200 l b / s )  gaseous H2S04 C. Direc t  i n s o l a t i o n  of another  f l u i d  w i th in  
flowing over  c a t a l y t i c  hed t h e  r e c e i v e r  wi th  t h e  H2S04 heated  i n  a 

s e p a r a t e  hea t  exchanger. 
S h e l l  S ide  

P re s su re  103 kPa (15 p s i a )  

Temperature 311K (lOO°F) .. 

11. Design Geometry 

A. D i s t r i b u t e d . p o i n t  and l i n e  focus  r e c e i v e r  
systems 

Fluid  A i r  f lowing a t  3.58 m / s  ( 8  mi l e s lh r )  1. S ing le  a x i s  t r ack ing  trough 

2. Double a x i s  t r ack ing  p a r a b o l i c  d i s h  
System Design Bas i s  - B. Cen t r a l  Receivers 

100 MW(t) hea t  load required  a t  high temperature 
1. Ex te rna l  

1 MWIm2 (1000 suns)  average hea t  f l u x  
2 .  Cavity 

9 0 %  i n s o l a t i o n  ma ld i s t r i bu t ion  around r e c e i v e r  
3. F lu id i zed  bed 

8-hr continuous d a i l y  ope ra t ion ;  n i g h t  shutdown 
4. D i r ec t  abso rp t ion  

Reasonable l i f e  ( lo+ years)  

A l l  m a t e r i a l s  coated t o  minimize corros ion 

t ._ Table 3 

RESULTS FOR CENTRAL RECEIVER DESIGNS 

(a) Estimates based on mean expected heat flux levels at tube outlet 

(b) D - Receiver diameter; H - Receiver height 
( c )  d - tube diameter; t - tube wall thickness 

. .., , 

Tube size(c) 
(in.) 

0.5d x 0.01t 

0.5d x 0.01t 

0.5dx0.05t 

O.5d x 0.05t 

~~~~~~ 
pVCp 

(Btu1.F) 

250 

250 

50000 

50000 

External 

Cavity 

Fluidized Bed 

Direct 
Absorption 

C 

(b) 

Receiver Overall 
size-ft. 

13D x 26H 

10D x'18H 

2 3 D x 3 0 H  

23D x 36H 

~emperatures(~) 
Differences OF Efficiencies (%) 

T:r 
Tube 

20 

18 

5 

5 

Tube 

20 

20 

10 

10 

Tube 
Diametral 

50 

50 

0 

0 

Convective 

1 

0.5 

2 

2 

Reradiation 

6 

1 

I 

25 

Overall 
Efficiency 

88 

97 

88 

68 

Reflective 
Loss 

5 

1.5 

9 

5 



A Study o f  I n d u s t r i a l  Hydrogen f o r  a n i l i n e . ,  

And Syngas Supply Systems 

Wm. J. Amos, J .  Solomon 

A i r  Products & Chemicals, I n c .  
Al lentown, Pennsylvania 

The o t h e r  cheniicals ca tegory  uses o f  hydrogen 
and carbon monoxide w i l l  be dominated by use o f  
carbon monoxide f o r  a c e t i c  a c i d  product ion .  0x0 
a l coho l s ,  p r i m a r i l y  so l ven t  a lcoho ls ,  w i l l  r e q u i r e  
about 20 MM SCFD syngas du r i ng  the  '78- '82  pe r i od .  

P ro jec ted  H /CO/syngas n e t  a d d i t i o n a l  markets 

Th is  summary o u t l i n e s  the  work performed and w i l l  amount t o  a i o u t  450 MM SCFD du r i ng  the  1983- 
'87 pe r i od .  Th is  i s  on l y  a b o u t 6 0 %  o f  t h e  p ro jec -  conc lus ions reached under JPL Cont rac t  No. 955421. 
tion for the previous five year period. No ammonia 

Th is  study eva luates  t he  p o t e n t i a l  and i n -  
cen t i ves  requ i red  f o r  supp ly ing  hydrogen and syn- 
gas (2H2/1CO) feedstocks t o  t h e  U.S. chemical 
i n d u s t r y  f rom coa l  g a s i f i c a t i o n  systems. Future  

.hydrogen and syngas demand f o r  chemical manufacture 
i s  es t imated by geographic area. P ro jec ted  eco- 
nomics f o r  hydrogen and syngas manufacture a r e  
es t imated w i t h  geographic area o f  manufacture and 
p l a n t  s i z e  as parameters. These' es t imates  a re  
made f o r  n a t u r a l  gas, o i l  and coa l  feedstocks.  The 
economic es t imates  f o r  coa l  technology i n v o l v e  
d i f f e r e n t  coa l  type, l i g n i t e  and bi tuminous, and 
a l s o  atmospheric and e levated pressure g a s i f i c a t i o n .  

Several problem areas p r e s e n t l y  a f f e c t i n g  t he  
commercial f e a s i b i l i t y  o f  coa l  g a s i f i c a t i o n  a re  
considered i n  t h i s  s tudy.  The impact o f  p o t e n t i a l  
process improvements a r e  considered v i a  t h e  impact 
o f  hypo the t i ca l  c a p i t a l  and ope ra t i ng  c o s t  improve- 
ments on hydrogen and syngas economics. Unique 
f a c t o r s  i nvo l ved  i n  f i n a n c i n q  coal  q a s i f i c a t i o n  

capac i t y  a d d i t i o n s  a re  expected.' Pro jec ted syngas 
requirements f o r  methanol amount t o  about 75% o f  
t he  t o t a l  H2/CO/syngas requirements f o r  '83- '87.  
The 0x0 a l coho l s  market i s  a l s o  p r o j e c t e d  t o  be 
s t rong  d u r i n g  t h a t  pe r i od  amounting t o  about 60 
MM SCFD o f  syngas. Polyurethanes Hz and CO r e -  
quirements w i l l  d e c l i n e  t o  about 30 MM SCFD. New 
technology f o r  chemical manufacture us ing  H2/CO/ 
syngas i s  n o t  expected t o  be an impor tant  f a c t o r  
i n  terms o f  new capac i t y  brought on l i n e  between 
now and 1987. 

Comparison o f  H2 and Syngas Costs From A l t e r n a t e  
Feedstocks 

The cos ts  o f  H2 and syngas product  v i a  gas i -  
f i c a t i o n  o f  coal  was compared w i t h  p a r t i a l  ox ida-  
t i o n  o f  r es idua l  o i l  and steam re fo rm ing  o f  n a t u r a l  
gas. A l l  p roduct  cos t  c a l c u l a t i o n s  a re  i n  terms 
o f  1978 d o l l a r s ,  w i t h  o n l y  energy cos ts  assumed 
t o  esca la te  over a  15 year  p r o j e c t  l i f e .  

p l a n t s  a re  discussed. ~ e ~ u l a t o r ~  b a r r i e r s  a r e  
These comparisons were based i n i t i a l l y  on the  eva luated as they a f f ec t  coa l  g a s i f i c a t i o n .  Coal 

,draft JPL Energy Scenario developed in the Fall m in ing / t ranspo r ta t i on ,  a i r  q u a l i t y  regu la t i ons ,  
and compe t i t i ve  feedstock p r i c i n g  b a r r i e r s  a r e  o f  1978. The wor ld  petroleum market underwent 

eva luated i n  summary fash ion.  severe upward p r i c e  d i s r u p t i o n s  du r i ng  t h e  e a r l y  
months o f  1979. Th is  s t i u a t i o n  requ i red  a  r e v i s i o n  

F i n a l l y ,  t h e  s tudy discusses t h e  p o t e n t i a l  o f  t h e  Energy Scenar io p r o j e c t i o n s  .used i n  economic 

f o r  making coa l  g a s i f i c a t i o n t h e  l e a s t  c o s t l y  H, comparisons. 

and syngas supply op t i on .  Opt ions t o  s t i m u l a t 6  
coal  g a s i f i c a t i o n  system development a re  discussed. 

Task 1. Eva lua t i on  o f  Chemical I n d u s t r y  
Capacity Requirements and P ro jec ted  
Economics 

P ro jec ted  Chemical I n d u s t r y  Capaci ty Requirements 

Chemical i n d u s t r y  hydrogen (Hz),  carbon 
monoxide (CO) and syngas (H2/CO) capac i t y  a d d i t i o n  
requirements du r i ng  the  1978-1982 pe r i od  a r e  ex- 
pected t o  amount t o  about 800 MM SCFD. The t o t a l  
w i l l  be dominated by chemical p l a n t  capac i t y  add i -  
t i o n s  i n  ammonia and methanol. About 80% o f  t h e  
expected 1978-1982 new H / C O  syngas requirements 
a r e  expected t o  be used f o r  ammonia and methanol. 
Th is  f i g u r e  i s  somewhat mis lead ing s ince  t h e  hydro- 
gen requirements f o r  ammonia, over 50% o f  t he  1978- 
1982 t o t a l ,  r e s u l t e d  f rom p l a n t s  planned i n  t he  
mid-1970's when ammonia p r i c e s  peaked. 

The o t h e r  major Hp/CO/syngas market ca tegor ies  
w i l l  be about e q u a l l y  impor tan t  du r i ng  t h e  1978-. 
1982 per iod .  These general  market ca tego r i es  a r e  
0x0 a l coho l s ,  polyurethanes, f i b e r s ,  and o t h e r  
chemicals.  Requirements over  the  f i v e  yea r  pe r i od  
w i l l  be i n  t he  range o f  20 MM SCFD t o  40 MM SCFD 
f o r  each category.  Polyurethanes a r e  expected t o  
be t h e  l a r g e s t  market o f  t h e  f ou r ,  w i t h  t h e  l a r g e s t  
s i n g l e  f a c t o r  i n  polyurethanes use being hydrogen 

The economic comparisons o f  a l t e r n a t e  H2 and 
syngas p roduc t i on  cos ts  which were used i n  t h i s  
s tudy a re  based on a  combinat ion o f  two c r i t e r i a  - 
r e t u r n  on e q u i t y  invested i n  t h e  p r o j e c t  and d i s -  
counted cash f l o w  r e t u r n .  Both c r i t e r i a  were used 
assuming t h e  e q u i t y  owner o f  t he  p r o j e c t  was an 
independent s i n g l e  p r o j e c t  company. I n  t h e  case 
o f  r e t u r n  on equ i t y ,  a  va lue was se lec ted  which 
r e s u l t e d  i n  both an acceptable i n i t i a l  yea r  r e t u r n  
and approximately l e v e l  a f t e r  t a x  book re tu rns  over 
t he  p r o j e c t  l i f e .  Th is  assumption f o l l o w s  from 
the  usual p re ference among lenders  f o r  a  l e v e l  o r  
i nc reas ing  income stream from i n d i v i d u a l  p r o j e c t s .  
Discounted cash f l o w - r e t u r n  c a l c u l a t i o n s  assumed 
on l y  income streams and t a x  payments f rom the pro-  
j e c t  i t s e l f  w i t h  regard  t o  t he  u t i l i z a t i o n  o f  i n -  
vestment t a x  c r e d i t s  and c a p i t a l  dep rec ia t i on .  
Th is  approach was used i n  o rde r  t o  pu t  t h e  bas i c  
feedstock/ technology comparisons on t h e  bas i s  o f  
t h e  p r o j e c t  i t s e l f ,  and t h e r e f o r e  independent o f  
t he  e f f e c t s  on t h e  economic comparisons of income 
streams and tax  payments assoc ia ted w i t h  t h e  o the r  
businesses i n  which t h e  e q u i t y  p r i n c i p a l  might  be 
invo lved.  I n  the  case o f  a  p r o j e c t  s p e c i f i c  s i t u a -  
t i o n ,  t h e  eva lua t i on  o f  var ious  feedstocks would 
o f  course i n c l u d e  such e f f e c t s  c d n s i s t e n t  w i t h  t he  
a b i l i t y  o f  t he  owner t o  u t i l i z e  t he  a v a i l a b l e  t a x  
c r e d i t s  i n  e a r l y  years o f  t he  p r o j e c t  and cons is -  
t e n t  w i t h  t h e  owner 's ac tua l  investment ana l ys i s  
ph i losophy.  De ta i l ed  methodology i s  f u r t h e r  de- 



sc r i bed  i n  t h e  study; however, t h e  approach em- 
p loyed r e s u l t s  i n  a  "year one" p r i c e  and p ro jec ted  
e s c a l a t i o n  curve f o r  each feedstock/ technology case 7. 

considered, i n c o r p o r a t i n g  ( 1  ) t h e  two above 
mentioned f i n a n c i a l  c r i t e r i a ,  ( 2 )  t h e  r e v i s e d  
energy scenar io,  and ( 3 )  t h e  r e l e v a n t  c a p i t a l  and 
ope ra t i ng  cos ts .  Hence, t h e  competing feedstock/  
technology comparisons i n  t h i s  summary a r e  de- 
sc r i bed  i n  terms of t h e  "year  one" component and 
t h e  e s c a l a t i o n  curve component o f  t he  o v e r a l l  

t h e  h ighes t  product  c o s t  reg ion.  

L i g n i t e  and bi tuminous coal  types were com- 
pared f o r  bo th  product  s l a t e s  and p l a n t  s i zes  
i n  t h e  Gulf  Coast reg ion .  L i g n i t e  r e s u l t e d  
i n  about a  10% premium i n  product  p r i c e  com- 
pared w i t h  bi tumindus. The h ighe r  c a p i t a l  
and lower  e f f i c i e n c y  o f  l i g n i t e  g a s i f i c a t i o n  
more than o f f s e t  t h e  lower  cos t  o f  l i g n i t e  
feedstock . 

economic comparison. 
Task 2. Ana l ys i s  o f  Problem Areas and Opt ions 

The economic comparison o f  Hz and syngas costs  To S t imu la te  Coal Gas i f i ca tZ iT -  

on coa l ,  o i l  and n a t u r a l  gas feedstocks were cbm- Development 

puted f o r  severa l  parameters: ( 1 )  yea r  o f  p l a n t  Ana lys is  o f  G a s i f i c a t i o n  Improvement I ncen t i ves  
s ta r t -up ,  ( 2 )  geographic l o c a t i o n  o f  p l a n t ,  
( 3 )  p l a n t  s i z e  and, ( 4 )  coa l  type. Conclusions   he' e f f e c t  o f  p o t e n t i a l  research and develop- 
based on t h e  revised energy scenario and t h e  above ment ''pact On gasification was 

es t imated by c a l c u l a t i n g  product  p r i c e s  f o r  c a p i t a l  s tudy bases fo r  p l a n t s  s t a r t i n g  UP i n  Years 19829 
cost improvements of lo%, 20% and 30%, and operat- 1987 and 2000 were as f o l l o w s :  
i n g  c o s t  improvements o f  10% and 20%. 

1. With one except ion,  coal-based H2 and syngas 
were n o t  es t imated t o  be p r i c e  compe t i t i ve  
i n  year  1  of p l a n t  ope ra t i on  f o r  any o f  t he  
p l a n t  s t a r t - u p  years,  p l a n t  s i z e / s l a t e  and 
geographic reg ions s tud ied.  The o n l y  excep- 
t i o n  was the  p roduc t i on  of 150 MM SCFD hy- 
drogen i n  t he  Ohio Va l l ey  w i t h  s t a r t - u p  i n  
yea r  2000. 

2. Conclusions on hydrogen and syngas product  
c o s t  e s c a l a t i o n  f o r  1982 and 1987 p l a n t  
s t a r t - u p  were as f o l l o w s :  

a. I n  t he  Ohio Va l l ey  and M i d - A t l a n t i c  reg ions,  
o i l  feedstock was p r o j e c t e d  t o  r e s u l t  i n  
average product  p r i c e  esca la t i ons  a t  l e a s t  
tw i ce  as h i g h  as esca la t i ons  f o r  coa l .  
Natura l  gas feedstock was p r o j e c t e d  t o  
r e s u l t  i n  p r i c e  esca la t i ons  about f i v e  
t imes g rea te r  than coa l .  

b. I n  t he  G u l f  Coast reg ion,  o i l  was pro-  
j e c t e d  t o  r e s u l t  i n  product  esca la t i ons  
about 50% h ighe r  than coa l .  Product p r i c e  
esca la t i ons  based on n a t u r a l  qas were pro-  
j e c t e d  t o  be a t  l e a s t  t w i c e  as h i q h  as . esca la t i ons  f o r  coa l .  

3. The compe t i t i ve  p o s i t i o n  o f  coal  was pro-  
j e c t e d  t o  improve sha rp l y  f o r  s t a r t - u p  years  
1982 and 1987 i n  t h e  major  market i d e n t i f i e d ,  
syngas. The average 1982 p r i c e  premium f o r  
syngas from coa l  was about 50% a t  40 Mbl SCFD 
and about 35% a t  150 MM SCFD. By 1987 t h e  
premiums dropped t o  approx imate ly  30% and 15%, 
r e s p e c t i v e l y .  

4. For t h e  major chemical feedstock market 
i d e n t i f i e d  i n  t h i s  study, syngas, n a t u r a l  gas 
was eva luated t o  have t h e  lowest  c o s t  i n  
i n i t i a l  yea r  o f  p l a f i t  ope ra t i on  f o r  p l a n t s  
s t a r t i n g  up i n  1982. O i l  was eva luated t o  
have t h e  lowest  c o s t  i n  i n i t i a l  yea r  o f  p l a n t  
ope ra t i on  f o r  p l a n t s  s t a r t i n g  up i n  1982 and 
2000. 

5. For t he  hydrogen product  s l a te ,na tu ra l  gas 
was eva luated t o  have t h e  lowest  c o s t  i n  
i n i t i a l  yea r  o f  p l a n t  ope ra t i on  f o r  a l l  p l a n t  
s t a r t - u p  years  evaluated, 1982, 1987 and 2000. 

6. For both  syngas and hydrogen and f o r  p l a n t  
s t a r t - u p  years 1982, 1987 and 2000, t h e  G u l f  
Coast reg ion  had t h e  lowest  eva luated pro-  
duc t  c o s t  f o l l owed  by t h e  Ohi'o Va l l ey  reg ion .  
The M i d - A t l a n t i c  reg ion  was eva luated t o  be 

Based on the  above, c a p i t a l  c o s t  and ope ra t i ng  
c o s t  improvements r e s u l t e d  i n  no R&O c o s t  reduc t i on  
r e s u l t  which would make coa l  g a s i f i c a t i o n  competi- 
t i v e  i n  t h e  yea r  o f  p l a n t  s t a r t - u p  w i t h  re forming,  
the  most economic syngas o p t i o n  a t  150 MM SCFO i n  
1982. A 30% c a p i t a l  improvement made coa l  compe- 
t i t i v e  w i t h  o i l  a t  150 MM SCFO syngas i n  1987 
when o i l  i s  t h e  most economic a l t e r n a t i v e .  

Cost comparisons o f  p ressur ized vs. atmospheric 
coal  g a s i f i c a t i o n  were made f o r  a  Gulf Coast l oca -  
t i o n  producing syngas. Resul ts a t  bo th  40 MM SCFD 
and 150 MM SCFD i n d i c a t e d  an economic advantage o f  
approx imate ly  14% f o r  pressur i 'zed g a s i f i c a t i o n  f o r  
design cond i t i ons  of  350 p s i g  product  gas. Whi le 
pressur ized g a s i f i c a t i o n  economics were thus pro-  
j e c t e d  as more favo rab le  than atmospheric pressure 
g a s i f i c a t i o n ,  t h e  d i f f e r e n c e  was no t  l a r g e  i n  r e -  
l a t i o n  t o  t h e  accuracy o f  t he  es t imates .  

An economic eva lua t i on  was a l s o  made o f  co- 
produc ing f u e l  gas and syngas. The comparison 
assumed incremental  medium Btu ,  f u e l  gas p roduc t i on  
on a  p rev i sou l y  j u s t i f i e d  150 MM SCFD syngas p l a n t  
The incremental  fue l  gas p roduc t i on  was assumed t o  
be 150 MM SCFD o f  medium Btu  gas. Based on the  
rev i sed  Energy Scenario, incremental  f ue l  gas was 
n o t  compe t i t i ve  f o r  1982 o r  1987 p l a n t  s t a r t  up 
w i t h  e i t h e r  n a t u r a l  gas o f  f u e l  o i l .  Incremental  
medium B tu  f u e l  aas i s  p r o j e c t e d  t o  be more than 
tw i ce  as expensive as n a t u r a l  gas i n  1982 and 25% 
more expensi,ve i n  1987. The premium above f u e l  
o i l  as c a l c u l a t e d  t o  about 20% i n  1982 and 10% 
i n  1987. 

Ana lys is  o f  Non-Technical Problem Areas and Opt ions 
t o  S t imu la te  Coal G a s i f i c a t i o n  System Development 

Non-Technical f a c t o r s  present  major b a r r i e r s  
t o  c o n s t r u c t i o n  o f  coa l  g a s i f i c a t i o n  p l a n t s .  Two 
o f  the  most impor tan t  non- techn ica l  f a c t o r s  which 
can s i g n i f i c a n t l y  a f f e c t  coa l  g a s i f i c a t i o n  system 
development a r e  discussed below. 

While f i n a n c i n g  approaches can s i g n i f i c a n t l y  
a f f e c t  p ro jec ted  product  p r i c e ,  a l t e r n a t i v e  pro-  
j e c t  f i n a n c i n g  methods gene ra l l y  r e f l e c t  t he  a l l o -  
c a t i o n  o f  business exposure f a c t o r s  between the  
product  buyer and product  s e l l e r .  The a l l o c a t i o n  
process has been analyzed i n  t h i s  study according 
t o  two key e f f e c t s  o f  f i n a n c i n g  approach: t he  
e f f e c t  o f  c a o i t a l  s t r u c t u r e  i n  i n i t i a l  p r i c e  and 



t h e  e f f e c t  o f  debt  leverage on the  p r o j e c t  r e t u r n  
on t o t a l  investment.  V a r i a t i o n  o f  deb t l equ i  t y  
r a t i o  f rom 0/100 t o  75/25 a f f e c t s  i n i t i a l  yea r  
p roduc t  p r i c e  i n  the  range o f  10-15%. I nc reas ing  
t h e  deb t  i n t e r e s t  r a t e  f rom 8% t o  10% increases 
i n i t i a l  year  product  p r i c e  l e s s  than 5% f o r  debt /  
e q u i t y  and DCF r e t u r n  on e q u i t y  c r i t e r i a .  The 
e f f e c t  o f  debt  leverage on p r o j e c t  r e t u r n  on i n -  
vestment was ca l cu la ted .  A1 t e r n a t e  deb t l equ i  t y  
r a t i o s  and debt  i n t e r e s t  r a t e s  were considered f o r  
s p e c i f i c  d iscounted cash f l o w  r e t u r n s  on s e l l e r ' s  
e q u i t y  and, as expected, t he  e f f e c t  o f  1  everage 
was s i g n i f i c a n t .  For example, a  change from 0/100 
d e b t l e q u i t y  t o  75/25 d e b t l e q u i t y  had t h e  impact o f  
decreasing requ i red  r e t u r n  on t o t a l  investment 
f rom 15% t o  11.5% assuming the  DCF r e t u r n  on e q u i t y  
i s  15%. With a  20% DCF r e t u r n  on t o t a l  investment,  
t he  a b i l i t y  t o  leverage t h e  p r o j e c t  f rom 0% deb t  
t o  75% debt  r e s u l t s  i n  an even g r e a t e r  d e c l i n e  i n  
p r o j e c t  r e tu rn ,  f rom 20% t o  about 13%. Other 
f i n a n c i n g  approaches w i t h  p o t e n t i a l l y  even lower  
apparent c a p i t a l  cos ts  can be considered, such as 
leveraged leases; however, these and anv h i a h l y  
leveraged approaches cannot be considered i n  t h e  
a b s t r a c t ,  as i s  o f t e n  done. The business arrange- 
ment between buyer and s e l l e r  must f i r s t  be de f i ned  
b e f o r e  any f i n a n c i n g  approach o r  cos t  o f  c a p i t a l  
can be meaningfu l ly  considered. 

Among the  var ious  r e g u l a t o r y  b a r r i e r s  a f f e c t -  
i n g  coa l  g a s i f i c a t i o n ,  o i l  and n a t u r a l  gas p r i c i n g  
u n c e r t a i n t y  a re  the  most s i g n i f i c a n t .  Given t h e  
n a t u r e  o f  t he  p o l i t i c a l  process which determines 
U.S. o i l  and n a t u r a l  gas p r i ces ,  t he  i n d i r e c t  
r e g u l a t o r y  b a r r i e r s  t o  coa l  g a s i f i c a t i o n  which 
r e s u l t  from h i s t o r i c a l  p r i c e  c o n t r o l s  p resen t  a  
very  d i f f i c u l t  commerc ia l iza t ion  problem. Over 
t h e  1982-1987 per iod ,  t h i s  s tudy p r o j e c t s  t h a t  
r a p i d l y  esca la t i ng  o i l  and gas p r i c e s  w i l l  reduce 
t h e  "year  one" premium o f  coal-based syngas t o  
about 15%. However, the  ac tua l  gap cou ld  be s i g -  
n i f i c a n t l y  d i f f e r e n t  depending on t h e  e x t e n t  t o  
which, d i r e c t l y  and i n d i r e c t l y ,  t h e  government 
a f f e c t s  t he  p r i c e s  o f  o i l  and n a t u r a l  gas. For-  
t u n a t e l y  a  r e d u c t i o n  o f  government i n f l u e n c e  i n  
t h e  p r i c i n g  o f  convent ional  energy appears t o  be 
underway. As t h i s  t r e n d  cont inues, government 
e f f o r t s  t o  s t i m u l a t e  coal  g a s i f i c a t i o n  system 
development wi 11 have a  h ighe r  probabi  1  i t y  of  
success, as t h e  c u r r e n t  "subs idy  gap" between the  
c o s t  o f  g a s i f i e d  coa l  and the  c o s t  o f  H2 and syngas 
f rom convent iona l  feedstocks decreases through the 
e f f c c t s  o f  market fo rces .  

Reconended Opt ions t o  S t imu la te  Coal G a s i f i c a t i o n  
System Development 

f i c a n t l y  reduce coa l  g a s i f i c a t i o n  product  cos ts ,  
( 2 )  s i g n i f i c a n t  reduc t i on  o f  government p a r t i c i -  
p a t i o n  i n  p r i c i n g  o f  o i l  and n a t u r a l  gas and 
( 3 )  government encouragement of  p ioneer  coa l  gas i -  
f i c a t i o n  p l a n t s  through app rop r i a te  f i n a n c i a l  i n -  
cent ives .  These areas a re  discussed i n  t h e  
f o l l  owi ng paragraphs. 

For  syngas, t he  major chemical feedstock 
market i d e n t i f i e d  i n  t h i s  study, a  coa l  g a s i f i c a -  
t i o n  R&D e f f o r t  r e s u l t i n g  i n  a  30% c a p i t a l  c o s t  
r educ t i on  and a  20% ope ra t i ng  c o s t  reduc t i on  was 
evaluated. Syngas f rom a 1982 comnercial i z a t i o n  
of  these R&D r e s u l t s  was p r o j e c t e d  t o  c o s t  more 
than syngas f rom n a t u r a l  gas. By 1987, when o i l  
was p r o j e c t e d  t o  be t h e  l e a s t  c o s t  syngas op t i on ,  
a  30% r e d u c t i o n  i n  coal  g a s i f i c a t i o n  p l a n t  c a p i t a l  
c o s t  would be requ i red  t o  produce product  competi- 
t i v e l y  p r i c e d  i n  t he  yea r  o f  s ta r t -up .  These R&D 
r e s u l t s  would be d i f f i c u l t  goa ls  and do n o t  appear 
t o  j u s t i f y  a  massive Government R&D program. 

The most impor tan t  v a r i a b l e  i n  coal  g a s i f i -  
c a t i o n  system development i s  expected t o  be com- 
p e t i t i v e  feedstock cos ts .  Government involvement 
i n  U.S. energy p r i c i n g  has clouded p o t e n t i a l  coal  
g a s i f i c a t i o n  p l a n t  i n v e s t o r ' s  views o f  f u t u r e  com- 
p e t i  t i v e  economics. For example, t h e  premium i n  
i n i t i a l  yea r  o f  ope ra t i on  f o r  syngas from coal  
was p ro jec ted  t o  be about 15% i n  t h e  mid-1980's 
over  t h e  p r o j e c t e d  l e a s t  c o s t  feedstock,  o i l .  An 
i n i t i a l  15% premium might  be acceptable t o  some 
p l a n t  i n v e s t o r s  today i f  o t h e r  i n s t i t u t i o n a l  
b a r r i e r s  cou ld  be s u c c e s s f u l l y  d e a l t  w i t h  and i f  
the  con t i nu ing  p o t e n t i a l  o f  reimposed p r i c e  con- 
t r o l s  on domestic o i l  and gas cou ld  be e l im ina ted .  

Under t h e  f i n a n c i a l  ana l ys i s  assumptions de- 
veloped f o r  t h i s  s tudy,  convent iona l  ITC and 
acce lera ted dep rec ia t i on  a r e  n o t  s u f f i c i e n t  i n -  
cen t i ves  t o  make coal  g a s i f i c a t i o n  compe t i t i ve  i n  
t he  yea r  o f  p l a n t  s t a r t - u p ,  u n t i l  2000. Acce ler -  
a ted dep rec ia t i on  d i r e c t l y  a f f e c t s  o n l y  t h e  t i m i n g  
o f  cash f lows and n o t  t he  amounts. ITC a f f e c t s  
both,  p r o v i d i n g  taxes would o therwise be payable. 
As p r e v i o u s l y  noted, t he  syngas producer on which 
t h i s  s tudy i s  based, i s  assumed t o  be a  separate 
company and thus, t h e  amount o f  ITC and deprec ia-  
t i o n  which b e n e f i t s  t h e  company i s  const ra ined by 
pre- tax  p r o f i t .  Th is  assumption was made i n  o rde r  
t o  address t h e  broadest range o f  business s i t u a -  
t i o n s ,  i n c l u d i n g  those which a re  const ra ined i n  
t he  use o f  ITC and dep rec ia t i on .  I n  t i lose s p e c i f i c  
s i t u a t i o n s  where such c o n s t r a i n t s  do n o t  e x i s t ,  
acce lera ted d e p r e c i a t i o n  and increased ITC can o f  
course be e f f e c t i v e  i ncen t i ves .  

The economic analyses completed i n  t h i s  s tudy I n  summary, t h e  most e f f e c t i v e  methods f o r  i n d i c a t e  a  requirement f o r  s i g n i f i c a n t  a d d i t i o n a l  stimulating coal ga,sification-system development f i n a n c i a l  i n c e n t i v e s  i n  o rde r  t o  p lace coal  gas i -  appear to be cash grant and cos t  share approaches f i c a t i o n  i n  a  compe t i t i ve  p o s i t i o n  f o r  hydrogen 
and syngas product ion .  The f i n a n c i a l  i n c e n t i v e s  as supplements t o  IT5  and acc le ra ted  dep rec ia t i on .  

which a r e  most l i k e l y  t o  succeed a re  those o f  a  These approaches can be implemented, most e f f e c t i v e l y  

type which provide direct or indirect when a  r e t u r n  on investment c r i t e r i o n  f o r  p r i v a t e  

flow impact de f i nab le  prior to start-up of a c a p i t a l  i s  s e t  and implemented as t h e  p r o j e c t  de- 

p l a n t .  Cash grant ,  c o s t  share, and l e g i s l a t i v e l y   nab^^ ~ ~ ~ ~ s w ~ ~ c ~ h ~ s t ~ ~ ~ ~ ~ ~ ~  ~ ~ ~ ~ r ~ e ~ ~ ~ f n  implemented investment t a x  c r e d i t  and r a p i d  w r i t e  mination of  government cash grant or cost share o f f  a r e  poss ib le  f r o n t  end op t i ons .  amounts can be avoided. Whi le such qoa ls  may be 
a t t r a c t i v e  i n  theory  t o  t he  ~ o v e r n m e i t  f rom a There a r e  th ree d i s t i n c t  areas cons idered i n  budgetary point of view, as a practical matter t h i s  s tudy f o r  t he  s t i m u l a t i o n  o f  coal  g a s i f i c a -  

t i o n  system development. Those areas are :  they can r e s u l t  i n  ( 1 )  d iscourag ing a l l  b u t  

( 1  ) Government R&O expend i tu res  t h a t  would s i g n i -  very  l a r g e  companies o r  conso r t i a  from p a r t i c i p a -  



t i o n  due t o  t h e  magnitude o f  t h e  p r o j e c t s ,  par -  
t i c u l a r l y  i n  l i g h t  o f  t he  many o t h e r  p r o j e c t  r i s k s  
which have n o t  been discussed i n  t h i s  summary - 
government des ign/const ruc t ion/operat ion approvals,  
environmental  law changes, e t c .  - which must be 
eva luated and prov ided f o r ,  and i n  l i g h t  o f  t he  
above, ( 2 )  requests f o r  Government g ran ts  o r  c o s t  
share which may appear u n r e a l i s t i c a l l y  h igh  i n  . 
o rde r  t o  p rov ide  f o r  those business r i s k s  which 
a r e  i n h e r e n t l y  very d i f f i c u l t  t o  q u a n t i f y .  

These same' bas ic  shortcomings o f  " f i x e d  
amountI1 i ncen t i ves  a l s o  app ly  t o  p roduc t i on  c re-  
d i t s  o r  subs id ies  un less  s p e c i f i c a l l y  e l i m i n a t e d  
by t h e  enab l ing  l e g i s l a t i o n  which would implement 
t h i s  type o f  i n c e n t i v e .  



HYDROGEN FROM COAL - COST ESTIMATION SEMINAR 

R. L .  Woolley 

Bi l l ings Energy Corporat ion 
Provo, U tah  

Abstract  

A cost estimation seminar, sponsored b y  
the U. S. Department o f  Energy, administered 
b y  Jet Propulsion Laboratories and hosted b y  
Bi l l ings Energy Corporat ion was held at  Snow- 
b i r d ,  Utah on June 11-15, 1979. Presentations 
were made b y  several indust r ia l  organizations 
havin? potential involvement i n  coal operations, 
coal transportat ion, gasification, puri f icat ion, 
and del ivery o f  hydropen. 

Data was prov ided on equipment .selection 
and component cost fo r  a Koppers Totzek pro-  , 

cess b y  Koppers Engineering and Construct ion 
Company and for  a Winkler process b y  Davy - 
PowerGas. Bo th  plans were developed in terms 
o f  a large faci l i ty to  b e  si ted i n  Southern Utah. 

The  cost o f  hydrogen from these plants 
was evaluated on  a common basis us ing a com- 
puterized model patterned a f te r  t h e  EPRl 
Technical Assessment Guide. 

The Koppers p lant  was more cost ly than 
the Winkler, pr imar i ly  because it was a grass- 
roots design. C i t i n p ' t h e  fol lowing Koppers 
data 'as conservative, the following conclusions 
resulted. A p lant  w i th  a capital cost o f  1.66 
bi l l ion dollars wi l l  produce 396 b i l l ion BTUlday  
(HHV) o f  'hydrogen (4835MP). T h e  product  
gas is 97.36% hydrogen b y  volume w i th  the  
balance as follows: 1.96% methane, .17% argon, 
.51% nitrogen, less than 5 ppmv CO, 3 ppmv 
CO2, 1 ppmv HzS, and 2 ppmv H20. 

Using agreed upon financial assumptions 
applied to  the cost model, 13.48% o f  the 1.66 
b i l l ion dol lar capital cost must b e  returned 
each year. Annual costs a r e  as follows: 

Capital 223.8 mill ion dol lars lyear  
Labor [ 435 employees) 12.1 
Variable operation & 

maintenance cost 31.4 
Coal (12 mill ion t o n s l v r  

a t  -22 $ / ton  263.7 - 
531 mill ion 
dol lars l y r  

These annual costs imply a hydroclen cost 
on  a f i r s t  year basis o f  4.07 $/mill ion B T U  o r  
25 cents per  pound o f  hydrogen. 

pipeline d is t r ibu t ion  adds 6 tenths cent per  
pound per  100 miles o f  pipeline according to  
data presented at  the seminar. 

To  compare these costs t o  gasoline use 
the  experimental resul t  that  2.0 pounds o f  
hydrogen prov ide the  same d r i v i n g  range as 
one gallon o f  gasolirie. Th is  assumes that  a 
hydrogen vehicle is 12.5% more eff ic ient than  
i t s  gasoline counterpar t  and i s  backed b y  data 
on a .Postal Service Jeep which was 15% more 
eff ic ient.  Other  costs that a re  added to  
compare to  the pump pr ice o f  gasoline are : l o %  
reta i l ing markup, 4 cents per  pallon federal 
tax and 9 cents per  gallon state tax. Th is  
results i n  a comparative cost o f  hydrogen o f  
81 cents per  gallon. 

B y  way o f  comparison, the  amount o f  
capital used to purchase two and one-half 
years o f  imported c rude  o i l  a t  20 $ / b b l  
would pay for  the  construct ion o f  enough coal 
t o  hydrogen plants (89 a t  a cost o f  1.66 
bi l l ion dol lars each) to  eliminate imported c rude  
oil. The  amount o f  hydrogen produced would 
equal the  consumption o f  the  four major fuels 
made from petroleum (motor gasoline, diesel 
oil, home heating oil, and jet fue l ) .  F i f t y  
hydrogen plans would prov ide fuel energy 
equal t o  the gasoline product ion from imported 
c rude  oil. 



PROGRESS REPORT ON THE DEVELOPMENT OF THE 
GENERAL ATOMIC THERMOCHEMICAL WATER-SPLITTING CYCLE 
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J.  S.  Rode, G .  C a p r i o g l i o ,  R. Sharp 

Genera l  Atomic Company 
San Diego,  C a l i f o r n i a  

and 

M. Yoshimoto 
I d e m i t s u  Kosan, Co., Ltd.  

Tokyo, Japan  

A b s t r a c t  should  g i v e  i t  c o n s i d e r a b l e  e n g i n e e r i n g  advantage  
o v e r  any c y c l e  r e q u i r i n g  s o l i d s  handl ing .  Also ,  

The major  accomplishments on t h e  DOE funded d u r i n g  1978,  o p e r a t i o n  o f  t h e  p r o c e s s  i n  a  c l o s e d  
p a r t  of  t h e  t o t a l  GA thermochemical  w a t e r - s p l i t t i n g  loop  under  r e c y c l e  c o n d i t i o n s  was demons t ra ted .  
program a r e  r e p o r t e d .  They i n c l u d e :  

The p r o c e s s  development i s  proceeding  i n  f o u r  
1 )  I n c o r p o r a t i o n  o f  s i g n i f i c a n t  p r o c e s s  improve- major areas: 
ments i n t o  t h e  p r o c e s s .  
2) ~ e v e l o ~ m e n t ,  rev iew,  and r e v i s i o n  o f .  an 
e n g i n e e r i n g  f l o w s h e e t .  

- 3) S c r e e n i n g ,  i d e n t i f i c a t i o n ,  and t e s t i n g  o f  
p o t e n t i a l  m a t e r i a l s - o f - c o n s t r u c t i o n  f o r  t h e  cnr- 
r o s i v e  p r o c e s s  f l u i d s .  
4) I n c r e a s e  o f  t h e  p r o c e s s , e f f i c i e n c y  t o  *47%. 
5) Smal l - sca le  demons t ra t ion  o f  t h e  cycxe i n  a  
c l o s e d  loop  under  r e c y c l e  c o n d i t i o n s .  
6 )  I n s t a l l a t i o n  of  t h e  n e x t  phase  o f  sca le -up  
equipment (bench-sca le )  and d e m o n s t r a t i o n  of  
p a r t s  of t h e  p r o c e s s  i n  t h i s  equipment.  

1 )  B a s i c  chemica l  i n v e s t i g a t i o n s .  
2) M a t e r i a l s  j.nves t iga t : ions .  
3) P r o c e s s  e n g i n e e r i n g  s t u d i e s  
L )  Bench-soslo t c o t i n g .  

Chemical and m a t e r i a l s  i n v e s t i g a t i o n s  a r e  under 
t h e  j o i n t  s p o n s o r s h i p  of  t h e  Gas Research  I n s t i t u t e  
and GA; t h e  e n g i n e e r i n g  s t u d i e s ,  t h e , c l o s e d - l o o p  
c y c l e  d e m o n s t r a t i o n ,  and t h e  bench-scale t e s t i n g  a r e  
sponsored by t h e  U.S. Department of Energy (DOE), 
Hydrogen S t o r a g e  Systems. 

The r e s u l t s  of  t h e  work c a r r i e d  o u t  d u r i n g  t h e  P r o c e s s  Engineer ing  S t u d i e s  
l a s t  y e a r  have demons t ra ted  t h a t  thermochemical  
w a t e r  s p l i t t i n g  by t h e  s u l f u r - i o d i n e  c y c l e  is a  The p r o c e s s  e n g i n e e r i n g  d e s i g n  e f f o r t  f o r  t h e  
f e a s i b l e  p r o c e s s  and have provided  some con- 

f w a t e r - s p l i t t i n g  c y c l e  a t  GA was based  on t h e  f o l -  
f i d e n c e  t h a t  t h e r m a l  e f f i c i e n c i e s  a s  l a r g e  a s  lowing  o b j e c t i v e s  and c o n s t r a i n t s :  
50% a r e  a c h i e v a b l e .  

I n t r o d u c t i o n  

A program t o , i n v e s t i g a t e  thermochemical  w a t e r  
s p l i t t i n g  h a s  been underway a t  Genera l  Atomic s i n c e  
1972. The s u l f u r - i o d i n e  c y c l e  was s e l e c t e d  a f t e r  
an e x t e n s i v e  computer s e a r c h . o f  thermodynamically 
p o s s i b l e  sys tems .  

The c y c l e  can b e  d e s c r i b e d  by t h e  f o l l o w i n g  
t h r e e  chemica l  e q u a t i o n s :  

1 )  Energy i s  s u p p l i e d  by a  p r o c e s s  h e a t  h i g h  
t e m p e r a t u r e  gas-cooled r e a c t o r  (HTR) having  a  hel ium 
i n l e t  t e m p e r a t u r e  of  772 K and an o u t l e t  t e m p e r a t u r e  
of 1265 K. 
2) P r o c e s s  power is  s u p p l i e d  from t h e  hel ium loop  
and from a  low-temperature,  process- .bottoming c y c l e .  
3) The t e m p e r a t u r e  match-up of  t h e  hel ium h e a t  
d e l i v e r y  l i n e  and t h e  p r o c e s s  h e a t  demand l i n e  must 
be  good t o  m a i n t a i n  e f f i c i e n c y .  
4) Heat must b e  reused  w i t h i n  t l ie  p r o c e s s  u n t i l  i t  
i s  a t  such  low q u a l i t y  t h a t  i t  must b e  r e j e c t e d .  
5 )  Reasonable e s t i m a t e s  a r e  used f o r  u n a v a i l a b l e  
thermochemical  d a t a .  

F i g u r e  1 i l l u s t r a t e s  t h e  s u l f u r - i o d i n e  c y c l e  
p r o c e s s  model, which c o n s i s t s  of  f o u r  d i s t i n c t  
s e c t i o n s :  

H2S04 -+ H20 + SO2 + 112 O2 1144 K ( 3 )  1) S e c t i o n  I produces  t h e  a c i d s  H2S04 and H I  from 
H20, S02, and 12. The SO2 t h a t  is f e d  t o  t h i s  
s e c t i o n  c o n t a i n s  a l l  t h e  O2 g e n e r a t e d  by t h e  decom- 

I n  t h e s e  e q u a t i o n s ,  HI, r e p r e s e n t s  t h e  average  of  
s e v e r a l  HI,, compounds formed i n  t'he i n i t i a l  s o l u -  

p o s i t i o n  of  t h e  H2S04. The 02 product  is  removed 
from t h i s  s e c t i o n .  

t i o n  r e a c t i o n .  S e p a r a t i o n  of  t h e  H2S04 and  HI, 
t a k e s  p l a c e  under g r a v i t y ,  s i n c e  t h e  two a c i d s  a r e  2, 'I and H2S04 
n e a r l y  immisc ib le .  The upper  phase  c o n t a i n s  most r e c e i v e d  from S e c t i o n  I .  

3) S e c t i o n  111 removes t h e  u n r e a c t e d  SO2 from 
o f  t h e  H2S04, and t h e  lower phase c o n t a i n s  most o f  lower phase  product  [HI, ( s o l ) ]  and t h e n  
t h e  HI,. s e p a r a t e s  i t  i n t o  HI,  1 2 ,  and H20 u s i n g  M3P04. 

4) S e c t i o n  I V  decomposes HI i n t o  H2 ' a d  I 2  and 
The main attributes Of the are that its s e p a r a t e s  p r o d u c t s .  The H product  i s  taken  from 

t h e r m a l  e f f i c i e n c y  i s  expec ted  t o  be  h i g h  (about  
t h i s  s e c t i o n .  

2  
50%) and t h a t  i t  can be  conducted a s  an' a l l - l i q u i d  
and gas-phase p r o c e s s ,  a  c h a r a c t e r i s t i c  t h a t  



5)  S e c t i o n  V ,  n o t  shown i n  t h e  f i g u r e ,  is  t h e  
i n t e r m e d i a t e  hel ium l o o p  t h a t  combines t h e  helium- 
r e l a t e d  p a r t s  f o r  t h e  d e l i v e r y  of n u c l e a r  h e a t  and 
t h e  g e n e r a t i o n  of p r o c e s s  power. , 

The second i t e r a t i o n  o f  t h e  f l o w s h e e t  h a s  been 
completed.  T h i s  second i t e r a t i o n  i n c o r p o r a t e s  
s e v e r a l  new p r o c e s s  improvernents i n t o  t i ie  f  lowshee t ,  
r e s u l t i n g  i n  an i n c r e a s e d  t h e o r e t i c a l  e f f i c i e n c y  t o  
approximate ly  47%. These improvements i n c l u d e :  

1 )  E l i m i n a t i o n  of  t h e  c ryogenic  S02/02 s e p a r a t i o n .  
The g a s  m i x t u r e  is  f e d  i n t o  t h e  main r e a c t i o n  
v e s s e l  where SD2 is  e x t r a c t e d .  The remain ing  
oxygen i s  water-washed and d i s c h a r g e d .  
2) I n c r e a s e  of t h e  s u l f u r i c  a c i d  c o n c e n t r a t i o n  t o  
%57% (wt . )  th rough a  boos t  r e a c t i o n .  The upper 
p h a s e  (H2S04 - 502) i s  r e a c t e d  w i t h  l i q u i d  i o d i n e  
and SO2 t o  b r i n g  t h e  c o n c e n t r a t i o n  t o  $572. 
3) U t i l i z a t i o n  of a  lower c o n c e n t r a t i o n  phosphor ic  
a c i d ' e x t r a c t i o n  system. I n  t h i s  p r o c e s s  t h e  lower 
p h a s e  (iII/12/H20) i s  t r e a t e d  w i t h  phosphor ic  a c i d  
and hydrogen i o d i d e  and water  a r e  e x t r a c t e d  from 
t h e  system. 
4) Decomposition o f  hydrogen i o d i d e  i n  t h e  l i q u i d  
phase .  The HI i s  l i q u e f i e d  w i t h  p r e s s u r e  and t h e  
decompos i t ion  is  c a r r i e d  o u t  u s i n g  c a t a l y s t s  b e i n g  
deve loped  a t  GA. 

F i g u r e  2  i s  a  s i m p l i f i e d  diagram of S e c t i o n  I. 
The main s o l u t i o n  r e a c t i o n  i s  i n i t i a t e d  above t h e  
m e l t i n g  p o i n t  of I 2  (386.5 K) u s i n g  r e c y c l e d  1 2 ,  
SO2, 1120, and feed  220.  The X2S04 - HIx l i q u i d  
p h a s e s  l e a v e  t h e  bottom o f  t h e  main s o l u t i o n  reac-  
t i o n  column a t  368K, and t h e  i m m i s c i b l e  s o l u t i o n s  
a r e  t h e n  s e p a r a t e d  by g r a v i t y .  The upper p h a s e  
(H2S04) is t r e a t e d  w i t h  l i q u i d  I 2  and SO2. T h i s  
i n c r e a s e s  t h e  H2S04 c o n c e n t r a t i o n  from 50% t o  57 
wt%. The e v a p o r a t i o n  s t e p  f o r  t h e  HI-I2 heavy 
phase  is t o  thoroughly  remove t h e  r e s i d u a l  SO2 
under  c o n d i t i o n s  s u f f i c i e n t l y  mi ld  t h a t  t h e  SO2 
and HI do n o t  r e a c t .  The h e a t  o u t p u t  from t h e  
main s o l u t i o n  r e a c t i o n  column i s  used t o  d r i v e  
t h e  low tempera ture  bottoming c y c l e .  

F i g u r e  3  i l l u s t r a t e s  S e c t i o ~ l  11, i n  which 
aqueous H2SO4 ($57 wt2) is  c o n c e n t r a t e d  and de- 
composed i n t o  H20, SO2, and 02.  The H2S04 f e e d  
r e c e i v e d  from S e c t i o n  I is c o n c e n t r a t e d  t o  98 wt% 
i n  a  s e r i e s  of  f l a s h  e v a p o r a t i o n  s t a g e s  a t  a  
p r e s s u r e  l e v e l  of 200 kPa. The c o n c e n t r a t e d  a c i d  
i s  t h e n  vapor ized  a t  636 K and decomposed through- 
o u t  i t s  h e a t u p  t o  1144 K ,  t h e  m x i m u ~ n  p r o c e s s  tem- 
p e r a t u r e  i n  t h e  c y c l e .  The l a s t  p a r t  of  t h i s  
h e a t u p ,  from 800 K ,  is done i n  t h e  p r e s e n c e  of  a  
c a t a l y s t  t o  f a c i l i t a t e  t h e  decompos i t ion  of  SO3 
i n t o  SO2 and 02. The r e a c t a n t  m i x t u r e  i s  t h e n  
d isengaged  from t h e  c a t a l y s t  and cooled  down. 
E v e n t u a l l y ,  undecornposed SO3 forms aqueous H2S04, 
which a t  a  c o n c e n t r a t i o n  of  72 wt% i s  s e p a r a t e d  
from wet S02/02 m i x t u r e  and r e c y c l e d  t o  t h e  t h i r d  
c o n c e n t r a t i o n  s t a g e .  The wet S02/02 product  i s  
s e n t  back t o  S e c t i o n  I. 

F i g u r e  4  i l l u s t r a t e s  S e c t i o n  111, i n  which I 2  
is  s e p a r a t e d  from HI and 3 2 0  by l i q u i d - l i q u i d  
e x t r a c t i o n  u s i n g  95  wt% H3P04 s o l v e n t .  The e x t r a c t -  
ed H I  i s  t h e n  c o n c e n t r a t e d  and dehydra ted  by ex- 
t r a c t i v e  d i s t i l l a t i o n  from t h e  H3PO4 s o l v e n t .  The 
overhead  from t h e  e x t r a c t i v e  d i s t i l l a t i o n  c o n t a i n -  
i n g  752 X I ,  25% 1 2 ,  and t r a c e s  of  H20, S ,  and H2S 
i s  t h e n  s e p a r a t e d ,  g i v i n g  an overhead s t r e a m  o f .  
d r y  HI. The overhead s t r e a m  i s  conpressed  and s e n t  
t o  S e c t i o n  I V  f o r  c r a c k i n g ,  w h i l e  t h e  I 2  

bottomstream is  r e c y c l e d  t o  S e c t i o n  I. The wet 
H3P04 i s  d r i e d  by a  m u l t i s t a g e  vapor  recompress ion  
e v a p o r a t i o n  system and r e c y c l e d  t o  t h e  e x t r a c t i o n  
s t a g e .  

F i g u r e  5 i l l u s t r a t e s  S e c t i o n  I V ,  i n  which anhy- 
d r o u s  HI from S e c t i o n  I11 i s  decomposed i n t o  Hz and 
12 .  The feed  i s  decomposed i n  t h e  l i q u i d  phase  
e s s e n t i a l l y  t o  e q u i l i b r i u m  c o n d i t i o n s .  The e f f l u e n t  
from t h e  decomposer is  cooled  t o  condense o u t  t h e  . 
I2 and a  l a r g e  f r a c t i o n  of t h e  H I .  The H I - I 2  
l i q u i d  is  d i s t i l l e d  t o  s e p a r a t e  t h e  HI and 12. The 
Hz-HI g a s  phase  is  cooled  f u r t h e r  t o  condense o u t  
t h e  H I .  A water-wash s t e p  i s  used t o  rernove a  
s m a l l  amount of  HI from t h e  Hz. With t i ie  minor 
e x c e p t i o n  of t h e  water-wash tower ,  t h i s  e n t i r e  
s e c t i o n  has been modeled w i t h  DESIGN/2000. I t  i s  
now p o s s i b l e  t o  q u i c k l y  r e c a l c u l a t e  t h i s  s e c t i o n ,  
f o r  example,  f o r  a  d i f f e r e n t  t e m p e r a t u r e  i n  t h e  HI 
decomposer r e a c t o r ,  such  t h a t  a  b e t t e r  h e a t  match- 
up i n  t h e  o v e r a l l  p r o c e s s  can be  o b t a i n e d .  

F i g u r e  6  shows a  s i m p l i f i e d  bl.ock diagram f o r  
S e c t i o n  V ,  where t h e  h e a t  and power needed i n  t h e  
p r o c e s s i n g  s e c t i o n s  a r e  g e n e r a t e d .  The b a s i c  
assumption h a s  been t h a t  a  h i g h  t e m p e r a t u r e  gas- 
cooled  n u c l e a r  r e a c t o r ,  s i m i l a r  t o  t h e  one  des igned  
by Genera l  Atomic would be a v a i l a b l e .  

Helium from t h e  pr imary  loop  t r a n s f e r s  i t s  h e a t  
t o  t h r e e  secondary  hel ium l o o p s  th rough n e a t  ex- 
changers  which o p e r a t e  a t  h i g h ,  i n t e r m e d i a t e ,  and 
low t e m p e r a t u r e s .  The h i g h  t e m p e r a t u r e  l o o p  pro- 
v i d e s  t h e  h e a t  f o r  t h e  s u l f u r i c  a c i d  decompos i t ion  
r e a c t i o n  of f l o w s h e e t  S e c t i o n  11. Recovered h e a t  
from S e c t i o n  I1 is  u t i l i z e d  t o  p r o v i d e  h e a t  f o r  t h e  
HI d i s t i l l a t i o n  and phosphor ic  a c i d  c o n c e n t r a t i o n  of  
f l o w s h e e t  S e c t i o n  111. The i n t e r m e d i a t e  t e m p e r a t u r e  
l o o p  p r o v i d e s  t h e  h e a t  f o r  f l o w s h e e t  S e c t i o n  I V ,  t h e  
HI decompos i t ion .  Power f o r  f l o w s h e e t  S e c t i o n  I11 
is  g e n e r a t e d  th rough a  hel ium t u r b i n e  and a  s team 
c y c l e .  The low t e m p e r a t u r e  loop  p r o v i d e s  low v a l u e  
h e a t  t o  f lowshee t  S e c t i o n s  I1 and I V ,  s u l f u r i c  a c i d  
c o n c e n t r a t i o n  and HI d i s t i l l a t i o n .  A d d i t i o n a l  
power f o r  f l o w s h e e t  S e c t i o n  I11 i s  g e n e r a t e d  th rough 
a  hel ium t u r b i n e  and a second,  low t e m p e r a t u r e  steam 
c y c l e .  

An obvious  e f f o r t  of t h e  e n g i n e e r i n g  f l o w s h e e t  
d e s i g n  is  t o  a c h i e v e  a  h i g h  thermal  e f f i c i e n c y .  
High thermal  e f f i c i e n c y  is  a t t a i n a b l e  i f  t h e  h e a t  , 
t r a n s f e r  t empera ture  d i f f e r e n c e s  a r e  r e a s o n a b l y  
s m a l l  and i f  was te  h e a t  i s  r e j e c t e d  t o  t h e  envi ron-  
ment a t  t e m p e r a t u r e s  n o t  much above ambient .  Flow- 
s h e e t  r e c o n c i l i a t i o n  work w i l l  cori t inue t o  improve 
h e a t  match-up. Also,  S e c t i o n  111, which consumes 
80% of t h e  p r o c e s s  power r e q u i r e m e n t ,  c o u l d  b e n e f i t  
from an a l t e r n a t e  p r o c e s s i n g  approach.  

Bench-Scale T e s t i n g  

I n  1977,  GA s t a r t e d  t h e  d e s i g n  and c o n s t r u c t i o n  
of a  bench-sca le  u n i t  aimed a t  c a r r y i n g  o u t  t h e  
r e a c t i o n s  o f  t h e  s u l f u r - i o d i n e  c y c l e  i n  a  cont inuous  
mode. The main o b j e c t i v e  o f  t h e  bench-sca le  u n i t  
i s  t h e  s t u d y  of t h e  c y c l e  under cont inuous  f low 
c o n d i t i o n s  by modeling t h e  main s o l u t i o n  r e a c t i o n ,  
p roduct  s e p a r a t i o n ,  and c o n c e n t r a t i o n  and decomposi- 
t i o n  o f  H2S04 and H I .  The u n i t  is  d i v i d e d  i n t o  
t h r e e  s u b u n i t s ,  and f o r  t h e  p r o c e s s  model g i v e n  i n  
F i g u r e  1, Subuni t  1 corresponds  t o  S e c t i o n  I (main 
s o l u t i o n  r e a c t i o n ) ,  Subuni t  2  cor responds  t o  
S e c t i o n  I1 (H2S04 c o n c e n t r a t i o n  and decompos i t ion) ,  
and Subuni t  3  cor responds  t o  S e c t i o n s  111 and I V  



combined (HI c o n c e n t r a t i o n  and decompos i t ion) .  
The u n i t  h a s  been des igned  f o r   an'^^ p r o d u c t i o n  
r a t e  of - 6 . 6 ~ 1 0 - 5  m 3 / s  (-4 l i t e r s  p e r  min.) . 
Subuni t  1 

I n  t h i s  s u b u n i t ,  t h e  main s o l u t i o n  r e a c t i o n  i s  
c a r r i e d  o u t .  The H20, 12, and SO2 a r e  i n j e c t e d  
i n  a  c o n t a c t  r e a c t o r  where t h e  two a c i d  phases  a r e  
formed. The p r o d u c t s  a r e  t h e n  passed  i n t o  a  g a s  
s e p a r a t o r ,  where t h e  e x c e s s  SO2 i s  removed f o r  
r e c y c l e ,  and e v e n t u a l l y  i n t o  a  l i q u i d - l i q u i d  
s e p a r a t o r ,  where t h e  two phases  a r e  s e p a r a t e d  and 
c o l l e c t e d .  

S u b u n i t  2  

The H2S04 phase  from Subuni t  1 is  p u r i f i e d ,  
c o n c e n t r a t e d ,  and p y r o l i z e d  a t  t e m p e r a t u r e s  up t o  
1144 K. Uncracked H2S04 is  r e c y c l e d  t o  t h e  con- 
c e n t r a t i o n  column, and wet S02-02 p r o d u c t  may 
t h e n  e i t h e r  be  passed  t o  a  c a u s t i c  s c r u b  p r i o r  t o  
meter ing .and  d i s c h a r g i n g  o r  r e c y c l e d  t o  Subuni t  1 
wi thout  removal of  02.  

Subuni t  3 

T h i s  s u b u n i t  s e p a r a t e s  HI from t h e  lower ~ h a s e  
product  of t h e  main s o l u t i o n  r e a c t i o n  (cor l ta in ing  
HI,  1 2 ,  and H20) by a  t r e a t m e n t  w i t h  c o n c e n t r a t e d  
H3P04. The HI i s  then  c a t a l y t i c a l l y  decomposed a t  
moderate tempera ture .  

S t a t u s  

A new e n c l o s u r e  has been c o n s t r u c t e d  t o  house 
a l l  t h r e e  s u b u n i t s .  Subuni t  1 and 2  have been 
i n s t a l l e d  and o p e r a t e d  s e p a r a t e l y .  Subuni t  3  h a s  
been des igned  and t h e  purchase  o r d e r s  w r i t t e n .  
I n s t a l l a t i o n  of Subuni t  3  i s  scheduled  f o r  com- 
p l e t i o n  i n  March 1980. Opera t ion  of t h e  i n t e -  
g r a t e d  bench-scale u n i t  is  scheduled  f o r  1981. 

Closed Loop Cycle Demonstrator  (CLCD) , 

As p a r t  of t h e  b e n c h - s c a l e . t e s t i n g ,  DOE 
r e q u e s t e d  c o n s t r u c t i o n  and o p e r a t i o n  of  a  s e p a r a t e ,  
i m a l l e r  u n i t ,  aimed a t  an e a r l i e r ,  s i m p l e  demon- 
s t r a t i o n  of t h e  c y c l e  i n  a  c l o s e d  loop  u s i n g  r e -  
cyc led  m a t e r i a l s .  The u n i t  was d e s i g ~ e d  and. 
i n s t a l l e d  i n  f o u r  months. P r o d u c t i o n  o f  hydrogen 
was d e ~ n o n s t r a t e d  on January  4 ,  1979,  and r e c y c l e  
of a l l  r e a c t i o n  p r o d u c t s  was ach ieved .  During 
one d e m o n s t r a t i o n ,  t h e  sys tem was o p e r a t e d  on t o t a l  
r e c y c l e  f o r  a  t ime  p e r i o d  e q u i v a l e n t  t o  f i v e  t u r n -  
o v e r s  of t h e  o r i g i n a l  i o d i n e  i n v e n t o r y .  

A s c h e m a t i c  diagram of t h e  CLCD is  shown i n  
F i g u r e  7. The H20, 1 2 ,  and SO2 a r e  f e d  i n t o  a  main 
r e a c t i o n  v e s s e l ,  and t h e  p r o d u c t s  a r e  s e p a r a t e d  i n  
t h e  l i q u i d  phase s e p a r a t o r .  The H2SO4 is  p u r i f i e d  
by b o i l i n g  and decomposed i n  t h e  H2S04 c r a c k e r .  
The product  i s  scrubbed  and v e n t e d .  The HI-con- 
t a i n i n g  lower p h a s e  is  p a r t i a l l y  decomposed i n  t h e  
HI c r a c k e r  w i t h o u t  p r i o r  s e p a r a t i o n ,  and H20, 12, 
and t h e  remaining HI a r e  r e c y c l e d  t o  t h e  main 
r e a c t i o n  v e s s e l .  

Conclus ions  

f o r  t h e  c y c l e ,  and major p r o c e s s  improvements have 
r e s u l t e d  i n  an e f f i c i e n c y  i n c r e a s e  t o  472. It 
a p p e a r s  t h a t  502 e f f i c i e n c y  is  w e l l  w i t h i n  reach.  
We b e l i e v e  t h a t  we have made g r e a t  p r o g r e s s  i n  t h e  
l a s t  y e a r ,  and i n  t h e  f u t u r e  we expec t  t o  show t h a t  
thermochemical  w a t e r - s p l i t t i n g  u t i l i z i n g  t h e  s u l f u r -  
i o d i n e  c y c l e  i s  a  v i a b l e ,  economic a l t e r n a t i v e  f o r  
hydrogen product ion .  
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WDx9'E ON THE SULm CYCLE EDR&EN PPEOWCTIW PROCESS 

G. H. Parker 
Westinghouse Advanced Energy Systems a 

Pittsburgh, Pennsylvania 15235 

A t  l a s t  year's Contractor Review meeting, we 
highlighted progress t h rou~h  October, 1978 on the 
development of the Sulfur Cycle. At that  t i m e ,  we 
had designed and were constructing a closed cycle 
workkng Laboratory Medel. 

During November and Decembm, 1978, assemhl$ of 
the HNel was completed, and i n i t i a l  testingoccurred. 
This year, we have continued te use the Model a s  a 
valuable development tobl  fo r  the high tenperature 
and e lec t ro ly t ic  s teps of the process. 'PIxig seport 
provides a brief  update on the  Node1 a ~ d  several 
other aspects of the SulEur Cycle: sulfur  dioxide 
electrolyzer development, high t a p e r a t u r e  materials 
evaluation, and catalyst  tes t ing  for  m l f u r  t r ioxide 
reductim. 

Introduction 

Tfre program for  tha cfcvolopmcnt af the su l fur  
Cycle has been upderway since 1973, with~est inghouse 
funding, and Iqs been supported by the  Department of 
b e r g y  since 1976. The multiyear development program 
should lead to an integrated process develapmentuait 
(PDU) by 1983, followed bp. p i lo t  S ~ a l e  and la rge  
demmstwition units. 

The precess is sfiojowa schematically i n  Figure 1. 
~pdtegen ie  generated a t  the cathode of an electrol-  
yst,sq%lwh;ich aJso ~zi id iaes  sulf t~raus acid t o  sul- 

' f u r i c  ,acid a t  tibe anode. The su l fur ic  acid fomed 
i n  Ehe elatsblyz; is vaporized, using heat %%rob a 
h igh - tqa t a tu re '  source. The vapo~ized mdfu r i c  
acid (su1Sur trioxide-steam mixture) ELows to  a 
h e a h  i~@d%ction reactor where the sulfur  t r ioxide 
is crackad. Wet sulfur  dio~ride and oxygen flow to  
the separation system, where oxygen is extracted 
and the sulfur  dioxide i s  recycled t o  the e b c t r o -  
lyeer. 

- 
Figure 1, Hydrogen Generation Schematic Design 

Process parameters for  a couimercial system w i l l  
evolve a s  the technology matures. Conceptwl design 
studies and experiaental analyses have, hawevex, led 
t o  tbe select ion of a range of major process psra- 
meters tha t  should resul t  i n  a technically soynd 
and e c ~ n d c a l l y  wmpetit&ve system. Table 1 sum- 
martzes these objectives, 

Table 1: Major Process Baraatrrters for  a Commercial 
system 

Parameters Objective 

Electrelye&s 

Preapme, Atmospheres 3.5 - 30 20 

Temperature, "C 50 - 125 1-00. 

Current Density, rnA/cm2 100 - 300 200 

Slec t ra ly te  Sulfuric Acid 50 - !O 55 
Concentration, w t  Percent 

Cell Voltage, mV 4510 - 1000 500 

SulfuricAcidVaporization 

Pressurer Atmospheres 3.5 - 30 2C 

Temperature, OC 360 - 470 , 450 

Oxygen G~nc3ro$ien 

Pressure, Atnospheres 3.5- 30 20 

Maximum Temperature, 'G 760 - 925 870 

Laboratory Model 

Ths Laboratory Model was designed, eonertnicted 
and i n i t i a l l y  operated during 1978. The objectives 
of the  Model were a s  fo l low:  

To provide an ear ly  demonstration of 
the  cyclic operation of the process. 

To act a s  a t e s t  bed fo r  subseQuent 
long term tes t ing  of the electrolyzer 
and theraral decomp~sition reactor. 

m To have capability for  assessing 
intefact ions between various process 
steps. 

m To s e n e  as an operating f a c i l i t y  to 
support the technical f ea s tb i l i t y  of 
hydrogen production via the Sulfur 
Cycle. 

During December, 1978, the tabaratsrp Model was 
checked out and operated s u c c e s s ~ l l y ;  its opera tbn  
represents a ma$or milestone since the Model i s  the 
f i r s t  of its. k9nd i n  the United States.  

During its i n i t i a l  operations i n  the  closed cycle 
mode, the model vaporized and $ecomposed su l fur ic  
acid, separated the result ing sulfur  dioxide and 
oxygen streams and produced hydrogen and s u l f u ~ i e  
soid i n  a f i ve  c e l l  electrolyzer,  The thermochemioal 
portions of this model aperated a t  design 'tempera- 
tures and pressures and were fu l ly  consistent i n  per- 
formance with expectations. While the  pre-prototype 
electrolyzer did not meet a l l  of its performan* 
objectives, it did produce substantial  quanti t ies  of 
hydrogen and permitted true closed cycle operation. 

The design of the Laboratory Model was based on 
the folloning m j o r  c r i te r ia !  

c Production of approximately two l i t e r r  
of hydrogen per minute. 



'The aftgen product-ion s t e p  (Sq3 + SO2 9 
112 82) t o  achletre, a t  l e a s t  70% of t h e  
e q u i l i b r i w  reduction of su l fur  trkoxide 
f o r  &a s e b c t s d  operating preBsure aqd 
temperature. 

The hydrogen produetdon sbep should 
occrrr with &a e$eetrolyeer c e l l  vol tage 
og 6M) 6rV -atl P &rent d-slty of 
200 mlslcm~. 

0 The Ma&l&mJl be d e s l p z d  t o  -rate 
at atmospheric *%sure. 

F&@imL 2 shows. a B&wnatic amangeme1.t af  the 
d e l .  The c o m p ~ ~ i t i ~ t i  of f l d d  streams adB rbmmel 
la+ & utiParic~s b c a t i o a ~  we- sized t o  meet t h e  
c r i t e r i a  l i s t e d  akrve. 

Figure 2. Laboratory Hodel Schematic 

A layout d r d n p  ahoaring the  equipment d-D- 
eions, locations, -ti supports f o r  the  Laboratory 
Model was prepared am3 u ~ s d  t o  determine the  s i s e  
of t h e  ven t i l a t ion  hbod coverage and tke Location 
of supports, u t i l i t i e s ,  controls ,  alarm systems 
and other  aafety equipment. A process a& instru-  
m a t i o n  dtagrsm ws prepared t o  ind ica te  the . 
number and @cation of a l l  ins t rumata t io l i  f o r  the 
Hodel. Photos of ehe Model and its control  room 
a r e  shm i n  Figuzes 3 anti 4. The Model uses many 
g l a s s  rmponente and t h e  high temperatwre items, 
such a s  the acid vaporizer and reduction reac tor ,  
are custom designea and fabricated from quartz. 

Eiwre 3, taboratery Control Room 

- 

Figure 4. Laboratory Model 

Sulfur  Dioxide Electrolyzer Development 

The c e l l  voltage of an S02-depolarized electro-  
lyzer  plays a s ign i f ican t  r o l e  i n  determining the  
overa l l  energy eff ic iency of the  su l fur  cycle  hydro- 
gen production process. Recent e f f o r t s  t o  achieve 
fur ther  improvements i n  c e l l  performance have focused 
i n  the  following areas: (a) evaluation of electro-  
ca ta lys t s ;  (b) development of the electrode fabrica- 
t ion  process; (c) se lec t ion  and invest igat ion of 
separator mater ials ;  and (d) optimization of c e l l  
configuration. 

Heretofore, most k i n e t i c  s tud ies  on the SO oxi- 
dat ion react ion have been conducted on Pt (1-6f and 
Au (3,7) i n  d i l u t e  H2SO4 solut ions.  Quantitative 
infdrmation regarding the anodic oxidation of SO2 i n  
concentrated H2S04 solut ions o r  on metals other than 
P t  and Au is sparse. For these reasons. e lectrocata-  
l y t i c  a c t i v i t i e s  of various candidate mater ials  ,for 
SO2 oxidation were studied i n  50 w/o H2SO4 solut ion 
using a steady-state po ten t ios ta t i c  method. The 
observed Tafel  slopes of these  electrodes a r e  very 
close t o  RT/F, where R is the  gas constant,  T the 
absolute temperature and F the Faraday constant. 
~ e f e r k i n g  t o  a proposed react ion scheme (11, a 
Tafel  slope of RT/F strongly supports t h e  hypothe- 
sis t h a t  t h e  discharge s tep  occurring on an ac t ive  



site (i.e., M + Hz0 + MOads + 2 H+ + 2 e-) is rate 
determining. Moreover, most test electrodes have 
exhibited electrocatalytic activities similar to or 
pooror than Pt. However, the limiting current den- 
sity for SO2 oxidation,on the catalyst WAE-3 is 
higher than Pt by a factor of -30. 

Effects of temperature and acid concentration 
on electrode kinetic parameters for SO2 oxidation 
were studied on WAE-3 electrodes. The polarization 
potential decreased distinctly with.increasing tem- 
perature. An improvement of -100 mV in the over- 
potential was achieved by increasing the temperature 
from 25 to 90°C. The observed Tafel slopes were 
approximately constant at the temperatures of study 
(25 - 90°C), indicating that the rcnction illechanism 
is independent of temperature. For snlutions rang- 
iug from 40 to 70 w/o, the increase of acid concen- 
tration resulted in a significant decrease in the 
limiting current density and distinct enhancement in 
the polarization potential. The influence of acid 
concentration on the electrode kinetics was hardly 
detectable in less concentrated solutions (in the 
range of 20 - 40 w/o). 

Attempts were also made to find out alternate 
catalysts of low cost and promising activities. . 
Simple oxides and mixed oxides, prepared by a thermal 
decomposition technique on porous carbon and titanium 
substrates, respectively, were evaluated e.l.ectro- 
chel~~ically for SO2 oxidation in 50 w/o H2S04 solution 
at room temperature. One oxide catalyst exhibited a 
high catalytic activity for SO2 oxidation compared to 
the Pt-black/C electrode and one mixed oxide catalyst 
(MOA-2/Ti) was competitive to the Pt-black/Tielectrode. 

A number of membranes, dveloped by DuPont and RAI 
Research Corporation, were evaluated as gas separa- 
tors in an electrolyzer. Several mepbranes exhibited 
promising chemical and mechanical stabilities under 
the operating conditions (50 w/o H2SO4 at 50°C and 1 
atm). Unfortunately, none of these membranes was 
impervious to SO2, The migration of SO2 molecules 
through the separators resulted in the formation of 
inclusions inside the membranes as evidenced in 
scanning electron micrographs. ESCA studies on the 
tested membranes revealed that the inclusions are 
essentially composed of sulfide,presumably formed 
through the reduction of penetrating SO2 molecules 
by H2. 

On the basis of the filter-press design concept, 
a new electrolyzer was constructed for the evaluation 
of cell components. This single cell was made of 
lucite using O-ring seals. A pressure pad was placed 
on the back of the current collector to reduce the 
electric resistance in the electrode/collector inter- 
face and to minimize the inter-electrode spacing. 
The performance stability of the lucite cell in which 
a briquetted carbon cathode (containing 10 w/o Pt) 
and a Pt-impregnated carbon anode (loading: 10mg-Pt/ 
cm2) were incorporated, has been tested at 50°C and 
atmospheric pressure.using 50 w/o H2SO4 solution. 
Operating at a constant current density of 100m~/cm2, 
this cell has exhibited a voltage of -0.75 V (includ- 
ing the ohmic loss). Further improvements in the 
cell performance are expected from the use of the 
oxide catalyst OA2/C as an anode and the enhancement 
of SO2-solubility by increasing the operatingpressure. 

temperatures and pressures, with process parameters 
in the range of 360°C to 450°C and 4 to 20 atmos- 
pheres. 

The testing of materials in the presence of high 
temperature boiling sulfuric acid requires that a 
test vessel, inert to the acid environment, be utili- 
lized to contain the materials samples and the boiling 
acid. The initial test vessels were made of stainless 
steel with a removable internal gold liner. In the 
initial tests, Duriron and CVD Sic had the best cor- 
rosion resistance. Because welds in the gold liner 
developed leaks in the presence of sulfuric acid 
vapor, a vessel made of Duriron components has been 
used recently as the test vessel, 

Tests have been run at 36OoC for 250 hour incre- 
ments using 98 w/o sulfuric acid and samples have 
been tested for total test times of 1000 hours or 
until the samples were so severely attacked that one 
or more samples of each material could not be placed 
back in test. 

From corrosion tests on 34 materials, those 
which have the best corrosion resistance are poly- 
crystal silicon, silicon carbide, CVD Sic, and sili- 
con nitride. The matallic materials which are most 
corros,ion resistant are Duriron and Durichlor 51. 

Reduction React01 Materials Evaluation 

The objective of this materizls evaluation is to 
screen potential materials for compatibility with 
reduction reactor conditions in the temperature range 
of 480°C to 870°C. The inlet gases of the reduction 
reactor consist of SO3 and steam, while the outlet 
gases contain SO3, S02, O2 and steam. 

The materials' test beds utilize quartz structural 
materials for operations at or near atmospheric pres- 
sures. A quartz sample holder capable of holding six 
specimens fits inside a quartz combustion tube and is 
heated to the exposure temperature. The process 
stream for the inlet conditions is a once-through 
type and permits either onhydrous SO3 or SO3 with 
superheated steam to be introduced past the material 
samples. A second materials test bed, simulating 
reaction outlet conditions is similar to the reactor 
inlet conditions test apparatus except for the addi- 
tion of SO2 and O2 gas lines to simulate the outlet 
gas streams. Although the inlet conditions tests 
utilize Ar as a carrier gas, no carrier gas is used 
ir. the outlet conditions tests. 

Various sets of materialshave been exposed to 
the reactor inlet and outlet conditions for periods 
up to 1000 hours, and to date silicon, silicon car- 
bide, and silicon nitride have the best corrosion 
resistance for both inlet and outlet conditions. At 
nominal 100-hour intervals, the samples were removed 
for visual inspection, photographing, weighing and 
thickness measurements. 

Sulfur Trioxide Catalyst Evaluation 

While cracking sulfur trioxide to sulfur dioxide 
and oxygen can be accomplished thermally, it proceeds 
at a slow rate. Therefore, it is of interest to 
identify a catalyst that can accelerate the conver- 
sion rate. To be compatible with the processrequire- 
ments, a conversion rate of 70% at 870°C is desired 

Acid Vaporizer Materials Evaluation with stable performance over an extended period of 
testing. 

The acid vaporizer has been identified as a cri- 
tical component with respect to dtructural materials To provide a basis of comparison between the 

since both the liquid and vapor phases of sulfuric catalysts, equilibrium conversions for various 

acid are present in the vaporizer at elevated feedstocks have been calculated throughout the 
temperature range of interest (650 - 900°C). By 



normalizing the experimental results with the calcu- In addition, the Laboratory Model recently has 
lated equilibrium conversions, a conversion effi- been adapted for use as a catalyst evaluation facili- 
ciency is determined for each test.. A valid com- ty. The Model has several advantages overthe screen- 
parison between catalysts is then possible. ing test facility. Among them are: the elimination 

of a carrier gas, a high tube diameter to particle 
the reduces diameter ratio, and the evaporation of sulfuric acid . 

in the presence of steam (as vaporized sulfuric rather than a simulated feed of steam and sulfur 
acid), catalyst tests are being conducted in wet trioxide . 
and anhydrous environments. In both cases. areon - " 
is employed as a carrier gas. Catalyst ALFA-4 has been evaluated in the Labora- 

~ ~ - 
Table 2 itemizes the catalysts and their test 

parameters evaluated in the past year. Of these 
catalysts, ENG-1, ALFA-2, ALFA-4, and CE-1 displayed 
relatively low conversion efficiencies while cata- 
lysts MB-2 and ME-3 provided acceptable conversion 
efficiencies. 

Table 2: Catalysts Evaluated from August, 1978 to 
September, 1979 

Space Velocity 
(hr-l) and Env . 

Catalyst Composition and Geometry Wet Dry 

0.5% (by weight) Pt on 
ENG-1 alumina, 3-2 mm right 10,000 10,000 

circular cylinders 

1% (by weight) Pt on 1,000 1.000 . 
MB-2 alumina 3.2 nun diameter 5,000 -- 

spheres 10,000 10,000 

1% (by weight) Pt on 1,000 1,000 
alumina 3.2 nun diameter 5,000 5,000 
spheres. Higher surface -- -- 

MB-3 area than MB-2 -- -- 
30,000 30,000 
40,000 40,000 
50,000 50,000 

0.5% (by weight) Pd on 1,000 1,000 
ALFA-2 alumina. 3.2 mm right 5,000 5,000 

circular cylinders 

tory Model and produced encouraging results; at 890°C. 
a conversion rate of Q84.OX was obtained. When.com- 
pared to an equilibrium conversion of 89.5%. this 
represents a catalyst conversion efficiency of Q94%. 
This increase in the efficiency, when compared to 
the screening tests, may be a direct result of the 
advantages mentioned above. To insure the accuracy 
of the test results with the Laboratory Model, the 
measurements techniques and method of analysis are 
being modified so that a complete mass balance on 
all species can be performed. 
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20% (by weight) Fez03 1,000 1,000 Contract ET-78-C-02-4705. Major contributors are 
on alumina, 3 2 mm 5,000 5,000 R. L. Ammon, B. R. Krasicki, H. I. Irwin, 

&FA-4 right circular cylinders 10,000 10,000 W. Ti P. Lu, J. F. Pierre, and G. 0. Yatsko. 
20,000 20,000 
25,000 25,000 

Fe203 Powder, >lo, <20 1,000 1,000 
CE-1 mesh 5,000 5,000 

NOTE: All catalysts evaluated over a temperature 
range of 650' to 900°C. 

Catalyst MB-2 displayed a maximum conversion of 
~81.4% at a temperature of 900°C. The space velocity 
for this particular test was 5000 hr-1 using a simu- 
lated 80 w/o H2SO4 feed. When normalized with an 
equilibrium conversion of 90.5%. the result is a 
catalyst conversion efficiency of ~90%. 

Catalyst MB-3 achieved a maximum conversion rate 
of 79.8% at 900°C and of 5000 hr-1. Additionally. a 
conversion rate of 78.6% was reached at a space velo- 
city of 50,000 hr-1 and 900°C using 80 w/o H2SOq feed. 

- These conversion rates represent catalytic conversion 
efficiencies of ~ 8 8 %  and %87%, respectively. 

Catalyst MB-3 also was evaluated over a 1000 hour 
test. Test conditions were a space velocityof 10,000 
hr-l, 870°C, and as simulated 80 w/o H2SO4 feed. 
There was no decline in catalytic activity; a con- 
version rate of 74% was maintained throughout the 
endurance test. At 870°C using an 80 w/o H2S04 feed. 
the equilibrium conversion is 87%. The experimental 
conversion rate of 74% translates into a conversion 
efficiency of 85%. 
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Abstract 

Thermochemical water-splitting cycles that use 
solid metal sulfates instead of sulfuric acid appear 
to offer the advantage of allowing the electrolytic 
oxidation of sulfuruus acid to take place in rela- 
tively dilute solutions where anodic overpotential 
is expected to be minimized. The Institute of Gas 
Technology is investigating such systems in order 
to define preferred operating conditions and 
performance for the electrolytic step. 

The current-voltage characteristics of smooth 
platinum for the oxidation of sulfur dioxide (SO2) 
to sulfuric acid and the reduction of hydronium ions 

. to hydrogen were determined at acid concentrations 
between 1 and 50 weight percent and over the tcm- 
perature range from 1" to 75°C. At a constant 
applied overpotential, the current density for 
hydrogel: generation increases with increasing acid 
concentration. With a given applied anodic over- 
potential, the rate of SO2 electrochemical oxidation 
decreased somewhat with increasing acid concentra- 
tion. In general,.current densities at a eiven 
overpotential increased with temperature at both 
electrodes. However, at high temperature and anodic 
overpotential, the rate for SO2 oxidation decreased 
over that expected, presumably a consequence of the 
temperature dependence of the SO2 concentration. 

The electrochemical performance of smooth 

however, would require less energy input if run at 
lower sulfuric acid concentrations (<50 weight per- 
cent) in order to minimize anodic overpotential. 

The use of a metal oxide-metal sulfate pair to 
concentrate sulfuric acid appears to offer advantages 
over the sulfuric acid cycle. The use of a metal 
oxide to "concentrate" electrolytically produced 
sulfuric acid (by forming a metal sulfate) should 
allow the use of less concentrated acid (and, there- 
fore, lower anodic losses) in the electrolytic step. 

In 1978, the Institute of Gas Technology (IGT) 
demonstrated a hybrid copper oxide-copper sulfate 
cycle. This cycle (Reactions 4 to 6), denoted 
Cycle H-5 by IGT, is an example of the use of metal 
oxide-metal sulfate chemistry, where cycle closure 
is attained by decomposing a solid metal sulfate 
instead of concentrated sulfuric acid. 

CuS04'xH20(s) + H2(g) (4) 

CuSOs.xH20(s) + CuSOb (s) + x~~O(g) (5) 

CUSO~(S) -t CuO(s) + S02(g) + %02(g) (6) 

platinum was observed to degrade at anodic poten- 
tials above 0.80 volts vs. RHE. This The hydrogen-producing step, Reaction 4, may bc 

could bc the result of either oxide formation or accomplished as written in a single electrochemical 

preferential adsorption of sulfate ions on,the cell or as consecutive electrochemical (Reaction 4a) 

catalytic platinum surface. and thermochemical (Reaction 4b) steps. 

Introduction 

Thermochemical water-splitting is a laboratory- 
proved concept and is currently undergoing intensive CuS04.xH20(s,aq) + H20(L) (4b) 

research. Thermochemical or hybrid, thermoelectro- 
chemical hydrogen produced by efficient cyclical CuO(s) + S02(g) + (x + 1)H20(!2) + 

processes using nuclear reactors or solar concentra- 
tors as high-temperature heat sources offers an 
attractive, flexible, gaseous fuel supply. As a . 
future fuel, hydrogen produced by decomposing water 
with a series of chemical steps could provide a 
larger and more cost-effective supply of hydrogen 
than power generation/electrolysis-based processes. 

The bulk of the most developed water-splitting 
cycles to date invoive the production, and subse- 
quent decomposition, of sulfuric acid. The produc- 
tion of sulfuric acid via the electrolytic oxidation 
of sulfurous acid is a step common to the sulfuric 
acid cycle being developed at Westinghouse Corp.'s 
Advanced Energy Systems Division in this country 
and at the EURATOM (Ispra, Italy) and KFA (Juelich, 
West Germany) laboratories abroad. In this cycle 
(Reactions 1 to 3), the electrolytic oxidation of 
sulfurous acid (Reaction 1) must produce relatively 
concentrated sulfuric acid (>50 weight percent) to 
avoid large thermal energy requirements for subse- 
quent acid concentration (Reaction 2). Reaction 1, 

In either case, concentrated sulfuric acid need not 
be produced electrochemically. 

There are a number of literature references1 ,2 
and several ongoing research efforts that have 
defined the electrolytic oxidation of sulfurous acid 
in concentrated (>50 weight percent) sulfuric acid. 
In a program funded by the Jet Propulsion Laboratory 
under a Department of Energy subcontract, IGT is 
examining the electrolytic oxidation of sulfurous 
acid in dilute sulfuric acid solutions which are 
appropriate for metal oxide-metal sulfate cycles. 
The purpose of this program is to determine preferred 
cell operating conditions and to quantify expected. 
performance improvements relative to concentrated 
acid systems. The IGT program will examine cell 
performance as a function of sulfuric acid concentra- 
tion (0 to 50 weight percent), temperature (0' to 
90°C), and electrode material to test for electro- 
catalytic activity. The cell will be operated with 



and without copper oxide (or other metal oxide) 
present to test Reactions 4 and 4a. Thus far, we 
have only operated the cell without a metal oxide 
to provide baseline data on Reaction 4a. 

Task IA 

The purpose of Task IA is to determine the 
current-voltage characteristics of platinum elec- 
trodes for SO2 oxidation and hydronium ion reduction 
to hydrogen as a function of acid concentration and 
temperature. 

Acid Concentration 

The relationship between current density and 
overpotential was investigated as a function of acid 
concentration using solutions of 1, 16, 33, and 50 
weight percent sulfuric acid. An H-cell fitted with 
a "nafion" cell separator and polished platinum 
electrodes was used for this study. We used mercury/ 
mercurous sulfate reference electrodes 'containing . 
sulfuric acid of the same concentration as that 
under investigation in the cell. The platinum elec- 
trodes were anodized in sulfuric acid for 30 minutes 
prior to use. IIowever, 10 minutes before the start 
of the experiment, the anode potential was adjusted 
to zero versus the Hg/Hg2SOq reference electrode 
(0.612 volts vs. RHE) to provide a clean, oxide-free 
platinum surface. 

The relationship between equilibrium current 
density and, overpotential for the cathodic reaction 
at each of the four acid concentrations is illus- 
trated in Figure 1.. Each data point was determined 
by holding the potential constant for 5 minutes 
before determining current density. 

Log of CURRENT DENSITY in ~ / c m ~  

Fig. 2 Current density versus anode 
potential as a function of acid concentration 
for SO2 oxidation on smooth platinum at 27°C. 

(SO2 saturated) 

As can be seen 'from Figures 1 and 2, the 
cathodic reaction exhibits a rather strong dependence 
on acid concentration as would be expected for the 
reduction of hydronium ion. The anodic reaction 
rate, on the other hand, decreases somewhat as acid 
concentration is increased. Because the anode 
experiments were conducted in acid solution saturated 
with SO2 and the solubility of SO2 in acid is in- 
versely related to acid concentration in the range 
of 1 to 50 weight percent, the dependency of the 
anode reaction on acid concentration may be the result 
of differences in SO2 concentration and water activity. 

Temperature 

The relationship between current density and 
overpotential as a function of temperature was 
investigated using 33 weight percent sulfuric acid 
and smooth platinum electrodes. Experiments were 
conducted in a constant temperature bath.at lo, 27', 
50°, and 75OC as measured in the anode chamber of 
the H-cell. The reference electrode was mercury/ 
mercurous sulfate maintained at 27OC by a water 
jacket and fitted with a long Luggin capillary over 
which the thermal gradient was distributed. 

0.00 Current-voltage characteristics of the cathode 
-4 - 3  . 2 - 1 d in pure acid and of the anode in SO2-saturated acid 

are summarized in Figures 3 and 4, respectively. 
Log of CURRENT DENSITY in ~ / c m 2  Both the anode and the cathode rates increase with 

Fig. 1 Current density versus overpotential 
for hydronium ion reduction on a smooth 
platinum cathode as a function of acid 

concentration at 27OC. 

In a similar manner the anodic polarization 
was determined as a function of current density using 
solutions saturated with SO2. Because we were unable 
to obtain a constant and reproducible open circuit 
potential in the presence of SO2, the polarization 
data presented in Figure 2 are plotted versus a 
reversible hydrogen electrode voltage rather than 
as overpotential. 

temperature at low overpotentials. However, the 
experiments conducted at 27", 50°, and 75°C indicate 
that the temperature dependence of the anode reac- 
tion inverts at higher potentials. Because the 
solubility of SO2 in aqueous solution changes 
markedly with temperature, it may be that the inver- 
sion at high anodic potentials is the result of the 
concentration dependence of the SO2 reaction. 

Degradation of Electrode Performance 

Figure 5 represents a plot of the equilibrium 
current density, measured after maintaining a 
constant voltage for 5 minutes, versus anode poten- 
tial extended to potentials as high as 2.0 volts 
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(B) 27°C 

( C) 50°C 

(0 )  75°C 
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Fig. 3 Current density versus overpotential .> -4 

as a function of temperature for hydronium ion 
reduction on a smooth platinum cathode in 

33 wt % sulfuric acid. 
(Data points deleted for purposes of clarity.) 

0.60 , I - 5 - 4 - 3 - 2  - 1  ' 0 

Log of CURRENT DENSITY in ~ / c m ~  

Fig. 4 Current density versus anode potential 
as a function of temperature for S02.0xidation 
on a smooth platinum electrode in SO2 saturated 

33 wt % sulfuric acid. 
(Data points deleted for purposes of clarity.) 

vs. RHE. Rather than.reaching a limiting current 
density, the electrode performance actually degrades 
at potentials above 0.80 volts. This degra'dation 
is most severe in high acid concentrations. Further- 
more, a hysteresis develops between the plot of. 
increasing potential and that of decreasing potential 
only when the potential exceeds 0.8 volts. This 
behavior suggests that oxides may form on the plati- 
num surface, reducing the electrocatalytic 
properties. However, an alternative explanation 
is suggested by the marked increase in degradation 
with acid concentration. The preferential adsorp- 
tion of sulfate or hydrogen sulfate species at high 
anodic potentials could also account for this reduc- 
tion in electrocatalytic activity. 

onset of oxide formation in 1-N H2S04 
-5  

I 

0 . 5  1 .0  1 . 5  2 . 0  - 
~ D E  POTENTIA~ vs REVERSIBLE HYDROGEN ELECTRODE 

Fig. 5 Anode polarization as a function of 
acid concentration at 27'C on.smooth platinum 
electrodes. Each data point was determined by 
maintaining a constant anode. potential for 

five minutes before measuring current density. 

Task IB 

The purpose of Task IB is to evaluate the . 
cata1yti.c behavior of a variety of electrode mater-, 
ials using smooth platinum as a basis for comparison. 
To date, only platinum black and ruthenized titanium 
have been evaluated in 33 weight percent sulfuric 
acid at 27OC. Platinum black electrodes exhibit 
current densities an order of magnitude higher than 
those observed for smooth platinum under the same . 
conditions. Ruthenized titanium, on the other hand, 
exhibited current densities two orders of magnitude 
lower than those recorded for smooth'platinum. 

Summary 

Future program efforts will include the 
investigation of additional electrode materials 
(including palladium I1 oxide and porous graphite) 
and operation of the cell with metal oxide species 
(copper oxide and at least two others) present at 
the anode. It has been shown that the use of lower, 
sulfuric acid concentrations lowers the open circuit 
voltage for the electrochemical oxidation of sulfur- 
ous acid. l Our studies show that lower acid 
concentrations lead to higher anode kinetics (current 
densities), which supports the original hypothesis 
that better cell performance can be attained .in 
sulfuric acid concentrations below 50 weight percent. 
At the conclusion of this program in March of 1980, 
we will define preferred cell operating conditions. 
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Abstract 

The work described in this report was accomplished during the period 
October 1, 1978 - September 30, 1979. Most of the effort was applied 
to a study of the Los Alamos Scientific Laboratory (LASL) hybrid bis- 
muth sulfate cycle. The work included a conceptual design of the cy- 
cly and experimental work to verify the design conditions. Key find- 
ings were: 
O A 50.8% efficiency was obtained when an improved cycle design was 

coupled to a fusion energy source at 1500 K. 
O Experimental results showed an endothermic heat requirement of + 172 

kJ/mol for the decomposition of Bi203.2S03 to Bi203.S03 and SO3. 
O Reaction times for bismuth sulfate decomposition were determined as 

a function of temperature. At 1240 K, < 1.5 min were required for 
the first two stages of decomposition from Bi203.3S03 to Bi203. 

O Tests made to detcrmjne the feasibility of decomposing Bi203.2303 
in a 1 inch diameter rotary kiln showed that Bi203.2S03 could be 
decomposed continuously. 
In related work, support was given to the DOE Thermochemical Cycle 

Evaluation Panel (Funk). 
The Second Annual International Energy Agency (IEA) Workshop on 

Thermochemical Hydrogen Production from Water met on September 24-27, 
1979 at Los Alamos. 

Fusion Synfuel (Hydrogen) Design Study 

Introduction 

Thermochemical cycles for hydrogen production 
have been investigated at the Los Alamos Scientific 
Laboratory (LASL) since the early 1970s. Process 
development is sponsored by DOE'S Division of En- 
ergy Storage Systems (STOR). In recent months, 
our efforts were concentrated on the development 
of a thermochemical cycle compatible with a 1500 K 
heat source derived from a conceptual fusion driv- 
er. The major task of this study is to define 
nonelectrical fusion energy applications. Chief 
among these applications is the production of 
synfuel (hydrogen) from fusion power. The study 
is a joint effort involving thermochemical pro- 
cess development (under STOR) and design and en- 
gineering systems for extracting fusion heat (un- 
der the Office of Magnetic Fusion Energy). 

e 
The LASL Bismuth Sulfate Cycle 

The LASL bismuth sulfate cycle has the hllowing 
steps. 

2H20(2) + SOn(g) = H2S04(aq) + H2(g) 
Elec .350K (1) 

Work performed under the auspices of the U.S. 
Department of Energy, Division of Energy Storage 
Systems. 

Bi203. SO3 + H2S04 (aq) = Bi203. 2SO3(s) 
+ H20(2) Elec. 350K (2) 

Bi203. 2S03 (s) = Bi203. So3 (s) + SO3 (g) 
1100-1250K (3) 

This cycle was originally devised as an alterna- 
tive to those cycles employing H2SO4. 

The LASL cycle, shown schematically in Fig. 1, 
has several advantages. 

O The.average endothermic heat requirement ' 
for the solid decomposition step is 172 kJ 
per mol of SO2 removed. 

O Bi203.2S03 is the stable solid phase in 
contact with H2SO4 over a 3-52.7 wt% 
range. In principle, the ele'ctrochemi- 
cal oxidation of S02, step (I), could 
be carried out at a lower voltage. Op- 
eration at 10-20 wt% HpS04 would be feasi- 
ble. 

O Sulfuric acid is not handled at high con- 
centrations and temperatures or evaporated. 

O Both sulfates present in step (3) remain 
as solids throughout the reaction. 

O Maximy temperatures required for solids 
decomposition can be lower than in other 
cycles. 



In contrast to the other cycles, the LASL 
bismuth sulfate cycle involves solid-materials 
handling. Traditionally, liquids and gases are 
preferable to solids because of the problems of 
handling solids. The trade-off must be made be- 
tween solids-handling and the difficulties (and ex- 
pense) of handling highly corrosive, boiling H2SO4. 

- - 
' Fig. 1. Schematic of the LASL bismuth sulfate 

hybrid cycle. 

Experimental Verification of Cycle 

The experimental bases for the foregoing ob- 
servations are shown in Figs. 2 and 3. Thermody- 
namic data on the endothermic heat of reaction for 

Bi203. 3SO3(s) = Bi203. 2S30(s) + S03(g) (5) 
and reaction (3) were obtained from isothermal batch 
experiments. The SO3 pressure is shown as a func- 
tion of temperature in Fig. 2. Straight-line plots 
of log Ps03 vs 1/T give a value of 161 kJ/mol (38.4 
kcalfmol) for the Bi203.3S03 decomposition and 172 
kJ/mol (41.2 kcal/mol) for the Bi203.2S03 decompo- 
sition. 

Kinetic data for the decomposition of Bi203. 
3S03 starting material are shown in Fig. 3. The 
data show the rate of SO3 removal as a function of 
time at temperatures of 1050, 1150, and 1240 K. At 
1240 K, 4 1.5 min are required for the decomposition 
of Bi203.3S03 to Bi203.S03. Less time (roughly 
half) would be required for the intermediate step, 
Bi203.2S03 to Bi203.S03. 

Process Design of Cycle 

A thermochemical process design has been de- 
veloped for the LASL bismuth sulfate cycle. The 
design aims were to produce an engineering flow 
sheet, compute mass and energy balances, and ob- 
tain a value for the thermal efficiency of the cy- 
cle. 

A fusion reactor deposits neutrons in a high- 
temperature boiling lithium blanket at 1500 K. 
Thermal energy, from the isothermal "lithium boiler" 
is transferred directly to a S03/S02/02 process 
stream for the high-temperature portion of the cy- 
cle. 'One heat'exchanger thus provides all the 
primary thermal energy for the cycle. Heat from a 
low-temperature (800 K) portion of the fusion 
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2 

T - I  (K-~x  lo4) 
Fig. 2. Equilibrium data for bismuth sul- 

fate and bismuth oxysulfate decom- 
position. 

T IME (MINUTES) 
Fig. 3. Kinetics of bismuth sulfate decom- 

position. 

'blanket provides the electric power generation 
energy for the electrolysis section located in the 
low-temperature portiou of the cycle. 

For a representative energy balance and effi- 
ciency calculation, we chose the followng process 
conditions: maximum temperature, 1475 K; pressure, 
30 atm; mols SO2 removed, 1.0; rnols H20 entering, 
5.0. The overall energy balance for the cycly is 
shown schematically in Fig. 4 for these conditions. 
Details of the design are given below. 

The high-temperature portion of the cycle con- 
sists of three batteries: Battery A--Solids de- 
watering, Battery B--Solids decomposition, and Bat- 
tery C--SO3 decomposition. 
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A parametric analysis was made to evaluate 
the effect of three major system variables on the 
cycle's efficiency. The variables chosen for this 
analysis were the electrolyzer cell voltage, the 
endothermic heat requirement in the high-tempera 
ture portion, and the maximum stream temperature in 
the cycle. 

Of the three variables investigated, the cy- 
cle's efficiency was most affected by the electro- 
lyzer voltage and the endothermic heat requirement. 
The efficiency is extremely sensitive to variation 
in electrolyzer voltage. The effect of maximum 
stream temperature variation is important primarily 
because it varies the equilibrium yield in the 
SO3 = SO2 + (1/2)02 reaction, hence changes the 
composition of the gas mixture leaving the high- 
temperature portion of the cycle. It also af- 
fects the rate of solids circulation. 

F i g .  4. Cycle energy balance. 

Conclusions of Study 

A thermal energy balance was performed for 
each battery to identify the input and output of 
energy. 

Battery A--Solids Dewatering. The function 
of Battery A is to dry the incoming Bi203.2S03 
solids and to perform that task by recovering as 
much heat as possible from hot streams and ex- 
othermic reactions. 

Battery B--Solids Decomposition. Battery B 
uses a large amount of heat for decomposing the 
entering solids to Bi203.S03 and SO3. 

Battery C--SO3 Decomposition. Battery C op- 
erates at the highest temperature of the cycle 
(1475 K). A 25 K difference was arbitrarily cho- 
sen for heat transfer. 

Thc low-temperature portion of the cycle oper- 
ates at 350 K and consists of three batteries: Bat- 
tery D--S02/02 separation, Battery E--Electrolyzer, 
and Battery F--Solids/acid reactor. 

Battery D--S02/02 Separation. The main func- 
tion of Battery D is to absorb SO2 from the S02/02 
gas mixture. Heating the purified oxygen stream 
to 1475 K for generating work in a turbine expander 
gives a net work gain. 

Battery E--Electrolyzer. We assume a working 
voltage of 0.45 V, at an acid concentration of 15 
wt% and a current density of 2000 A/$. .The elec- 
trolyze~ is designed for operation at 350 K and 30 
atm. 

Battery F--Solids/Acid Reactor. Bi203.S03 
reacting with H2SO4 releases heat at 350 K to 
cooling water. 

The LASL bismuth sulfate cycle is a pro- 
mising approach to producing hydrogen from a 
high-temperature process heat source (1500 K) 
such as that from a fusion or solar reactor. 
It avoids the problem of evaporating H2S04 sn- 
lutions and has an estimated 50% efficiency, 
based on a flow-sheet analysis. Crucial issues 
still to be resolved are the demonstration of 
low-voltage electrolysis under production con- 
ditions, the recovery of latent heat of vapori- 
zation from drying solid Bi203.2S03, and the 
handling of large amounts of solids in a high- 
temperature decomposer vessel. 

Bismuth Sulfate Decomposition Facility 

' A  facility for studying continuous Bi203.2S03 
decomposition is being built at LASL. Initially, 
we planned to carry out the decomposition reactions 
in a fluidized-bed reactor. Experiments with Bi203. 
2S03 showed "pilling" to take place on fluidization. 
Since then, we have constructed a 1-inch diameter 
laboratory-scale quartz rotary kiln. The atmos- 
phere above the decomposing solids can also be con- 
trolled. We intend to study the effect of resi- 
dence time, and temperature on the decomposition 
rate and yield of Bi203.2S03. Preliminary experi- 
ments have just begun and indicate complete con- 
version of the feed to Bi203.0.7S03 at tempera- 
tures in the range 1000-1100 K. 

DOE Thermochemical Cycle Evaluation Panel 

LASL support in being provided to the panel 
chaired by Professor J. E. Funk (Kentucky). At 
this time, two cycles are undergoing evaluation. 
They are the G.A. Sulfuric Acid-Iodine process 
and the LLL Zinc-Selenide process. 

Overall Efficiency of Cycle 

The cycle's efficiency is computed from the 
values given in Fig. 4. The net heat requirement 
is 294 kJ and the work requirement is 269 kJ--a 
total of 563 kJ. The efficiency is = 2861563 = 
0.508 (50. 8%). 



IEA Meeting, September 24-27, 1979, Los Alamos 
i.', 

A thennochemical cycle workshop was held at 
LASL under IEA auspices during the latter part of 
September. Over 40 persons attended the confer- 
ence with international delegates from the Euro- 
pean Common Market (EEC) Ispra laboratory, West 
Germany, and Japan. Leading emphasis was placed on 
sulfuric acid based cycles - sulfuric acid decom- 
position and materials problems. 

In other discussion, the following topics 
were included: 

O Electroch.emica1 SOn reactions 

O Hydrogen halide decomposition 

O New cycles and heat sources 

O Complete .circuits (bench-scale) 
I 

O Techno-economic assessments. 

Much technical progress was noted since the. 
First Annual Workshop was held at Ispra, Italy in 
August 1978. The value of programs to identify 

' new and alternative cycles was recognized and em- 
phasized by the Workshop. Plans for future tech- 
nical cooperation in these and other areas will 
be submitted to the IEA Executive Committee for 
consideration and approval. 



CORROSIOl TESTIRG OF HATERIALS IN HOT COllCEf4TRATED SULFURIC ACID* 

Oscar H. Kri kori an 

Lawrence Livernore Laboratory 
Livermore, CA 94550 

Abstract 

We are test ing and evaluating materials for a sulfuric acid boiler  for  use 
i n  themchemical hydrogen cycles that  require decomposition of H SO4. Opera- 
ting conditions ca l l  for  boiling of 97 wt% H@04 a t  -67JK and 1 !$a p ~ s s u r e .  
We have determihed tha t  high si l icon content materials can generally tolerate 
the corrosive conditions that  prevail. Ifaterials that  appear most suitable a t  
present, especially as heat exchanger materials, are Durichlor-$1 and Sic. 
Preliminary tes ts  on CrSi2-coated Incaloy 800 also  show good promise. 

Background 

We have had a study underway a t  the Lawrence 
Livemore Laboratory for  the past two years to 
test and evaluate materfals suitable for a sulfuric 
acid vaporizer for  use i n  themchemical hydrogen 
cycles being deve1ope.d a t  the  Eeneral Atomic and 
Elestinphouse labaratoriw..  Both the I' -H SO4 cycle 
under developrtfent rt Beneral Atomic an$ tge 
S02-li2S04 cycle a t  Westinqhouse require doncentra- 
t ine  of sulfuric acid se lh ions  by boiling off 
water t o  Form an a m t  pic conposition a t  -97 w t X  ' 

7 H2S04, which is f h p  lad led' a t  -673K (witfi an 
energy-input @w6: k&lijratjle) f o pruduqe sulfuric 
acid vapor' aO a pressure d "1 RPa (10 atm). The 
vapor i s  then heated fa t peratures of 1000-1150K 
where i t  is dec~mpos& @$r&uce SO2, 02 and 
H20. Bailing of ,@aa,gt,@Wb'mpic R2SQ composition 
imposes the mos't sate& Materials problem in t h ~ s  

liquid. 

In past work a t  the Lawrence Livermore Labora- 
tory, we have established that  silicon-rich 
materials generally havh good corrosion resistance 
under spera t ing condlif ions. CarrMibn tests' were 
conducted on spec.fmens in .sealed s i l i c a  vials con- 
taining 97 .&% H 3Q a t  67,s'IC for  ti* of 500: 
1100 h. ~atet-ia?s &ted were t h e J ~ ~ m r c 5 a l  hi* 
silicon cast irons (Duriron and Durichlor-61) 
s .bgle crystal Sf ,  Sic, Si3P34, and CrSi '. OT these 
the only materials *@at showed s i@if ie#nt  c o r m  
sion were Duriron and Duri'chlor-51. Of €&$ @a, 
Durichlor-$1 performed the better* givjng a pro: 
tective scdle that  showed a uniform corro%7i@n b-e- 
havior over the ent i re  surface. With DuPimn, ,the 
surface scale v a ~ i e d  7consi derably i n  tMckwss and 
showed s igni f - ic~nt  anomts of spa1 1 ing, hactur ing,  
and corrosion pits .  The scale on the Dyrichla6r-51 
af ter  520 h was 5 urn thick. Usinga 1 inear 
corrosion r a t e  gives an extrapolated lifetime of 
about 6 y to at taf  n a scale thi ckntss o i  h5. m. 
Assuming a parabol l c  corrosion r a t e  wu ld  pxtend 

the lifetime even more. This i s  an encouraging 
observation, but long tern proof t e s t s  are  needed 
to substantiate the actual behavids. 

The high si l icon cast  trons, Duriron and 
Durichlor-51 both contain 14.5% S i ,  0.85% C ,  and 
0.65% Mn. In addition, Durichlor-51 also contains 
4.5% Cr. In rea l i ty ,  the term cast iron i s  mis- 
leading, since these materials are basical l y  inter-  
metal 1 I c compounds of the approximate composl tion 
FegSi . As such, they have low tensile strength, 
poor ducti l i ty,  poor tmpact resistance, and are 
d i f f i cu l t  to fabricate. Quality control will be an 
important problem in the manufacture of these 
materials i f  they are t o  be used in  th is  applica- 
ti on. Internal porosS t i e s  introduced during cast- 
in3 are of particular concern. Special machining 
and qi l l ing  operations will need t o  be developed, 
since material surfaces are readily damaged by 
normal machining operations and produce surface 
fractures tha t  p m o t e  subsequent carrosi on. With 
proper quality control in manufacture, and ~ 5 t h -  
development of suitable machining and other fab- 
ri ca t i  bn techniques, we be1 i eve that  Duri chl or-51 
type materfals can be used for H2S04 boilers. 

Materials such as Sic and Sj3M4 are  considered 
t a  be ceramics, and substantial progress has been 
made in recent years i n  fabricatfng in t r ica te  
shapes with them using ceramic fabrication techni- 
ques such as hot pressing or extrusion and sinter-  
ing. The motivation fo r  these developments has 
been mainly the need fo r  high temperature ceramic 
turbines, but these materials my  also have appli- 
cation in  coal conversfon process equipment. I t  
i s  currently possfble to  obtain U-shaped Sic 

,tubing for  use i n  heat exchangers from comnercial 
suppliers (e. g., Carborundum Co. and ilorton Co.), 
Gle believe tha t  the design and fabricatton of an 
ef f ic ient  heat exchanger system for an H2S04 boiler  
based on Sic s t i l l  remains a d i f f icul t  and challen- 
ging problem. Si ti4 is also a potential future 
candidate materia?. 

The excellent corrosion resistance shown by 
CrSi2 presents us with another alternative for a 
heat exchanger design, i .e., by using CrSi2 coatings 
t o  provide corrosion protection of more conventional 
heat exchanger alloy materials. Some work along 
these l ines will be discussed i n  t h i s  report. 

*This study was sponsored by the U. S. Department 
of Energy - Division of Energy Storage Systems and 
performed by the Lawrence Livermore Laboratory 
under contract No. W-7405-Eng-48. 



Current Studies 

Materials corrosion studies during the past year 
a t  the Lawrence Livermore Laboratory continued w i t h  
the goal of testing and evaluating materials suit-  

- able for a sulfuric acid vaporizer. Tasks that 
were completed were (1) construction and operation 
of a boiling-circulating sulfuric acid corrosion 
t e s t  loop, and (2) testing of CrSi2 coated speci- 
mens of 304 stainless s t ee l ,  Inconel 600 and 
Incaloy 800. 

The corrosion t e s t  loop was constructed of 
s i l i c a  glass. I t  had a boiler chamber 1.5 cm i .d.  
x 14 cm high, a matching condensation chamber of 
the same s ize  with s i l i c a  qlass piping joining the 

A corrosion t e s t  was run on a rod specimen of 
Durichlor-51 , 0.58 cm x 0.58 cm x 11.4 cm, placed 
in the boiler section of the fused s i l i ca  loop. 
Apprwimately 40 g of 97 w t %  H SO was used in the 
loop and the liquid covered agou? two thirds of 
the specimen. The t e s t  was carried out a t  40Q°C 
a t  a boiling ra te  of 200g H2SOq/h for a total of 
170 h. Visual examination showed evidence of 
moderate corrosion (discoloration, pit t ing,  and 
crys ta l l i tes  on the surface) for -2 cm in the 
vicinity of the meniscus region. Above this region 
there was no evidence of attack, and below t h i s  
region, the attack was minimal. The corrosion be- 
havior appears to  be identical t o  that observed in 
our ea r l i e r  experiments which used s t a t i c  H2SO4 i n  
contact with the samples in sealed s i l i ca  bulbs. 

upper and bottom parts of the two chaders (see 
Figures 1 and 2).  . The assembled loop was mounted 
inside of an autoclave and placed in the furnace 
of the H SO Corrosion Test Facility (see 
Figure 39.  4 ~ h e  t e s t  loop was heated prinari l y  by 
heat from the autoclave, but a Ni chrom heating 
element wound around the boiler was used to provide 
supplemental heat. An argon overpressure of 
1.2 MPa (12 atm) was maintained insic'e of the 
autoclave to compensate fo r  the boiling pressure 
of H2S04 (-10 a t .  maximum) and maintain the s i l ica  iw 
under compression. The condenser was enveloped i n  
a s i l i ca  cooling jacket which was cooled by a high 
pressure flowing a i r  stream. The cooling jacket 
was insulated on the outside with a fibrous Zr02 
blanket t o  minimize heat exchange with the auto- 
clave enclosure, and the in l e t  and outlet  a i r  
temperatures and the a i r  flow rates were measured 
to  calorimetrically determine the amount of heat 
recovery from the condenser section. "ith the 
H2S0 boiler  operating a t  400°C, an a i r  flow ra te  
( a t  $5 '~)  of 15 almin. and a temperature r i s e  of 
200°C were found t o  be optimum f o r  loop operation. 
Using 26 kcal/mol for  the heat of vaporization of 
H3SOP, th i s  gives a boiling (condensation) ra te  of 

Figure 2. Top view of the H2SO4 circulating loor A 

assembly. The support rods would be removed toti?$- 
lower the loop into the autoclave below. 

autoclave flangs. 'The boiler section i s  on the ,-'" 
Figure 3. A view of the High Pressure H SO, 
Corrosion Test Facilitv showing the top of the 



A corrosion t e s t  on the CrSi2 coated specimens 
was r u n  i n  97% H2SO a t  400°C for  240 h using 
duplicate samples o! 304 stainless steel  , Inconel 
600 and Incaloy 800 as substrates. The t e s t  was 
stopped a t  240 h due to a pressure r i se  in the 
autoclave, and it was discovered that  one of t h e  
capsules had failed between 175 and 240 hours (over 
the weekend). The specimens were rod-shaped w i t h  
dimensions of about 1.5 mn x 4.5 m x 5 cn. Coat- 
ings (-0.4 nnn thick) were applied to the specimens 
by Dr. Charles M. Packer of Lockheed 12issiles and 
Space Company of Palo Alto, California, using a 
slurry coat and rapid me1 t technique. The samples 
af ter  t e s t  are shown i n  Figure 4. Samples 1 and 2 

are Inconel 600, samples 3 and 4 Incaloy 800, and 
samples 5 and 6 304 stainless steel. The capsule 
that  fai led contained one of the coated 304.stain- 
less s tee l  samples. The fa i led  sample Showed 
large darnaged areas in the CrSi2 coating and 
massive attack o f  the substrate. I t  had a wight 
loss of 0.5 q for a 3.4 g sample. The other stain- 
.less s tee l  sample also showed damaged areas i n  the 
coating accompanied by spalllngn but apparently the 
spa1 1 ing occurred a f t e r  cooldown since no signifi-  
cant attack was visuallv aooarent beneath the ex- 
osed areas, and the titatal'weight loss was mly 

f.03 g fo r  a 3.4 g sample. The coatjngs, were a l l  
intact  for  the lnconel 600 and Incaloy 800 s p e c i m ,  
and showed l i t t l e  visible corrosion, although a 
yellow precipitate was present (as was also for the 
304 stainless s tee l  specimens) i n  the bottom of the 
bulb. Ueight losses for the lnconel 600 specimens 
were 0.034 g and 0.056 g For sample weights of 
3.6 g; and for  the Incaloy 800 specimns weight 
losses were 0.002 g and 0.003 g for "3 g samples. 
The CrSi coated Incaloy 800 looks very promising 
fir furtger development. 

This report wu prepared u M account of work tpo~uored by the United 
States Government. Neithcr the United Stat6s nor the U n i M  States 
BepPtttnHSf @f iItiqy, n w  my at l s ir  empkFecs, noz my of tMr 
fontneton, tllbcontractom, or their eiaployaag rmta atly wrrrmty, 
~ ~ I W K  or implied, or a r s ~ e s  nsp I& &bUity or m n s i b i l l t y  Pttr the 
.ecolaw. awnpiatem or asefuldels of any infow~tioib epm,tuaS 
produn or pnreels dindow8, or rcprrrenw that its use would not hr&nge 
pdWW-awned tights. 

Rcf~trace to a company or product name does not imply approval or 
recommandation of tha product by the University of California Or the U.S. 
Department of Energy to the exdtlsion of others that may be suitabk. 

Figure 4. The upper part shows the front view, and 
the lower part, the rear view of CrSi2 coated speci- 
mens of Inconel 600 (1 and 2) ,  Incaloy 800 ( 3  and 4) 
and 304 stainless steel  (5  and 6). These specimens 
were subjected to  corrosion by 97% H2S04 a t  400°C 
for 240 h i n  s i l i c a  vials .  
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The goal of th is  program is t o  achieve ef f ic ient  photoelectrochemical 
decomposition of Hz0 with visible l ight .  Research has entailed 1) the 
synthesis and phok~electrechemical evaluation of $150 n-doped semi- 
conducting transit ion metal ,oxides; 2) wsessmnt of the s t ab i l i t y  and ' 
photoelectrochemical properties of several p-type photocathodes; 3) eval- 
uation of several highly economical phbtoelectrochemiaal converters. 

I Introduction 

phe prodqation of "~iY2aE fuels" By, @e 8;isect 
conversi&m gf photon enezgy t~ ,ehepical -  energy is 
an ak'tr%ctive wncept; proPidLng lis with a genetdl 
gouta t@ mmewa?&le resoimws. In th&s p m r m ,  w e  
frdve concentgir.t& on the use o f  p h o t ~ ~ s c % ~ o l y s ~ s  
a t  semipondueting electrcdes t o  producd hydrogen 
fpam water. The prlnekpal chalbwge of th i s  
res&rch is  t o  a-qve iauch a redotien with Visible 

elactroahemica3. H2Q decc)nq,osition. AS 
shown i n  Pdgure 1, tlrt? p r q m e  of Rh 
appeaq t o  enhance the phq?&xesponse via 
s e n s i t i s a t l ~ n  t o  lower @pfgy li,ght. 
The f l a t  band potehckal kt% not ad-rsely 
afBcted. ",@he exk@nol %p ca~I.6 W 

lied 6 .&t&kp &*a ~r$#$~s 
:Zcoauckcir re. g . . p-c&Tej . + 

l ight ,  the ,major c&ponent of sunlight. 

ba oqlllned previousls ,  the st*ili.ty rind mar- 
getic requirements for pho$oelectrodes we- qui te  
zest,g&@ive. Pbt.anMe& In-wpe semia@$c~r;) 
must Pe g tab le  under conc?it;ions of 02 e e l o n  
and must p*robably be oxides themsr$vsg. Photo- 
catEodes must be H2 e le~ t rodes ,  stable under 
redqchg cotldi'tions. For a phokoelwtrde to a c t  ' 

alone i n  decomposPng H2O, a n b i m u m  themodynam$c 
reqai~ement is  the st-radaling of the energy levels 
gor Q 'and Q2 ewlut ion by tlie whductiotl and 
VdeBce bani% of the sdcondnctor .  W e  re fer  t o  
th&& ap CbBs I materials. Photoelectrodes which 
r e q w e  an Widitional bias of less  than 1.23 eV t o  
decompose Hz0 are  called Clase I X  materials. class 
I1 materials can s t i l l  yield significant energy 
storqge, either. acting alane with an exkernal power - 
sappxy, 02 i n  conjunction with a suitably matched . dig. 1. Action spectka of &03 and w2O3 
photoelectrode o i  opposite doping. doped be203 th in  fils e l e c t r ~ d e s  on 

sintes+d pol~~,qst&@!ina Ee2~73.0 -02 

S u r a ~ ~ a r y  of Results , Ti02 d s t r a t e s .  

During the  l a s t  18 months, our primary ef for ts  
on t h i s  program have been directed toward photo- 
anode development. A practical  C l a s s  I photoanode 
must have a band gap, below 2.5 eV, fo r  significant 
solar absorbtion, and a l o w  electran af f in i ty ,  t o  
bTing the  conduction band above the H2 evglution 
energy. These properties are often mutually exclu- 
sive i n  se~oanduct ing oxides. The following 
conc~usions are pcrssihle based on our accumulated 
results: 

Based on our experimental evaluation of 
over 150 o d d e  semiconductors, the best  
Class I photoanode yet discoverefl is 

The d-band bxide PdO is  ptentia1Ay a 
supwik3r C l q s  I1 photoanode, wibh Vfb 
$0. 3-05 4V %s. NHE and AEg 'L1.5 ev2 r3. 

Films of PdO formed by oddakion 
of the parent metJ tend t o  be p-fype, 
a l th~ugh  n-type specitwtns we%9 
obtained amd tested. Since the Pilt) 
valence band i s  of d-electron origin, it 
does net Ue as deeply i n  energy as  a 
valence band derived mostly from the 
oxygen (2p) bonding orbital .  

Only limited success has been achieved 
so f a r  with @/do mixed metal oxides 

SrTiO3 (AEg = 3.1 eV). No Class I oxide (ather than Fe2-,Rhfi3? . For example, $. ';- 
with hEg <3 eV has yet been found. *l y.. 

results  for Ti02 substituted with Ru, 
Rh, Pd, Pt  or  Ir are presented i n  Table qg>@ 

The best Cla Some of these metals do yield sensitiza- 
''- t ion  of the Ti02 photoresponse t o  the 

2 eV) . These materials require an external : sf- . 
visible spectrum, but with a decreased 

bias of Q0.5V t o  effect  complete photo- is$ to ta l  photoresponse compared t o  the parent 



Table 1. Photoelectrochemical propert ies  of mixed platinum metal oxide-titanium dioxide photoelectrodes. 

AE9 photocurrentC 
Electrode Materiala (eV) - ~ £ b ~  - ( mWcm2 

%bin films on a platinum substrate .  
b ~ l a t  and po ten t ia l  versus SCE, pH = 10, 0.25M Na2S04, 0.1M borate  buffer .  
' ~ t  +lV b i a s  vs. SCE. 
B i f f i c u l t  t o  measue due t o  poor ~ h o t o r e s ~ b n s e ,  l a rge  dark currents ,  and/or unstable electrode. 

compound. The f l a t  band po ten t ia l s  (Vm) 
a r e  e i t h e r  unaffected o r  sh i f ted  more 
pos i t ive  by the subs t i tu t ion .  A Class I 
photoanode must have Vfb  negative of the 
H2 evolution of po ten t ia l .  

In these mater ials ,  i t  appears t h a t  the 
dn cat ion sub la t t i ce  only exhibi ts  
p a r t i a l  band formation. These cat ions 
of ten a c t  a s  t raps  f o r  holes and electrons,  
diminishing theoovera l l  photoresponse.. 
However, exci tat ion from these t raps  i n t o  
the conduction band can a l s o  r e s u l t  i n  
the  weak photocurrents observed with 
v i s i b l e  l i g h t .  

The k ine t ics  of e lectron t rans fe r  f o r  
water oxidation appear t o  be enhanced 
by the mediation of ~ 0 ~ ~ -  oxidation, i n  
t h e  cases of Fe2O3 and Rh-substituted 
Fe2O3 (Figure 2 ) .  Similar e f f e c t s  have 
been observed by Gerstner e t  a1.4 with 
~ 0 ~ ~ -  a t  Ti02 electrodes.  Our measure- 
ments indicate  t h a t  the 02 evolution 
current eff ic iency i s  nearly 100% i n  
these systems. Thus, it is  possible  
t h a t  the  eff ic iency of sunl ight  u t i l i z a -  
t ion  i n  t h e  water oxidation react ion can 
be increased by varying the composition 
of the  solut ion.  

More l imited research has been carr ied 
out i n  our laboratory on p-type photo- 
cathodes as  Class I o r  Class I1 mater ials .  
In many respects ,  the s t a b i l i t y  of a 

photoelectrode under reducing conditions 
may be eas ie r  t o  obtain than under condi- 
t ions  of 02 evolution. We have measured , 
thc coulometric eff ic iency of phoLo- 
electrochemical H2 production of n-GaAs 
a t  several  pHs and b i a s  po ten t ia l s .  
Eff iciencies  very close t o  100% are  
observed, although s0.1% AsH3 production 
was detected i n  some samples. Similar 
s t a b i l i t i e s  a re  noted for  p-CdTe and 
p-WSe2. Photocurrent onsets a r e  consider- 
ably negative of the f l a t  band po ten t ia l s  
of these electrodes,  a possible  r e s u l t  of 
surface s t a t e s .  

Recently, we have begun conducting research on 
photoelectrolysis  schemes which exploi t  some of the 
unique p r a c t i c a l  advantages over the e lec t ro lys i s  
of water using the output of photovoltaic devices. 
For example, it was f i r s t  pointed out by ~ o z i k ~  
t h a t  p a r t i c l e s  of ce r ta in  semiconductors can ac t  a s  
"photoelectrochemical diodes." We have studied 
photodecomposition of water on p a r t i a l l y  p la t in ized  
p a r t i c l e s  of SrTi03 suspended i n  aqueous solut ion.  
A spontaneous l ibera t ion  of a 2 : l  H2/02 mixture i s  
noted under i r rad ia t ion .  We a l so  observe a f a t i -  
guing process, which may involve deplat inizat ion of 
the  p a r t i c l e s .  Clearly, more research i s  required 
on the  preparation and character izat ion of these 
c a t a l y t i c  diode s t ruc tures .  

Since the semiconductor-electrolyte junction is  
so intimate and readi ly formed, high photocurrent 
quantum y ie lds  have been observed f o r  a wide variety 
of inexpensive fabricated polycrystal l ine electrodes. 
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CONCENTRATION OF HCS- + C03= IN SOLUTION (MOLESIL) 

Fig.  2. E f fec t  of biocarbonate/carbonate ions  on t h e  photoresponse 
of  t h e  Fe2O3 (1% Ti021 photoelect rodes .  and A represent  
two d i f f e r e n t  photoelect rodes .  A l l  s o l u t i o n s  contained 
0.25M NazSOq and 0.1M b o r a t e  b u f f e r  and  a r e  ad jus t ed  t o  
f i n a l  pH = 10.  F i r s t  p o i n t s  on the  l e f t  of  t h e  curve a r e  
photoresponses a t  [HCOJ- + CO3=1 = 0 .  

These include s i n t e r e d  ceramics and f i lms prepared 
by evaporat ion,  var ious  forms o f  py ro lys i s ,  and 
e l ec t rodepos i t ion .  .Indeed, t he  opt imizat ion o f  
such economical e l ec t rode  s t r u c t u r e s  m y  b e  t h e  . 
s i n g l e  most important a spec t  of  t h e  development of  
a p r a c t i c a l  pho toe lec t ro lys i s  p l a n t .  

Economics of  Pho toe lec t ro lys i s  

~ o z i k ~  has  presented a simple framework f o r  
consider ing the  economics o f  pho toe lec t ro lys i s  of  
water .  He assumes a t o t a l  absorbed s o l a r  power 
of 2000 k ~ h / m ~ - ~ r ,  t y p i c a l  o f  a nontracking 
c o l l e c t o r  i n  the  Southwestern U.S. I f  t h i s  sun- 0 ~ ' ~ ' ~ ' ~ ' ~ ' ~ ~ ' i 2 ' ~ 4  
l i g h t  were used a t  100% e f f i c i e n c y ,  it would COST OF Hz ($/M BTU) 
produce H2 equivalent  t o  6.86M ~ ~ ~ / m 2 - ~ r .  I f  CC 
is the capital cost per m2 of the collector, and Fig .  3. Cost of produced by s o l a r  photoelec- 

mortgage and upkeep of  t h e  c o l l e c t o r  amounts t o  
t r o l y s i s  of  water,  a s  a funct ion of s o l a r  

20% of CC/yr, then t h e  c o s t  of t h e  H2 product  is  
conversion e f f i c i e n c y  and c o l l e c t o r  cos t  
( a f t e r  Nozik, r e f .  (6)  ) . 

Cost(S1M BTU) = 
CC(0.2) (100) 

6.8 a 

where a i s  t h e  s o l a r  conversion e f f i c i e n c y .  I n  
Figure  3, cos t s  of  H2 a r e  p l o t t e d  vs.  e f f i c i e n c y  
f o r  c o l l e c t o r s  o f  d i f f e r e n t  c a p i t a l  cos t .  F igure  
3 shows t h a t  with an optimized system o f  30% con- 
vers ion e f f i c i ency  ?nd c o l l e c t o r  c o s t s  of  $10- * 
$50/m2, H2 cos t ing  $1-$5/M BTU could  be obta ined.  

What a r e  the  prospects  regarding a c t u a l  co l l ec -  
t o r  c o s t s  i n  such photochemical systems? Since 
t h e r e  i s  no need f o r  i n s u l a t i o n  f o r  photon 
processes ,  only a sha l low t r a y  is necessary t o  
con ta in  t h e  water and a c t i v e  elements.  Addition- 
a l l y ,  H2 must be  given o f f  i n  a r e s t r i c t e d  a rea  
t o  a l low i t s  c o l l e c t i o n ,  s o  a t r anspa ren t  cover 
may be  required.  I f  a p a r t i c u l a t e  semiconductor 
system i s  used, an H2/02 mixture would be evolved 
o f f  of  each g ra in .  This  would be  the  l e a s t  c o s t l y  
conf igu ra t ion ,  e .g . ,  a 0 .1  mm x 1 m2 l a y e r  of TiOZ 
c o s t s  $5/m2 based on t o d a y ' s  p r i c e s .  Hence, $10/m2 
is  a r e a l i s t i c  e s t ima te  f o r  a simple photoelect ro-  

chemical c o l l e c t o r  a s  i n s t a l l e d .  A c o l l e c t o r  with 
photoelect rodes ,  where H2 could be e a s i l y  separa ted 
from 02 would c o s t  somewhat more depending on the  
conf igurat ion a n d ' m t e r i a l s .  
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Abs t rac t  Table I: ow*  t r a n s i t i o n s  f o r  Rhodium-bri dge chains 

1  
The mechanism o f  photochemical e v o l u t i o n  o f  01 igomer -- hmax(um) ~max/Rh2 un i  t (m- cm-' ) 

hydrogen on l o n g  wavelength i r r a d i a t i o n  o f  so lu t i ons  
o f  rhodium isocyan ide complexes i n  hydrohal i c  ac ids  [ ~ h ~ ( b r i d g e ) ~ ] ~ +  31 1  33,600 
has been s tud ied  by measurement o f  quantum y i e l d s  
o f  products and by f l a s h  spectroscopy. The redox [Rh2(br i  dge),],6+ 572 37,000 
chemistry o f  these complexes has a l so  been i n v e s t i  - 
gated i n  order  t o  cha rac te r i ze  t h e  i n te rmed ia te  

780 o l i gomer i c  species which are  formed when R h ~ ( b r ) ~ ~ +  [Rh2(bridge)413 48,000 
i s  d i sso l ved  i n  hyd roha l i c  ac ids  and which l n ~ t i a t e  
the  pr imary  photoprocess 1  eading t o  hydrogen cvo l  u  [Rh2(br i  dge)4]d0* 9GO -55,000 
t i o n .  

I n t r o d u c t i o n  

For t h e  nast  t h ree  years we have been i n v e s t i g a -  
t i n g  t he  e f f e c t  o f  l ong  w a v e l e n ~ t h  i r r a d i a t i o n  on 
rhodium isocyan ide complexes i.n combinat ion w i t h  
var ious  reagents.  He i n i t i a l l y 1  found t h a t  so lu -  
t i o n s  prepared by d i s s o l v i n n  the b inuc lea r  Rh(1) 
comnlex [ ~ h ~ ( b r i d s e ) ~ ] ~ +  ( b r i d s e  5 1,3-diisocyano- 
propane) i n  aqueous hyd roha l i c  a c i d  nenerated Hp 
unon ,546 nm i r r a d i a t i o n .  !.!e now r e n o r t  upon our  
progress i n  de te rn in ing  the  comnosi t ion o f  t he  
species present  11ndcr var ious  cond i t i ons  and the  
mechanisms of t h e i r  photoreact ions .  

Desc r i p t i on  o f  t he  Chemical System 

The redox chemistry o f  r hod i  urn isocyan ide 
complexes has proven t o  be extremely r i c h .  The 
" p a r e n t '  Rh(1) -br idge d inuc lea r  complex possesses 
no formal metal-metal  bond, whereas 2 -e lec t ron  
o x i d a t i o n  y i e l d s  a  Rh( I1)  d inuc lea r  complex w i t h  
a  f u l l  d7-d7 s i n g l e  metal-metal  bond. C rys ta l  
s t r u c t u r e s  show t h a t  the  geta l -meta l  d is tance 
a c t u a l l y  decreases by 0.4A upon 2 -e lec t ron  oxida- 
t i o n .  A v a r i e t y  o f  po lynuc lear  species i n  n e t  
o x i d a t i o n  s ta tes  a l s o  e x i s t  i n te rmed ia te  t o  these 
extremes. There i s  a  c lose ana lo?y , tn  t h e  mixed- 
valence p la t i num cha in  compounds, i n  s o l i d  s t a t e ;  
however, t he  snecies descr ibed here a re  charac ter -  
i z e d  i n  s o l u t i o n .  

By means o f  redox t i t r a t i o n s  w i t h  var ious 
ox idants  and reductants ,  e.o. ,  H2, ,~u2+,  C U ~ + ,  ~e2+ ,  
we have charac t  i z e  several  species o f  the  form 
[Rh2(bridne)r]nlhn+2f+ i n  aqueous a c i d  s o l u t i o n .  
Typ i ca l  spect rophotomet r ic  t i  t r a t i o n s  a re  shown i n  
F igures  1  and 2. A l l  o f  these snecies are  two 
e lec t rons  s h o r t  o f  the  Rh(1) s t a t e ,  and thus,  f o r -  
mal ly ,  possess one metal-metal  bond per molecule. 
A l l  a l s o  show a very i n tens  e l e c t r o n i c  absorp t ion  
t r a n s i t i o n  a t t r i b u t a b l e  t o  a  o + o *  metal-metal 
bondinn-to-ant ibonding t r a n ~ i t i o n , ~  t he  wavelength 
o f  which i s  s t r o n g l y  dependent unon cha in  l eng th .  
Values i n  10!j H2SOq(aq) are  s u m a r i z e d  i n  Table. I. 

. The r e d - s h i f t  w i t h  i nc reas ing  cha in  l eng th  i s  
a t t r i b u t e d  t o  d e l o c a l i z a t i o n ,  and i s  w e l i  repro-  
duced by s imple  Huckel t heo ry  c a l c u l a t i o n s .  Even 
lower  energy absorp t ions  (1100 nm, 1350 nm, e t c . )  
have been observed, and a re  presumably a t t r i b u t a b l e  
t o  complexes w i t h  h iqhe r  n  values, and/or ol igomers 
o f  t he  a l ready cha rac te r i zed  species.  Und r h i g h l y  F reduc ing cond i t i ons  (100 - fo l  excess o f  C r  +) , the  
Rh(1) complex [ R h 2 ( b r i d r ~ e ) ~ ] ~ +  can beobse rved  f o r  
t h e  s t a b l e  s o l u t i o n s  i n  a p r o t i c  so lvents .  These 
r e s u l t s  are  conf i rmed by s tud ies  o f  [ R ~ ~ ( T F I B ) ~ ] ~ + ,  
TflB = 2,5-dinethyl-2,5-dijsocyanohexane, which i s  
s t a b l e  i n  degassed INH2S04(aq) i n  t he  absence o f  
added reductants ,  and which does n o t  i t s e l f  o l i -  
gomerize, presumably because o f  s t e r i c  hindrance. 
T i t r a t i o n  o f  [Rhp(br idge) ]26+ w i t h  one o r  two 
equ i va len ts  o f  [ R ~ ~ ( T M B ) ~ ~ ~ +  y i e l d s  species w i t h  
spec t ra l  p roper  i e s  n e a r l y  i d e n t i c a l  t o  
[Rh2(bridge)4]3b' and [F!h2(bridge)4]410+, respec- 
t i v e l y .  

He a re  now beg inn ing t o  i n v e s t i g a t e  reduc t i on  o f  
t he  rhodium complexes below the Rh(1)-d8 l e v e l .  
Again, t he re  a re  analogous reduced p la t i num cha in  
compounds .2 E lec t rochemica l  r educ t i on  o f  s o l u t i o n s  
o f  [ ~ h ~ ( b r i d g e ) ~ ] ~ +  i n  CH3CN and r e l a t e d  nonaqueous 
so l ven ts  occurs near 1.46 v o l t s  and i s  l a r g e l y  
i r r e v e r s i b l e  even a t  very h igh  C V  scan ra tes .  
Coulometr ic experiments show t h a t  a  n e t  1 - e l e c t r o n  
reduc t i on  occurs.  The na tu re  o f  t he  very a i r -  
s e n s i t i v e  reduc t i on  product  i s  unknown as y e t ;  i t s  
e l e c t r o n i c  spectrum i s  q u i t e  d i f f e r e n t  f rom t h a t  
o f  a  reduced t r a n s i e n t  observed i n  f l a s h  p h o t o l y s i s  
experiments t o  be descr ibed below. 

Hydrooen Sto ich iomet ry  

\.le now know t h a t  t he  r e a c t i o n  o f  [ ~ h ~ ( b r i d g e ) ~ ] Z +  
w i t h  aqueous a c i d  occurs i n  two n e t  steps as s e t  
o u t  belob!: 

[2Rh2(br i  dge),12++ ZH* T [ ~ h 2 (  b r i  d ~ e ) ~ l ~ ! *  ( 1  ) 



[ ~ h ~ ( b r i d ~ e ) ~ ] ~ ~ +  + 2 ~ '  hv(546 nm) - 

N e i t h e r  ( 1 )  nor (2 )  has been observed i n  t h e  
absence o f  h a l i d e  ions ,  and, i n  p a r t i c u l a r ,  t h e  
quantum y i e l d  o f  ( 2 )  i s  s t r o n g l y  s e n s i t i v e  bo th  
t o  t he  type o f  h a l i d e  anion present  and t o  i t s  
concent ra t ion .3  Thus, 4 va r i es  from 2.8 x  
t o  7.9 x  as (HC1) increases from 9.1 M t o  
12.8 M, and i s  4.4 x  10-2 and small i n  9  11 HBr(aq) 
and 10 P I  H2S04(aq) respec t i ve l y .  N t s u r p r i s i n g l y ,  
s t r o n g e r  ox idants  such as 02 and Fe5+ are  more 
e f f e c t i v e  than the  p ro ton  i n  both  thermal and 
photochemical ox ida t i ons ,  and c a r e f u l  degassing 
i s  requ i red  f o r  l i m i t i n g  Hz y i e l d s .  

It i s  noteworthy tha  H2 i s  an e f f e c t i v e  reduc- 
t a n t  f o r  [Rh2(br idge)4] f+ , and i n  our  pho to l ys i s  
experiments a  photochemical s teady-s ta te  i s  com- 
monly achieved. Thus, an i n te rmed ia te  Toeppler 
pumping c y c l e ,  f o l l owed  by a d d i t i o n a l  i r r a d i a t i o n  
and f u r t h e r  pumping, was requ i red  i n  order  t o  push 
r e a c t i o n  (2 )  t o  compl e t i o n  i n  hyd roch lo r i c  a c i d  
s o l u t i o n .  Ev iden t l y  ( 2 )  i s  c l ose  t o ,  o r  a c t u a l l y ,  
u p h i l l .  Indeed, H  can e f f e c t i v e l y  reduce 
[Rh2(br idge)4l26+ $0 lower o x i d a t i o n  s ta tes .  L i k e  
(1 )  and ( 2 ) ,  t h i s  r e a c t i o n  i s  s t r o n g l y  h a l i d e  
s e n s i t i v e .  I n  18 N H2SO4(aq), 30 mm o f  H2 i s  
s u f f i c i e n t  f o r  q u a n t i t a t i v e  reduc t i on  t o  
[Rh (bridge)r]38'. 

Encouraged by some aspects o f  t he  thermal reduc- 
t i o n  chemis t ry ,  we have i n i t i a t e d  at tempts t o  
ca ta l yze  ( 2 )  w i t h  species.such as ~ e ~ + .  F lash 
p h o t o l y t i c  experiments s e t  ou t  below show h a t  
photochemical r educ t i on  of [Rh2(bridge)4]2i+ does 
occur i n  such systems. However, H2 has n o t  y e t  
been rep roduc ib l y  observed as a  major product  i n  
the  absence o f  h a l i d e  i on .  

Photochemical llechanisms 

He have performed ex tens ive  f l a s h  p h o t o l y t i c  
experiments w i t h  t he  aim o f  e l u c i d a t i n g  photochen- 
i c a l  r e a c t i o n  mechanisms. Our o r i g i n a l  work4 was 
r e s t r i c t e d  t o  he Rh(1) dimers exemp l i f i ed  by 
[Rh2(bridge)4]i*. He found t h i s  molecule t o  
d i s p l a y  s i n g l e t  emission a t  650 nm w i t h  a  l i f e t i m e  
and quantum y i e l d  o f  1 .3  ns and 0.056 r e s p e c t i v e l y  
i n  a p r o t i c  s o l u t i o n .  A l o n g - l i v e d  t r a n s i e n t ,  
T = gps, was a lso  observed, and assigned t o  a  
t r i p l e t .  This assignment has subsequently been 
conf i rmed by d i r e c t  observat ion  o f  9ps l i f e t i m e  
phosphorescence, X max - 830 nm, and by quenching 
exper iments.  The t r i p l e t  y i e l d  i s  -0.95 and the 
t r i p l e t s  may be quenched e i t h e r  by energy t r a n s f e r  
(anthrocene; 02) o r  by e l e c t r o n  t r a n s f e r .  

Ox id  t i v e  quenching y i e l d s  a  t r a n s i e n t  w i t h  Z X max - 440 nm. An i d e n t i c a l  t r a n s i e n t  has been 
6+ observed upon f l a s h  p h o t o l y s i s  o f  [Rh2(br idge)4]2 , 

F ig .  3. E i t h e r  i n  p r o t i c  o r  a p r o t i c  s o l u t i o n ,  
t he  la t te r  r o u t e  y i e l d s  a  t r a n s i e n t  which decays by 
c lean second order  k i n e t i c s ,  and an i o n i c  s t r e n g t h  
dependence study, F ig .  4, i n d i c a t e s  t h a t  decay 
i nvo l ves  r e a c t i o n  between two p a r t i c l e s  o f  charge 
+3. Ox ida t i ve  scavenging s tud ies  showed t h a t  t h e  
[Rh2(br idge)4]3+ fragment cou ld  be r e a d i l y  o x i -  
d i zed  t o  [Rh2(br idge) 14+, and d e t a i l e d  k i n e t i c  
and quantum y ~ e l d  s t u i i e s  prov ided f u r t h e r  c o n f i  r- 
mation5y6 o f  the pronosed mechanism. 

Flash p h o t o l y s i s  s tud ies  i n  t he  presence o f  
h a l i d e  i ons  evidence more compl icated behavior.  
The 440 nm t r a n s i e n t  i s  s t i l l  p resent ,w i th  s i m i l a r  

2  quantum y i e l d  ( @  = 10- ) and c lean second-order 
decay. However, a  second, independent s e t  o f  t r a n -  
s i e n t s  i s  a l s o  observed, no tab l y  w i t h  s t rong  
absorp t ion  a t  700 nm. Decay o f  t h i s  t r a n s i e n t ( s )  
even tua l l y  r e s u l t s  i n  n e t  d i s p r o p o r t '  n  t o  
[ ~ h ~ ( b r i d ~ e ) ~ ] ~ +  and [Rh2(br idge)4~3' f ,  F ig .  5. 
These metastable products even tua l l y  decay back 
t o  s t a r t i n g  ma te r i a l  on a  t imesca le  o f  seconds t o  
hours,  depending on temperature and medium. 

Some i n s i g h t  i n t o  t he  mechanism o f  fo rmat ion  
o f  these in termedia tes  was prov ided by f l a s h  photo- 
l y s i s  o f  s o l u t i o n s  s i m i l a r  t o  those o f  F ig .  3, b u t  
con ta in inq  t h e  nonthermal reductant  ~ e ~ + .  As 
shown by F ig .  6, p roduc t i on  (and decay) o f  t he  
440 nm t r a n s i e n t  i s  unaf fec ted.  However, a  new 
t r a n s i e n t  absorbinq a t  700 nm i s  a l s o  observed, 
t he  i n t e n s i t y  he i  ng p ropo r t i ona l  t o  [ ~ e 2 + ] .  L i k e  
the  440 nm t r a n s i e n t ,  t h e  r i s e  t ime i s  l e s s  than 
2  ns, and reduc t i ve  quenching o f  he t e t r a n u c l e a r  
e x c i t e d  s t a t e  o f  [Rh2(br idge)4]26f i s  suggested. 
Decay o f  the  700 nm t r a n s i e n t  y i e l d s ,  c l ean l y ,  
[Rh2(br idge)4]  8+, F ig .  7, w i t h  f u r t h e r  decay back 
t o  s ta rJ ing  m a t e r i a l  (presumably by back r e a c t i o n  
w i t h  Fe +) again occu r r i ng  on a  very  l ong  t ime 
sca le .  5 The 700 nm t r a n s i e n t  i s  presumably [ph$r idgeU2. 
D imer i za t i on  o f  t h i s  complex would y i e l d  t h e  
p rev ious l y  cha rac te r i zed  [ ~ h ~ ( b r i d ~ e ) ~ ] ~ l O + ,  and 
f u r t h e r  r e a c t i o n  w i t h  s t a r t i n g  m a t e r i a l  would 
y i e l d  [Rh2(br idge)4I38+. Not s u r p r i s i n g l y ,  t h e  
k i n e t i c s  o f  fo rmat ion  o f  the  l a t t e r  a re  indeed 
observed t o  be complex, and we have n o t  y e t  un- 
rave led  the d e t a i l s  o f  t h e  mechanism. 

The k i n e t i c s  f o r  p h o t o l y s i s  i n  the  presence o f  
h a l i d e  i o n  a re  even more complex. We can a t  bes t  
guess f rom the  s i m i l a r  700 nm-absorbing t r a n s i e n t  
t h a t  h e t e r o l y t i c  photochemical cleavage i s  occur-  
r i n g  i n  a d d i t i o n  t o  t he  we1 1  - cha rac te r i zed  homo- 
l y t i c  cleavage. I t  i s  known, f rom spec t ra l  changes, 
t h a t  [Rh2(br idge)4I26+ b inds ha1 i d e  i o n .  Th is  
cou ld  e i t h e r  r e s u l t  i n  f o rma t i on  o f  halogen r a d i -  
c a l s  upon e x c i t a t i o n ,  Eq. ( 3 ) ,  o r  s imply  p e r t u r b  
t he  molecule towards unsymmetrical cleavage, 
Eq. ( 4 ) .  

Some evidence f o r  ( i s  p rov ided by our  s tud ies  
o f  [ X  Rh2(bridge)4]3' pho to l ys i s ,  where X forma- 
t i o n  8oes occur.  I n  e i t h e r  case, reduced 
complexes would be formed, c o n s i s t e n t  w i t h  ou r  
ohservat.ions. It i s  tempt inq  t o  r e l a t e  t he  f o r -  
mat ion o f  such reduced species w i t h  t h e  photo- 
chemical p roduct io r i  o f  hydrogen. F i n a l l y ,  we 
have begun t o  s tudy the  reac t i ons  o f  t he  long- 
1  i v e d  [Rh2(br idge)4]2+ e x c i t e d  s t a t e  w i t h  reduct ive  
quenchers, e.g., t e r t i a r y  amines. A  new t r a n s i e n t  
i s  indeed observed i n  v i s i b l e  wavelength f l a s h -  
p h o t o l y s i s  experiments, back- react ion  regenera t ing  
s t a r t i n g  m a t e r i a l ,  and we a re  hopefu l  t h a t  t h i s  
p resumd [Rh (br idge)4 ]+  species,  which shou ld  be 
a  very powergul reductant ,  may y i e l d  i n t e r e s t i n g  
chemis t ry  w i t h  reagents such as t he  pro ton.  



F ig .  3  Absorp t ion  spectrum ( - - - )  and t r a n s i e n t  
d i f f e r e n c e  spectrum (-) f o r  ~ h 4 6 +  i n  
1 N. H2SOq(aq), 25C. 

F ig .  1  T i t r a t i o n  o f  ~ h 4 ~ +  (Xmax = 558 nm) t o  ~ h ~ ~ +  
(Xmax = 311 nm) w i  h  ce4+ i n  1  1 H2S04(aq). 
Each a l i q u o t  o f  Ce6+ conta ins  0.5 equ l -  
v a l e n t s / i n i t i a l  equ i va len t  o f  ~ h ~ ~ + .  

F i g .  2  T i t r a t i o n  o f '  ~ h ~ ~ f  (Xmax = 780 nm) t o  ~ h ~ ~ +  F ig .  4  P l o t  o f  l o g  ( recombinat ion  r a t e  c o n s t i n t )  
(Xmax = 572 nm) WI h  ~ e 4 +  i n  10 M H  SO ( a  ). vs. Wel le rs  i o n i c  s t reng th  (p )  f u n c t i o n .  
Each a l i q u o t  o f  Cef* y i e l d s  1.5 qufvafen:s Fo r  t he  p o i n t s  (Q), p was ad jus ted o n l y  
o f  ~ h 4 6 + .  w i t h  H2SO4 For t h e  p o i n t s  (v), H2S04 was 

10-3 N, and p  was f u r t h e r  ad jus ted w ~ t h  
Li2S04H20. 



F i g .  5 Trans ien t  d i f f e r e n c e  spectrum 100 ms a f t e r  
6+ i n  0.1 1 f l a s h  f o r  [Rhi(,bridqe)l]2 ) , 

HCl(,aq): 0; he l ~ n e  - i s  a thermal. 
d i s p r o p o r t i o n a t i o n  spect'rum synthesized 
from exper imental  d i f f e r e n c e  s  e c t r a  Tor 
o x i d a t i o n  t o  [Rh2(bridge)4C12 9+ and 
reduc t i on  t o  [Rh2 ( b r i  dge l4 l3  2+ i n  t he  same 
so l  vent. 

F ig .  7 ~ r a h s i e n t  d i f  erence spectrum 200 ms a f t e r  
f l a s h  f o r  RhJt i n  1  H2S04(aq) con ta in ing  
0.2 11 ~ e 2 + :  ( 0 )  ; d i f f e r e n c e  spectrum f o r  
thermal Hz reduc t i on  i n  1  N H2S04(aq) : (-1. 

F ig .  G Comparison o f  d i f f e  nce spect ra  1  ms F ig .  8 To ta l  co r rec ted  emission spectrum of 
a f t e r  f l a s h  f o r  Rh$' i n  1  N H SO (a  [ ~ h ~ ( b r i d ~ e ) ~ ] 2 +  i n  2:1-methyl-THF: 
w i t h  : ( 0 )  , [ ~ e ~ ' ]  = 0.2 !;-(Pf, fFe91]=0. p r o p r i o n i t r i l e  a t  R.T. and 77K. The 

phosphorescence i s  cons iderab ly  more 
temperature-sensi  ti ve than the  f l  uores- 
cence, and the  ' v e r t i c a l  scales f o r  the  
two spect ra  are  n o t  t h e  same. 
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Abst rac t  

A t h e o r e t i c a l  s tudy was made of t h e  concept of 
recover ing hydrogen a s  w e l l  a s  s u l f u r  from hydrogen 
s u l f i d e .  Hydrogen s u l f i d e  is  a by product from t h e  
d e s u l f u r i z a t i o n  of f o s s i l  f u e l s .  I n  cu r r en t  prac- 
t i c e  t h e  s u l f u r  va lues  a r e  recovered but t h e  
hydrogen is no t .  Recovery of t he  hydrogen, i f  
economically f e a s i b l e ,  would he lp  conserve f o s s i l  
f u e l s .  

I n t roduc t ion  

Background 

Hydrogen is  a va luab le  commodity which is  cur- 
r e n t l y  produced from f o s s i l  f u e l s .  The inc reas ing  
amount of hydrogen s u l f i d e ,  H2S, be ing generated 
from d e s u l f u r i z a t i o n  of f o s s i l  f u e l s  r ep re sen t s  
another  p o t e n t i a l  source  of hydrogen, s o  t h a t  t h e  
i n c e n t i v e  e x i s t s  f o r  developing e f f i c i e n t  processes  
t o  recover  H z  from H2S. Any process  t o  achieve  
t h a t  goa l  would have t o  be economically a t t r a c t i v e  
t o  be  accepted commercially. The p re sen t  s tudy was 
a technoeconomic assessment of t h e  f e a s i b i l i t y  of 
such processes .  

The sharp  inc rease  i n  c o s t s  coupled wi th  t h e  
r e s t r i c t e d  supply of hydrocarbon f u e l s  s i n c e  1972 
has  encouraged t h e  s ea rch  f o r  new sources .  As a 
r e s u l t ,  i t  has  become economically a t t r a c t i v e  t o  
d r i l l  i n t o  very deep formations ( f o r  e x m p l e ,  down 
t o  25,000 f e e t )  f o r  n a t u r a l  gas.  Many of t hese  
deep we l l s  and numerous shal low ones con ta in  l a r g e  
amounts of hydrogen s u l f i d e ;  H2S content  as high a s  
35% is  common, and w e l l s  conta in ing a s  muc:~ as 90% 
have been found. Because of p o l l u t i o n  p r o b l c l ; ~  
from SO2 and t h e  t o x i c i t y  of H2S i t s e l f ,  H2S must 
be removed from t h e  gas be fo re  d i s t r i b u t i o n  t o  t h e  
consumer. However, a t  normal temperature and pres-  
s u r e ,  H2S is  a gas ,  and although i t  is  e a s i l y  
l i q u e f i e d ,  s t o r a g e  p re sen t s  considerable  economic 
and t e c h n i c a l  problems. Therefore ,  t h e  H2S needs 
t o  be  converted i n t o  a form t h a t  can be  e a s i l y  
s t o r e d  and handled and t h a t  is  marketable i n  i t s  
own r i g h t .  

S i g n i f i c a n t  amounts of hydrogen s u l f i d e  a r e  a l s o  
produced dur ing t h e  r e f i n i n g  of many crude o i l s  and 
t h e  p o t e n t i a l  supply a n t i c i p a t e d  from coa l  g a s i f i -  
c a t i o n ,  c o a l  d e s u l f u r i z a t i o n ,  and s y n t h e t i c  f u e l  
product ion  is  enormous. Accurate e s t ima te s  of t h e  
volumes expected from these  sources  do not  appear 
t o  be  a v a i l a b l e .  It is  l i k e l y ,  however, t h a t  t hese  
sources  w i l l  add s u b s t a n t i a l  q u a n t i t i e s  of H2S t o  
t h e  a l ready l a r g e  amounts produced by t h e  n a t u r a l  
gas  i ndus t ry .  

A t  p r e s e n t ,  H2S recovered from n a t u r a l  gas i s  
converted t o  e lementa l  s u l f u r  by t h e  Claus process .  
In  t h i s  process ,  one- th i rd  of t h e  H2S stream is  
oxidized t o  SO2, which then r e a c t s  wi th  t h e  
remaining two-thirds v i a  a gas-phase redox r e a c t i o n  

t o  produce e lementa l  su1:ur: 

Although t h e  Claus process  is h igh ly  e f f i c i e n t ,  i t  
has  t h e  disadvantage t h a t  t h e  p o t e n t i a l  hydrogen 
va lues  a r e  l o s t  i n  - t he  form of water .  

Study Performed 

Th i s  paper is  a condensation of a more ex t ens ive  
r e p o r t  t h a t  p re sen t s  t h e  r e s u l t s  of a t h e o r e t i c a l  
s tudy of ~ r o c e s s e s  f o r  recover ing hydr'ogen from 
hydrogen s u l f i d e  andwhether such processes  should be 
developed f o r  commercial implementation.  (The com- 
p l e t e  175 page r e p o r t ,  wi th  t h e  same t i t l e  a s  t h i s  
paper ,  is a v a i l a b l e  from t h e  au tho r s . )  

An assessment was made of t h e  p o t e n t i a l  amounts 
of H2S a v a i l a b l e  i n  t h e  f u t u r e .  It is conserva- 
t i v e l y  es t imated t h a t  t h e  amount of hydrogen poten- 
t i a l l y  a v a i l a b l e  from H2S is  equ iva l en t  t o  0 . 1  quad 
of f u e l  energy annual ly  by t h e  yea r  2000. The value  
of t h i s  f u e l  would be  about one b i l l i o n  d o l l a r s  
(1978 p r i c e s ) .  The p o t e n t i a l  supply of hydrogen 
from s u l f i d e  is  expected t o  be  geographica l ly  we l l  
matched t o  and only a f r a c t i o n  of t h e  demand f o r  
i n d u s t r i a l  hydrogen. It was concluded t h a t  new 
p l a n t s  w i l l  need t o  be  const ructed  between 1980 and 
2000 t o  process  75% of t h e  H2S. 

A l i t e r a t u r e  survey f o r  p o t e n t i a l  processes  was 
made and combined wi th  SRI concepts f o r  process ing.  
The types  of processes  were c l a s s i f i e d  a s  fo l lows:  
d i r e c t  thermal  decomposit ion,  thermochemical s p l i t -  
t i n g ,  l i q u i d  me ta l  p roces ses ,  and e l e c t r o l y s i s .  
S p e c i f i c  ca ses  of t hese  c l a s s e s  of process  were 
considered i n  s u f f i c i e n t  d e t a i l  t q  gene ra t e  a poten- 
t i a l  process  flow s h e e t  and t o  i d e n t i f y  p o s s i b l e  
t e c h n i c a l  d i f f i c u l t i e s .  A pre l iminary  p a r t i a l  
assessment of t h e  sconomics of processes  was made 
t o  provide  a n . i n d i c a t i o n  of t h e  probable  r e l a t i v e  
c o s t s .  None of t h e  processes  is  s u f f i c i e n t l y  
advanced a t  p re sen t  t o  permit  a well-based choice  
f o r  development t o  commercial s c a l e .  S ince  t h e r e  
a r e  p o t e n t i a l  advantages (and disadvantages)  f o r  
each p roces s ,  bench s c a l e  research  on a l l  f ou r  ' 

c l a s s e s  should be  c a r r i e d  ou t  t o  provide  informat ion 
t o  s e l e c t  a process  f o r  l a r g e r  s c a l e  development. 

Market Assessment 

P o t e n t i a l  Hydrogen Supply from Hydrogen S u l f i d e  i n  
North Pmerica - For t h e  United S t a t e s ,  t h e  p i c t u r e  , -- 
i'roln 1980-2000 r e f l e c t s  t h r e e  t r ends  i n  recovered 
s u l f u r  production from hydrogen s u l f i d e .  F i r s t ,  a s  
U.S. r e f i n e r y  crude feeds tocks  become m r e  sour  and 
t h e  demand f o r  low s u l f u r  products  i n c r e a s e s ,  
hydrogen s u l f i d e  process ing a t  U.S. r e f i n e r i e s  w i l l  
cont inue  t o  i nc rease  s i g n i f i c a n t l y .  Second, 
hydrogen s u l f i d e  process ing i n  sou r  gas ope ra t ions  



w i l l  a l s o  i nc rease .  .F ina l ly ,  s t a r t i n g  i n  about 
1985, c o a l  g a s i f i c a t i o n  and l i q u e f a c t i o n  should 
begin t o  add t o  s u l f u r  recovery from hydrogen 
s u l f i d e .  

Thus s t rong  growth i n  hydrogen s u l f i d e  proces- 
s i n g  is  a n t i c i p a t e d  through t h e  year  2000 because 
of both  hydrocarbon desu lphur i za t ion  and l a t e r ,  
c o a l  conversion and i t s  accompanying desu l fu r i za -  
t i on .  Major process ing w i l l  occur i n  t h e  Gulf 
Coast and southwestern  s t a t e s  a r e a  wi th  some on t h e  
west c o a s t ,  whi le  t h e  mid-continent and mountain 
s t a t e s  w i l l  become s i g n i f i c a n t  processors  l a t e  t h i s  
century.  

By t h e  year  2000 some 20 m i l l i o n  tons  o f  s u l f u r  
w i l l  be recovered from hydrogen s u l f i d e  s t reams i n  
North America, w i th  almost 70% of t h i s  product ion  
i n  t h e  United S t a t e s .  I f  i n s t e a d  of process ing v i a  
t h e  Claus p roces s ,  hydrogen s u l f i d e  is  decomposed 
t o  y i e l d  hydrogen, t h e s e  hydrogen s u l f i d e  s t reams 
could r ep re sen t  a p o t e n t i a l  source  of some 14 b i l -  
l i o n  cubic  meters of hydrogen annual ly  by 2000. A t  
l e a s t  75% of t h e  hydrogen s u l f i d e  processed i n  
North America w i l l  be converted i n  new p l a n t s  con- 
s t r u c t e d  between 1980 and 2000 and thus  should be  
a v a i l a b l e  f o r  process ing v i a  new technology wi thout  
e f f e c t i n g  cu r r en t  f a c i l i t i e s  and t h e i r  a s soc i a t ed  
c a p i t a l  investment.  A t  t oday ' s  p r i c e s ,  tile va lue  
of t h i s  p o t e n t i a l  hydrogen supply would exceed,$l 
b i l l i o n  pe r  year  i n  t h e  United S t a t e s  alone.  

With r e spec t  t o  t h e  geographic d i s t r i b u t i o n  of 
p o t e n t i a l  hydrogen supply  from hydrogen s u l f i d e  
and hydrogen denand, t h e r e  is  a good c o r r e l a t i o n  
between r eg ions  wi th  p o t e n t i a l  supply and a r e a s  
wi th  demand. Analysis of a v a i l a b l e  d a t a  f o r  1977 
shows t h a t  t h e  regions  wi th  t h e  g r e a t e s t  p o t e n t i a l  
f o r  hydrogen supply from hydrogen s u l f i d e  a r e  a l s o  
t h e  r eg ions  wi th  s i g n i f i c a n t  demand f o r  hydrogen 
and t h a t  d i s t r i b u t i o n  is expected t o  cont inue  a t  
l e a s t  over t h e  near  f u t u r e .  In  most r eg ions  
hydrogen from hydrogen s u l f i d e  could uoc fu l ly  
supply 5-15% of t h e  demand, t hus  saving l i k e  
amounts of hydrocarbon f u e l  t h a t  would o therwise  
have t o  s e r v e  a s  a hydrogen source .  

Descr ip t ion  and Q u a l i t a t i v e  Economic Comparison of 
P o t e n t i a l  Processes  f o r  Recovering Hydrogen 

From Hydrogen S u l f i d e  

i d e n t i f i c a t i o n  of c r i t i c a l  s t e p s  o r  t e c h n i c a l  con- 
s t r a i n t s  on each process  t h a t  need t o  be  solved f o r  
economic v i a b i l i t y ,  and t h e r e f o r e  s t i m u l a t e s  a 
s ea rch  f o r  s o l u t i o n s  t o  t hese  problems. For most 
processes  only a very few s t e p s  a r e  dominant i n  
t h e i r  e f f e c t  on t e c h n i c a l  v i a b i l i t y  and product ion  
cos t .  

The processes  s e l e c t e d  f o r  economic assessment 
a r e  d i scussed  below. 

Direc t  Thermal Decomposition 

I n  t h i s  p roces s ,  HzS is heated t o  high enough 
t e o ~ p r r a t u r e s  t h a t  i t  begins  t o  decompose by t h e  
r e a c t i o n  

The tempera tures  r equ i r ed  a r e  moderate f o r  p a r t i a l  
decomposit ion,  f o r  example, 14% occurs  a t  927'C. 
Analys is  of t h e  thermal decomposition of hydrogen 
s u l f i d e  i n d i c a t e s  t h a t  d i f f i c u l t i e s  a r i s e  w i th  
product y i e l d  and sepa ra t ion  of both  hydrogen and 
s u l f u r  vapor from an H2S stream wi thout  excess ive  
r ecyc l ing  and cool ing/heat ing  t r a n s f o r m t i o n  t o  t h e  
gas s t ream.  I n  p r i n c i p l e ,  H Z  can be sepa ra t ed  by a 
permeation membrane o r  porous f i l t e r ,  but  t h e  s i ~ l f u r  .. 
product back p re s su re  limits y i e l d s  un le s s  a method 
of removing s u l f u r  from H2S a t  d i s s o c i a t i o n  tempera- 
t u r e s  can be found. Also we a r e  very s k e p t i c a l  
about l ong - t e rm r e l i a b i l i t y  of a high temperature 
hydrogen permeable membrane. SRI proposed a counter  
system involving h igh temperature e x t r a c t i o n  of d i s -  
s o c i a t e d  s u l f u r  and room t enpe ra tu re  s epa ra t ion  of 
H2 from H2S. 

Our pre l iminary  a n a l y s i s  showed t h a t  thermal 
decomposit ion of H2S can be  j u s t i f i e d  i f  t h e  p r i c e  
of n a t u r a l  gas and c o a l  a r e  h igher  than t h e  p r i c e  of 
e l e c t r i c  power genera ted  from n u c l e a r ,  f u s ion ,  o r  
o t h e r  power sources .  Energy c o s t  p a r i t y  would e x i s t  
when t h e  c o s t  of t h e  required  e l e c t r i c a l  energy i s  
equal  t o  t h e  p r i c e  of t h e  hydrogen produced. A s  
wi th  R and D investments f o r  thermal decomposition 
of wa te r ,  t h e  e s t ima te  of when e l e c t r i c  power from 
p l e n t i f u l  sources  w i l l  be cheap i n  r e l a t i o n  t o  t h e  
p r i c e  of hydrogen determines one ' s  optimism about 
t h e  economic f u t u r e  of d i r e c t  thermal decomposition 
of H2S. 

Method Thermochemical Decomposition 

To do economic assessments on a l i m i t e d  budget 
we attempted t o  s c reen  t h e  processes  by determining 
f o r  each process  i n  sequence (1) m a t e r i a l s  and 
energy balances ,  (2) n e t  raw m a t e r i a l s  a n d u t i l i t i e s  
requirements,  and ( 3 )  t h e  c o s t  of raw m a t e r i a l s  and 
u t i l i t i e s  a t  cu r r en t  p r i c e s .  F i n a l l y ,  c r e d i t s  f o r  
hydrogen o r  o the r  u s e f u l  products  a r e  taken. The 
analyses  consider  a p l a n t  t r e a t i n g  enough H2S t o  
produce 500 tons lday of s u l f u r  a s  e i t h e r  e lementa l  
s u l f u r  or o t h e r  u s e f u l  s u l f u r  compounds. The 
u t i l i t i e s  i nc lude  f u e l ,  e l e c t r i c  power, steam, and 
water.  Labor and c a p i t a l  dependent ope ra t ing  c o s t s  
a r e  not  being es t imated f o r  t h e  p re sen t  a n a l y s i s  
because a g r e a t  amount of d e t a i l e d  p l an t  des ign 
informat ion is nesded t o  e s t ima te  c a p i t a l  c o s t s  
with enough r e l i a b i l i t y .  Never theless ,  HzS pro- 
cesses  t h a t  a r e  not  energy e f f i c i e n t  i n  providing 
hydrogen o r  t h a t  o therwise  exces s ive ly  consume 
u t i l i t i e s  o r  raw m t e r i a l s  can be  e l iminated  from 
f u r t h e r  cons ide ra t ion  by t h i s  approach. The most 
u s e f u l  p a r t  of t h i s  s tudy  is  probably t h e  

Because of t h e  r e l a t i v e l y  low thermodynamic s t a -  
b i l i t y  of H2S, t h e r e  appear t o  be s e v e r a l  two-step, 
closed-cycle processes  t h a t  a r e  f e a s i b l e  a t  moderate 
temperatures from a Gibbs energy viewpoint.  One of . 
s e v e r a l  open-cycle processes  a l s o  appear f e a s i b l e .  
A t y p i c a l  closed-cycle process  s e l e c t e d  f o r  f u r t h e r  
economic eva lua t ion  is  t h e  following: 

FeS ( s )  + H2S (g) -, FeS2 ( s )  + Hz (g) (- 227OC) 

Both s t e p s  a r e  thermodynamically favorable  a t  t h e  
i nd ica t ed  tempera tures ,  but  t h e r e  may be  s e r i o u s  
k i n e t i c  l i m i t a t i o n s  t o  t h e  low temperature s t e p .  
This a spec t  o f , p r o c e s s  chemistry r e q u i r e s  f u r t h e r  
eva lua t ion .  

I n  t h e  above p roces s ,  t h e  product gases  (Hz and 
Sz )  a r e  formed i n  d i f f e r e n t  r e a c t i o n  ves se l s  s o  t h a t  
t h e i r  s e p a r a t i o n  i s  no t  a problem; however, HZ and 



H,S can in termix.  Therefore ,  t h e  process  condi- 
t i o n s  and r e a c t o r  des ign must be devided s o  t h a t  
t h e  product i s  pure HZ and a s epa ra t ion  s t e p  f o r  
gaseous H z  and HzS is no t  required .  

I n  our  energy.economic c a l c u l a t i o n s  we assumed 
t h a t  e l c c t r i c  power would be used because of t h e  
a v a i l a b i l i t y  of nuclear  f i s s i o n  o r  fu s ion  power 
p l a n t s  producing r e l a t i v e l y  low c o s t  e l e c t r i c  
power. For a l l  cases  of i n t e r e s t ,  t h e  f o s s i l  f u e l  
equ iva l en t  energy r equ i r ed  t o  genera te  e l e c t r i c  
power is  g r e a t e r  than t h e  energy required  t o  pro- 
duce Ha  by reforming of n a t u r a l  gas.  However, f o r  
n e a r l y  every  case ,  t h e  a c t u a l  n e t  energy inpu t  is  
l e s s  t han  t h e  energy r equ i r ed  t o  produce H z  from 
n a t u r a l  gas i f  equivalent  f o s s i l  f u e l  h e a t  were 
used d i r e c t l y  i n s t ead  of generated e l e c t r i c  power. 
Hcnce, t h e  i r o n  s u l f i d e  thermochemical cyc l e  is  
f a i r l y  a t t r a c t i v e  from an energy economy s tand-  
po in t .  'he most i n t e r e s t i n g  case  f o r  t h e  long- 
term s i t u a t i o n  would be  t h e  use  o f  nuclear  process  
h e a t  o r  e l e c t r i c  hea t ing  based on an assumed 
p l e n t i f u l  and inexpensive supply of nuc l ea r  f i s -  
s i o n  power i n  an environment of f o s s i l  f u e l  
s c a r c i t y .  

Liquid Metal Process 

An a l t e r n a t i v e  thermochemical cyc l e  t h a t  pro- 
duces hydrogen and SO2 from H2S was a l s o  examined. 
The process  t akes  p l ace  i n  two s t e p s :  

(1) S u l f i d a t i o n  of a l i q u i d  me ta l ,  such 
a s  copper,  t o  produce hydrogen and 
molten mat te  (metal  s u l f i d e ) ,  

(2) Oxidation of meta l  s u l f i d e  t o  SO2 
and reduced me ta l ,  

The SO2 can be  l i q u e f i e d  o r  converted t o  s u l f u r i c  
a c i d .  

The l i q u i d  meta l  process ing d i f f e r s  substan- 
t i a l l y  from t h e  c l a s s i c a l  thermochemical c y c l e  f o r  
d i s s o c i a t i n g  H2S i n  t h a t  t h e  products  a r e  hydrogen 
and s u l f u r i c  ac id  r a t h e r  than hydrogen and s u l f u r .  
C lea r ly  any o the r  marketable form of oxidized su l -  
f u r ,  such a s  SO2 o r  s u l f a t e  chemicals ,  is  an 
a l t e r n a t i v e  t o  s u l f u r i c  ac id .  Because s u l f u r  is  
oxidized dur ing t h e  l iquid-meta l  p roces s ,  t h e  n e t  
energy requirements a r e  s u b s t a n t i a l l y  lower than 
those  needed i n  t h e  d i r e c t  thermal d i s s o c i a t i o n  
o r  th~.rmochemical cyc l e s  t h a t  produce hydrogen and 
s u l f u r .  Net energy requirements f o r  t h e  Cu/Cu2S 
system a r e  e s s e n t i a l l y  those  needed f o r  e l e c t r i c  
power t o  d r i v e  f ans  and blowers. 

The process  appears t o  be  economic when a market 
f o r  SO2 o r  s u l f u r i c  ac id  is  a v a i l a b l e .  However, 
when such a market i s  a v a i l a b l e  i t  is  a l s o  p o s s i b l e  
t o  b u m  HzS with a i r  t o  produce H2S and SO2 which 
i s  used t o  make l i q u i d  SO, o r  ac id .  Hence, i t  is 
u n c e r t a i n  whether t h e  a d d i t i o n a l  c a p i t a l  and 
ope ra t ing  c o s t s  of t h e  proposed CU/CU~S process  a r e  
worth t h e  hydroger.. obta ined i n  c o n t r a s t  t o  t h e  much 
lower c a p i t a l  and opera t ing  c o s t s  involved wi th  
burning H2S. 

I n  t h e  f i n a l  a n a l y s i s ,  j u s t i f i c a t i o n  of t h e  
l i q u i d  me ta l  process  must be borne on t h e  b a s i s  of 
s a l e s  of hydrogen i n  t h e  event  t h a t  e i t h e r  no 

market f o r  s u l f u r i c  ac id  is  a v a i l a b l e  o r  t h a t  an 
a c i d  market could be  sus t a ined  by simply burning 
HzS. Consequently, t h e  economic j u s t i f i c a t i o n  of 
t h e  l i q u i d  meta l  processes  was assessed by consider- 
ing t h e  hydrogen p r i c e  i n  r e l a t i o n s h i p  t o  t h e  add- 
i t i o n a l  ope ra t ing  c o s t s  t h a t  would be  incurred  from 
t h e  Cu/Cu,S process  a s  compared wi th  t h e  process  of 
burning H,S t o  produce s u l f u r i c  a c i d .  I n  both  t h e  
Has-burning case  and i n  t h e  Cu/Cu,S case ,  a l l  of t h e  
energy and o t h e r  ope ra t ing  c o s t s  a s soc i a t ed  wi th  an 
ac id  p l a n t  a r e  required .  Therefore ,  i n  comparing t h e  
added value  of hydrogen, we need only  consider  t h e  
Cu/Cu2S r e a c t o r  process  exc lus ive  o f  t h e  ac id  p l a n t .  

Consideration of t o t a l  p l a n t  ope ra t ing  c o s t s  
i nd i ca t ed  t h a t  hydrogen p r i c e s  only somewhat above 
1978 values  would be r equ i r ed .  Consequently,  t h e  
l i q u i d  meta l  processes  t h a t  produce both  hydrogen 
and s u l f u r i c  a c i d  mer i t  f u r t h e r  i n v e s t i g a t i o n .  The 
c r i t i c a l  f a c t o r  i n  t h e  Cu/Cu,S system is  t h e  e x t e n t  
t o  which H,S is completely converted t o  hydrogen 
du r ing  i t s  s h o r t  r e s idence  time i n  t h e  l i q u i d  copper 
conve r t e r .  

E l ec~ruchemica l  Methods 

E l e c t r o l y s i s  of HzS d i s so lved  i n  aqueous e l e c t r o -  
l y t e s  i s  a process  t h a t  has  been i n v e s t i g a t e d  on a 
bench s c a l e  and has been patented .  From a thermo- 
dynamic v iewpoint ,  t h e  e l e c t r o l y s i s  of aqueous H2S 
systems f o r  t h e  product ion  of hydrogen looks  very 
promising,  p a r t i c u l a r l y  i n  comparison wi th  t h e  e l ec -  
t r o l y s i s  of water.  Thus, t h e  equ i l i b r ium p o t e n t i a l  
a t  2 5 ' ~  f o r  t h e  r e a c t i o n  H2S (g) + S(S)  + Hz (g) i s  
- 0 . 1 8  V compared wi th  -1 .23  V f o r  t h e  e l e c t r o l y t i c  
decomposition of water .  The e l e c t r o d e  r e a c t i o n s  
a r e  

Cathode: HS- + e- + 112 ~ , ( g )  c S~ ( s o l u t i o n )  

Anode: 112 S= ( so lu t ion )  * e- + S ( s o l i d ) .  

The product ion  of s o l i d  s u l f u r  a t  t he  anode pre- 
s e n t s  a problem because t h e  s u l f u r  c o a t s  t h e  anode 
and m s t  be  r emved  p e r i o d i c a l l y .  We be l i eve  t h a t  
t h e  lrajor t e c h n i c a l  problem i n  t h e  e l e c t r o l y s i s  of 
aqueous H2S systems w i l l  be t h e  development of a 
s u f f i c i e n t l y  a c t i v e  s u r f a c e  f o r  t h e  o d d a t i o n  of 
H,S t o  e lementa l  s u l f u r .  (This problem is  s i m i l a r  
t o  t h a t  of t h e  oxygen e l e c t r o d e  i n  water e l e c t -  
r o l y s i s .  ) 

No s p e c i f i c  system was found i n  t h e  l i t e r a t u r e  
o r  developed conceptual ly  t o  t h e  e x t e n t  t h a t  energy 
requirements o r  o t h e r  economic r e s u l t s  could be  
es t imated.  

Conclusions 

The following conclus ions  about t h e  t e c h n i c a l  and 
economic a spec t s  of hydrogen recovery from hydro- 
gen s u l f i d e  could be  Grawn, 

(1) Market assessment 

Strong growth i n  HzS process ing is  pro- 
jec ted  from t h e  p re sen t  t o  beyond t h e  
;ear 2000 because of both hydrocarbon 
d e s u l f u r i z a t i o n  and c o a l  conversion.  

Major new hydrogen s u l f i d e  process ing 



f a c i l i t i e s  w i l l  b c  rcqui rer l  i l l  Nurch 
America be fo re  t h e  year  2000 t o  t r e a t  t h e  
burgeoning amounts of  H2S produced from 
n a t u r a l  gas  and d e s u l f u r i z a t i o n  of  f o s s i l  
f u e l s .  At l e a s t  75X of t h e  HaS processed 
i n  North America w i l l  be converted i n  new 
p l a n t s  cons t ruc ted  between 1980 and 2000. 

From a very  conse rva t i ve  e s t i m a t e  t h e  an- 
nua l  p o t e n t i a l  amount of  hydrogen a v a i l -  
a b l e  from H a s  by t h e  yea r  2000, i f  a s u i t -  
a b l e  process  is  developed,  is about 14 x 
l o 9  cub ic  meters  (5 x 10" s t anda rd  c$ic 
f e e t ) .  Th i s  amount is equ iva l en t  t o  about 
0 . 1  quad of f u e l  energy,  worth approxi-  
mately one b i l l i o n  d o l l a r s ,  per  y e a r ,  a t  
c u r r e n t  p r i c e s .  

The r e g i o n a l  p o t e n t i a l  supply  of H2S would 
be w e l l  d i s t r i b u t e d  i n  each  of t h e  f i v e  
Petroleum Adminis t ra t ion  f o r  Defense (PAD) 
d i s t r i c t s ,  and would provide  i n  t h e  range  ' 

of 52  t o  15% of any d i s t r i c t ' s  demand f o r  
hydrogen f o r  i n d u s t r i e s  such  a s  pe t ro leum 
r e f i n i n g  o r  ammnia and methanol produc-. 
t i o n .  

(2) ~ e c h A i c a l  F e a s i b i l i t y  of Process  f o r  Recover- 
i n s  HI  from H2C 

The decomposit ion of HzS i n t o  i t s  elements 
H, and S is  thermodynamically more f avo rab l e  t han  
t h e  corresponding water  s p l i t t i n g  p roces s ,  and can 
be accomplished by d i r e c t  thermal  means a s  w e l l  
a s  less d i r e c t  chemical  o r  e l ec t rochemica l  means. 
However, t h e  recovery  of t h e  hydrogen produced, 
t h a t  is  i t s  s e p a r a t i o n  from t h e  s u l f u r ,  may b e .  
d i f f i c u l t  and t h e  o v e r a l l  p roces s  is  complex. 
Seve ra l  p o t e n t i a l  p roces se s  a r e  a t t r a c t i v e  b u t  
none has  been s u f f i c i e n t l y  t e s t e d  t o  provide  t h e  
b a s i s  f o r  comnercial  development. 

(3)  Economir. Evalua t ion  of Ha Recovery 

The hydrogen p o t e n t i a l l y  recoverable  from 
H2S h a s  a g r e a t e r  economic va lue  t han  t h e  s u l f u r ;  
t h e r e f o r e  t h e r e  is  a s t r o n g  economic i n c e n t i v e  f o r  
H, recovery  processes .  These conclus ions  a r e  based 
on p re l imina ry  process  e v a l u a t i o n s  and r e q u i r e  
f u r t h e r  study.' A s  w i th  w a t e r - s p l i t t i n g  methods f o r  
H z  recovery ,  most of  t h e  H,S-spl i t t ing  p roces se s  
r e q u i r e  cons ide rab l e  energy and t h e  economics w i l l  
be s t r o n g l y  inf luenced by t h e  economics of  energy.  
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Abstract 

IGT has completed the assembly and checkout of 
experimental facilities to determine the hydrogen 
permeability characteristics of contemporary plastic 
natural gas pipes and to ascertain if there is 
preferential leakage of hydrogen from small leaks in 
a system operating wiLll mixturcs of hydrogen and 
natural gas. The goal of this program is to assess 
the impact of permeability and preferential leakage 
on the operation of a distribution loop when con- 
verted to service of hydrogen and mixtures of hydro- 
gen and natural gas. 

Information on permeability cells was collected 
and reviewed. A cell utilizing aluminum construction 
was designed, eight cells were fabricated, and a 
permeability test setup was assembled and leak 
tested. Plastic gas distribution pipe manufacturers 
were contacted and samples of different types of 
commercially available polyethylene pipe were 
received from seven companies. Permeability deter-, 
minations are.now under way. 

Existing gas distribution test facilities were 
modified for hydrogen-natural gas leakage experiments. 
Four different-sized simulated leaks (capillaries 
and sintered discs) were incorporated into three 
different pressurized branches of the residential/ 
commercial test loop, and the compressor used to 
develop the pressure and flow for recycle of test 
gases was overhauled. 

Introduction 1 

This program is part of a multi-year effort to 
supply needed information about hydrogen delivery 
in natural gas distribution equipment. . The overall 
program will identify operating, safety, and materi- 
als problems associated with the use of hydrogen in 
conventional distribution systems. One of the major 
incentives behind nonfossil-based hydrogen as a 
future supplement and eventual replacement for 
natural gas is the expectation that the existing gas 
delivery system can be used without major modifica- 
tions. 

Under DOE Contract No. EY-76-C-02-2907 
(Phase I), IGT conducted an-experimental study with 
contemporary gas distribution equipment in hydrogen 
service. The observations and results of two 
test loops initially operated on natural gas (base- 
line) and then on cylinder-grade hydrogen for 
6 months indicate no major incompatibilities in 
performance. Existing in-place components and 
piping (with the possible exception of meters) should 
be adequate for hydrogen delivery. The observed 
overall hydrogen-to-natural gas volumetric leak 
ratio ranged between 3.00 and 3.35 and the overall 
energy loss ratio ranged between 1.00 and 1.04. In 
isolated situations, the difference in pipe flow 
characteristics of hydrogen may necessitate a small 
increase in delivery pressure to provide equivalent 

energy delivery. Experiments in a third test loop 
demonstrated that the Joule-Thomson hydrogen effect 
of heating upon expansion is minute, not affecting 
distribution operations. Hydrogen leaks to the 
atmosphere will not ignite spontaneously without an 
ignition source; hydrogen escaping from a leak ex- 
pands somewhat adiabatically and cools. Short-term 
(6 months) exposure to hydrogen did not significantly 
affect the properties of Lhe metallic materials of 
system components. Some plastic products, lubricants, 
and adhesives were noticeably affected by the ex- 
posure. Plastic (polyethylene) pipe was "softened" 
by exposure to hydrogen, and ring-tensile tests 
showed more deformation in exposed plastic pipe. 

In general, the results and observations 
indicate that, for short-term exposure, contemporary 
distribution equipment is suitable for hydrogen 
service (except for certain lubricants and adhesives 
and for meter capacity to deliver an equivalent 
amount of energy). However, before hydrogen can 
be utilized as a universal fuel, or as supplemental 
fuel, a number of problems must be addressed. Most 
important is long-term verification testing to 
demonstrate that the gas distribution equipment 
remains compatible with hydrogen and that certain 
observed material degradation does not reach critical 
levels. Among the many problems still to be ad- 
dressed, this program will a) determine experimentally 
the absolute and relative permeabilities of commer- 
cially-available plastic gas distribution piping for 
hydrogen and methane, b) experimentally characterize 
leakage of hydrogen-methane blends through orifices 
(simulated leaks), and c) assess the impact of selec- 
tive leakage via permeation and/or orifice flow on 
the distribution of hydrogen and blends of hydrogen 
and methane. 

Permeability Investigations 

Mass Transfer Mechanism 

The transmission of gas through a plastic 
material has been studied and described by many 
investigators. Gas flow is visualized as a complex 
transport process caused by a partial pressure dif- 
ferential between the two sides of the material. 
It requires a) adsorption and solution of a component 
on the high-pressure side, b) diffusion through the 
material under a concentration gradient, and c) 
desorption and evaporation on the low-pressure side. 
Diffusion is the rate-determining process and under 
steady-state it obeys Fick's law. The flow through 
a polymeric material is expressed as - 

DSA (p' - p")t = PA (p' - p")t 
9 = L 9. 



where - 

q : =  amount of gas diffusing 

D = diffusion constant 

S = solubility constant 

A = area 

p' = high pressure 

p" = low pressure 

t = time 

9. = thickness 

P = DS = permeability constant 

Normally, gas transmission rate is inversely 
proportional to thickness. This relationship is 
shown graphically in Figure 1. 

Fig. 1 Transmission rate versus thickness 

Effect of Temperature 

The effect of temperature on diffusivity, D, 
is the same as for any rate process; the diffusion 
coefficient increases rapidly with a rise in femp- 
erature. Solubility coefficients alternatively are 
much less affected by temperature variation so that 
permeability, P, as a product of diffusivity and 
solubility coefficients, as a function of temperature 
is more closely related to the diffusion coefficient 
than to the so.lubility coefficient. 

Most polymeric substances show'an increese in 
with increasing temperature,. Graphs of 

logarithms of permeability constant versus the 
reciprocal of absolute temperature give good linear 
plots (Figure 2). 

However, there are instances of negative -' 

temperature coefficients and nonuniformity in 
behavior. It is recommended that enough permeability 
values be determined to cover the temperature range 
involved. 

Fig. 2 Gas permeabilities 
through polymeric materials 

Effect of Pressure 

Ordinary pressure differentials (up to several 
atmospheres) have little effect on permeability, 
diffusion, or solubility coefficients. The universal 
practice of reducing transport data to units of 
pressure differential (1 atmosphere, 1 centimeter 
mercury, or 1 millimeter mercury) is usually valid 
and consistent with theory. Some polymeric materi- 
als deviate from ideal behavior when there are strong 
interactions between the gas and the polymeric . 
material by virtue of swelling or plasticizing, 
which varies with partial pressure. 

Transport increases with an increase in pres- 
sure differential across the polymeric substance. 
The limit to which the pressure differential may be 
raised is determined by the physical strength of 
the material. 

Materials Permeabilities 

Table 1 presents permeability data of various 
plastic pipe materials reported in the A.G.A.. Plas- 
tic Pipe Manual for Gas Service. The permeability 
constants are converted to (std ft3) (mil thickness)/ 
(ft2 area) (day) (atm Ap) for the purpose of compari- 
son. 

Acrylonitrile-Butadiene-Styrene (ABS), Cellu- 
lose-Acetate-Butyrate (CAB), Polyethylene (PE); and 
Polyvinyl Chloride (PVC) are the only significant 
piping materials used for gas distribution. CAB 
pipe was introduced in 1942 when steel pipe was in 
short supply. PE pipe was developed in 1948 and in 



Table 1 Permeability properties of plastic piping compounds 

Gas Permeabilitv. .. , 
f t 3-mil Selective 

Material Type Pipe ft2-day-atm Flow Ratio 
Material and Grade Designation Methane Hydrogen H2/CHL 

Acrylonitrile- 
butadiene- 
styrene 

Cellulose 
acetate- 
butyrate 

CAB-MH 
CAB-MS 

CAB-MH08 11.8 X 517.0 X 43.8 
CAB-SO04 56.7 X lo-3 N.A. N.A. 

Polyamide (Nylon) PA VII-2 Nylon 6:6/6 N.A. N.A. N.A. 
Polyh~.~tylene PB-11-1 PB-2110 3.3 X 61.0 X 18.5 

Polyethylene PE-11-3 PE-2306 4.2 X ~ O - ~  21.0 X ~ O - ~  5.0 
PE-111-3 PE-3306 2.4 X ~ O - ~  15.7 X I O - ~  6.5 
PE-111-4 PE-3406 N.A. N.A. N.A. 

PE-3408 N.A. N.A. N.A. 

Polyvinyl 
chloride 

PVC- 1- 1 PVC-1120 N.A. N.A. N.A. 
PVC-1-2 PVC-1220 N.A. N.A. N.A. 
PVC-11-1 PVC-2110 0.2 X 13.7 X 68.5 
PVC-11-1 PVC-2116 -- -- N.A. 

Reinforced epoxy RTRP-150 
thermoset 

.- nil* N.A. N.A. 

N.A. - Not available. 

* No measurable amount after 1200 hours of test; test discontinued 

1949 it became the fastest growing plastic pipe size (ips) standard dimension ratio (SDR) 11 pipe 
material. ABS pipe appeared in about 1954 and it were requested. DuPont, Phillips, Plexco, Continen- 
offered higher tensile strength and heat distortion tal Industries, Tex-Tube Division of Cyclops Corp., 
temperatures than CAB. ABS pipe soon forced CAB Nipak, and Oil Creek Plastics furnished samples of 
pipe off the market, except for some very special their PE pipe materials for permeability testing. 
applications, among them gas service relining. 

PVC pipe appeared in about 1955 in Europe and ' 
began to compete with ABS. .Test data showed that 
PVC could be assigned a 2000-psi design stress rat- 
ing, while ABS earned only 1000 psi. This eliminated 
ABS as a pressure pipe contender, except where its 
unique properties were required. 

PVC pipe was not accepted readily. Factors 
that deterred its use were - 

a) Requirements to achieve sound solvent 
joints 

b) Ductility was suspect 

c) It was not available in coiled lengths. 

Currently, PE is the only plastic pipe material 
of interest in North America for gas distribution. 
DuPont, Phillips, and Gulf (under Phillips' license) 
are the primary polyethylene pipe resin manufac- 
turers. DuPont extrudes pipe fro~its own resins 
but does not sell resins to other pipe manufacturers. 
Phillips produces pipe from its own resins and sells 
them to other pipe extruders, whereas Gulf only 
sells resins. Plastic pipe designated as PE-2306, 
PE-3406, and PE-3408 is currently available for gas 
distribution applications. PE-3306 is now primarily 
used as irrigation piping. 

b 

Manufacturers of PE gas distribution pipe were 
contacted and samples of their 2-inch iron pipe 

Permeability Apparatus I 

Information on permeability cell designs was 
reviewed from previous work at A.G.A.-Battelle, 
Phillips Products Co., Lone Star Gas Co., and DuPont. 
The A.G.A.-Battelle permeability cell design uses 
two o-rings at each end and epoxy potting of the 
o-rings to seal the annular space between the 
plastic piping and the enclosing metallic cylinder. 
The Phillips Products Co. cell design features a 
brass plug fitted with an o-ring inserted into the 
inner diameter of the plastic pipe and a stainless 
steel band drawn around the OD over the brass plug. 
The brass plugs are joined to bushings with pipe 
fittings and to an enclosing length of pipe to define 
the annular space for the collection of permeated gas. 
The Lone Star Gas Co. cell design uses o-rings to 
seal the annular space between the OD of the plastic 
pipe and the enclosing metal housing. ' The DuPont 
cell design resembles the A.G.A.-Battelle design 
and uses a single o-ring seal at each end, but does 
not use any epoxy potting. 

On the basis of the review, a cell design was 
prepared that utilizes ethylene-propylene rubber 
(EPR) o-rings to seal the inner diameter to plugs 
and another set of EPR o-rings to seal the annular 
space between an enclosing metal cylinder and the 
outer diameter of the plastic pipe specimen. The 
cell was designed to accommodate a 2-inch ips SDR-11 
plastic pipe; OD averages 2.375 inches, and the 



e minimum wall thickness is specified at 0.216 inches. 

Figure 3 shows various subassemblies of the 
permeability cell. The cell is constructed from 
6061-T6 aluminum pipe, bar stock, and tubing; 
joining was accomplished by dip brazing. A plastic 
pipe specimen (item D) is inserted into the housing 
(item C). Preinstalled EPR o-rings (item B), in 
the two collars of the housing, seal the annular 
space between the housing and the pipe OD. Two 
identical plugs with EPR o-rings (items A and E) 
are inserted into the pipe specimen and then fasten- 
ed to collars of the housing with lock washers and 
cap screws. One-quarter-inch pipe taps in the plugs 
facilitate flushing and pressurization of the 
specimen with the test gases, whereas 114-inch 
tubes on the housing facilitate flushing of the 
annular space, collection/sampling of permeated gas, 
and measurement of annulus pressure. 

ki?& gas law relationship P1V1 = P7- 

The permeation cells were connected to a single 
pressure-regulated source of hydrogen or methane and 
flushed. At the same time nitrogen was used to 
purge the annular space of air. The pressure of the 
annular space was reduced to atmospheric and the 
pipe sample pressurized to 60 psig with hydrogen or 
methane. The pressure in the pipe samples is main- 
tained at 60 f 0.5 psig throughout the duration of 
the test period. 

The permeation is measured in two ways. One, 
by the pressure build-up in the annular space; and 
two, by periodically withdrawing gas samples from 
the annular space in collection bottles and analyz- 
ing the gas sampled with a mass spectrometer. 

Preliminary Femeabtlity Results 

Table 2 presents the permeability constants 
of various PE pipe spec&aens cis determined by the 
gas law relatioaehlps, annular volume, and the 
pressure build-up in the annular apaee. This is 
the first permeation run over a period of 18 days 
ar 70a * 2aF. The data &orrelate. with values 
reported .in the A.G.A. Plastic Pipe W u a l  for Gas 
Serv%ce for PE-2306. 

Table 2 Preliminary permeability constants 
of pipe aalllples 

Fig. 3 Permeability ell subassemblies Gas Permeability 
Constant, 

Figure 4 shows the permeability test setup. Test Test PE Pipe ft3-dl 
Six calls are being uti2ized for hydrogen and two Cell Oas Sample f tlatm-by 
celb for methane. Common maniEolds supply hydrogen, 
methane, and nitrogen from gas cylinders. Each cell 1 82 DuPant 2306 26.0 X 
has its own sample collectitm bottle, pressure gauge, 
and mercurv manometer. 2 H2 Oil Creek 

Plaetics 2306 20.2 X 

3 Hp DuPcnt 3406 16.5 X 

4 C H ~  DuPonr 3406 3*5 x 10'3 

5 Hz Cantinential 
'Industries 
2306 20.0 x lo-3 

6 H~ plexco 340.6 15-6 x lo-3 

82 ~liill;~b 3408 20.9 X 

8 C&, Phillips 3408 6.8 X 10'~ 
~71e.&@$#= y?$"--gj :'p; .>.ra+tq$ 

nyarogenfbtatural as ~ea~Eige Investigations 
1111 

Mass Transfer Mechanism 

If there is a pressure difference across a 
microporous solid, mass transport can proceed by 

Fig. 4 Permeability test setup several mechanisms: a) molecular effusion, b) 
molecular streaming or Knudsen flow, c) streamline 
or Poiseuille flow, d) turbulent flow, and e) orifice 

Test Procedure flow. Poiseuille, turbulent, and orifice flow are 
the most common types, being a function of micropore 

Samples of regular production PE gas pipe were geometry, gas density, gas viscosity, and mean pres- 
cut to an appropriate length and the OD and wall sure; they are classified as nonseparative. 
thickness were measured. The samples were assembled 
into the apparatus and leak tested. Then, the Knudsen flow and/or molecular flow are separa- 
volume of the annular space was determined using tive flows. The difference in flow rates of ,the 



various gaseous species depends upon the relative 
frequency with which the molecules of the various 
components strike the surface; that is, the more 
frequently they strike the surface the greater the 
probability of their entering a micropore. Because 
each component of a gaseous mixture has the same 
average kinetic energy, this frequency is directly 
proportional to their molecular weights. Hence, in 
a mixture of gaseous molecules, the lighter compo- 
nent will permeate more rapidly than the heavier 
component. The lighter and heavier molecules will 
both pass through the microporous media, but in a 
given time intel-rral more lighter molecules will 
permeate and the abundance of lighter molecules Gill 
be greater on one side of the microporous media than 
the other. 

Microporous Structure 

Separative flows depend upon the relation 
between the capillary diameter of the microporous 
media and the mean fme path (A) of gas molecules. 
The pores must be of such size and relation to the 
mean free paths of the gaseous components that 
intermolecular collisions are avoided as much as 
possible. The pore diameters must therefore be 
appreciably less than A.  At standard conditions of 
temperature and pressure the X of CHq is about 165 
angstroms, and the A of H2 is about 3000 angstroms. 
The microporous media must have pore sizes consider- 
ably smaller to produce molecular flow and the 
separation phenomenon. 

If the pore diameters are small in comparison 
with A, flow takes place by molecular effusioll fol- 
lowing Knudsen's law. A A/d ratio of 2.5 is often 
the practical limit; however, reasonably good 
separations have been achieved at a ratio of 1. In 
a microporous solid with capillaries of various 
diameters both Knudsen and Poiseuille flow may occur. 

Adsorptive Flow 

Microporous solids are capillarv systems, and, 
therefore, exhib'it varying del~rees of adsorptive 
activity. This gives, rise to adsorbed or surface 
flow from concentration gradients due to excessive 
adsorption of, usually, the heavier molecules within 
the porous matrix. The process produces flow rates 
that are greater than those predicted on the basis 
of molecular weight, thus partially nullifying the 
Knudsen effect. Investigators have shown by 
experiments that vapor mixtures and gas-vapor mix- 
tures cannot be expected to separate in the direc- 
tion predicted by the square root of the inverse 
ratio of component molecular weights. 

Leakage Test Setup 

The existing residential commercial test loop 
(RCL), developed under DOE Contract EY-76-C-02-2907, 
was modified. As shown in Figure 5, a schematic of 
the modified RCL, a single-stage compressor circu- 
lates gas through the closed loop system at a rate 
of about 900 ScF/hr with an intake pressure of 
5-inches water column and a discharge pressure of 
60 psig. Surge tanks are provided on either side 
of the compressor to dampen pressure pulsations. 

Fig. 5 Modified design of RCL for leakage test 

Following the loop clockwise, flow from the 
compressor is regulated frmn 62 psig at a regulator 
station to 52 psig and then fLm tnta a 1-112-inch 
steel manifold with four parallel branches. One of 
the four branches is the primary bypass. The flow 
through the primary bypass is controlled by valves 
and is metered using a glass tube flowmeter at 
52 psig. Pressure is dropped to 6-inches water 
column through a regulator prior to joining up with 
the compressor intake piping. 

Two of the four branches feed into two differen 
service regulators that reduce the pressure to 
6-inches water column and 8 psig prior to being 
routed through two diaphragm meters. Flow is con- 
trolled by adjusting spring tension on the service 
regulator. Three capillary tubes with diameters 
of 0.003 inch, 0.'010 inch, and 0.030 inch, and 
15 micron-sized sintered stainless steel discs were 
potted in four diffejent swagelok male connectors 
as shown in Figure 6 and were attached to the 
branches at three different pressures: 50 to 60 
psig to simulate high-pressure distribution, 5 to 
25 psig to simulate medium-pressure distribution, 
and 6 to 10 inches water column to simulate low- 
pressure distribution. 

LCAPILURI TUBE 

Fig. 6 Potted capillary test fitting 



Afcer check-out resting, the KCL wlll be 
purged, filled, and operated with mixtures of 
hydrogen and natural gas, containing approximately 
lo%, 20%, and 40% hydrogen. The leakage from the 
simulated leaks, the capillary tubes of 0.003-inch 
and 0.01-inch diameter, will be determined by the 
bubble piston technique. The leakage from the 
capillary tube of 0.030-inch diameter and sintered 
discs will be measured by wet test meters. Samples 
of the gas circulating in the test loop and samples 
of the gas leaking from the simulated leaks will be 
analyzed by a mass spectrograph. 
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1. I n t r o d u c t i o n  

The pr imary  o b j e c t i v e  o f  t h i s  program i s  t o  
assess t h e  f e a s i b i l i t y  o f  t r a n s p o r t i n g  l a r g e  quant i -  
t i e s  o f  gaseous h$drogen through the e x i s t i n g  
na tu ra l  gas pipe1 i n e  network. The hydrogen compati- 
b i l i t y  o f  these p i p e l i n e  s t e e l s  and t h e i r  weldments 
i s  be ing  assessed by conduct ing  experiments i n  t h ree  
major areas. (1)  I n  our  experimental p ipe1 i n e  
loop, we are  eva lua t i ng  t he  performance o f  f lawed 
p i p e l i n e  segments i n  f l o w i n g  1000 p s i g  hydrogen gas. 
( 2 )  The degradat ion  o f  pipe1 i n e  s tee l  f r a c t u r e  
toughness i s  be ing s tud ied  i n  h i g h  pressure hydrogen 
us ing J - i n t e g r a l  techniques and ( 3 )  t he  hydrogen 
c o m p a t i b i l i t y  o f  pipe1 i n e  weldments i s  be ing inves-  
t i g a t e d  t o  determine i f  any o f  t he  m e t a l l u r g i c a l  
m ic ros t ruc tu res  produced by we1 d i n g  are p a r t i c u l a r 1  y  
suscep t i b l e  t o  hydrogen embri t t lement.  I n  a d d i t i o n  
t o  t h e  main a c t i v i t i e s  on t h i s  program, we have been 
requested t o  conduct two systems s tud ies  e v a l u a t i n g  
t h e  optimum storage techniques and l o c a t i o n s  f o r  
f i x e d - s i t e  s torage o f  hydrogen f u e l .  

Thi s  r e p o r t  sumnari zes our c o n t r i b u t i o n s  and 
accomplishments d u r i n g  FY79. For a  d e t a i l e d  d iscus-  
s i o n  o f  these r e s u l t s ,  t h e  reader i s  d i r e c t e d  t o  
t he  annual r e p o r t  f o r  t h i s  con t rac t  which w i l l  be 
a v a i l a b l e  i n  January, 1980 and t o  t he  systems 
s tud ies  r e p o r t s  which are  c u r r e n t l y  a v a i l a b l e  upon 
request ( t h e  s p e c i f i c  re ferences are  inc luded i n  
t he  t e x t ) .  

2. Exper imental  P i p e l i n e  Operat ion  and Bu rs t  T e s t i n q  

S. L. Robinson 

The exper imental  p i  pel  i ne  cont inues opera t  i o n  
w i t h  t e s t  c y c l e  111 i n  place. As a  r e s u l t  o f  
f a i l u r e s  occu r r i ng  i n  c y c l e  11, a  p i p e l i n e  f a t i g u e  
f a c i l i t y  has been designed. The p i p e l i n e  phase o f  
t e s t i n g  i s  complemented by b u r s t  t e s t i n g  o f  p ipe  
segnents. 

2.1 Experimental P i  pel  i n e  

The purpose o f  t e s t i n g  i n  t h e  exper imental  
hydrogen pipe1 i n e  i s  a )  t o  expose ac tua l  f lawed 
p ipe segments t o  s imula ted hydrogen p i  pe l  i ne  
se rv i ce  i n c l u d i n g  h i g h  pressure, h i g h  p u r i t y  
hydrogen gas, and b )  t o  gather  data  and deter -  
mine i f  sustained l oad  c rack ing  occurs i n  low- 
s t rength ,  m i l d  s t e e l s  and i n  p i p e l i n e  s tee ls .  

The exper imental  procedure has been t o  
p lace i n c r e a s i n g l y  severe ly  f lawed A106-B s t e e l  
p ipes i n t o  t he  hydrogen p i  pel  i n e  f o r  s i x  month 
cyc les  o f  exposure. To date,  l o n g i t u d i n a l  f l aws  
on bo th  I n t e r n a l  and ex te rna l  surfaces have been 

t e s t e d  i n  cyc les  I t h r u  111. I n  order  t o  de te r -  
mine i f  slow crack  growth (SCG) occur red du r i ng  
pipe1 i ne  exposure, severe1 y  f 1  awed p i  pes removed 
from t h e  p i p e l i n e  have been both  b u r s t  t e s t e d  and 
examined f r a c t o g r a p h i c a l l y  f o r  evidence o f  SCG. 
To date,  no evidence o f  SCG has been found i n  t h e  
A106-B s tee l .  

Test c y c l e  111 inc luded severe i n t e r n a l  
f l aws  up t o  10 inches l eng th  and 85-90% pene- 
t r a t i o n .  Two f a i l u r e s  occurred on pressur iza-  
t i o n .  The remaining unbroken t e s t  sec t ions  
have s t ress  i n t e n s i t i e s  up t o  75 k s i  J i n  ( c a l -  
cu la ted  f rom t h e  genera l ized I r w i n  " thumbnai l "  
crack model bu t  w i thout  back sur face and 
p l a s t i c i t y  c o r r e c t i o n s )  which i s  ex t remely  
h igh  and should be 90% o f  K c r i t l c a l .  WC 
b e l i e v e  t h a t  i f  slow crack  growth occurs,  it 
w i l l  be i n  these most severe ly  f lawed modules. 

2.2 Fat igue Tes t i nq  

Although no evidence o f  slow crack  growth 
has been found, acce lera ted f a t i g u e  crack  growth 
i s  a  ser ious  r e a l i t y .  At t h e  beg inn ing o f  t e s t  
c y c l e  11, two pipes c a r r i e d  over from c y c l e  I 
f a i l e d  upon p ressu r i za t i on  a t  - 500 p s i ,  a f t e r  
sus ta in ing  1000 p s i  f o r  6 months w i t h  no i nd i ca -  
t i o n  o f  i n c i p i e n t  f a i l u r e .  Subsequent f r a c t o -  
graphic ana l ys i s  showed t h e  presence o f  f o u r  l a r g e  
ampl i tude f a t i g u e  s t r i a t i o n s  corresponding e x a c t l y  
t o  t he  number o f  pressure cyc les  p r i o r  t o  f a i l u r e .  
It was poss ib le  t o  c a l c u l a t e  t h e  s t r e s s  i n t e n s i t y  
(AK) per c y c l e  and t o  measure t h e  c rack  growth 
per cycle.  The growth per c y c l e  agreed t o  
w i t h i n  50%,.with t he  pub l ished data  on l abo r -  
a t o r y  specimens (double can t l eve r  beam) a t  a  
g iven AK. F a i l u r e  occurred by hydrogen ass i s ted  
f a t i g u e  crack growth, t h e  AK i nc reas ing  w i t h  each 
c y c l e  u n t i l  a  c r i t i c a l  l eng th  was obta ined,  and 
f a i l u r e  occurred. 

Ana lys is  o f  these f r a c t u r e s  po in ted  out 
t he  need t o  study f a t i g u e  crack propagat ion i n  
pressure cyc led pipes. Two s p e c i f i c  quest ions  
need t o  be addressed. They are,  1 )  what i s  t he  
t h resho ld  s t ress  i n t e n s i t y  f o r  c rack  propagat ion 
i n  m i l d  s t e e l s  i n  hydrogen? and 2 )  what i s  the  
e f f e c t  o f  h igh-cycle,  h i g h  mean-load, small 
f l u c t u a t i o n  l oad ing  on f laws i n  hydrogen c a r r y i n g  
p i  pel  i nes? 

A dedicated p i p e l i n e  f a t i g u e  f a c i l i t y  has 
been designed t o  a1 1  ow addressing these ques- 
t i ons .  Because o f  the  t ime consuming nature  o f  
these t e s t s ,  t h e  l ack  o f  a v a i l a b i l i t y  o f  t e s t -  
i n g  machines, and geometr ical  cons ide ra t i ons  
re levan t  t o  curved s h e l l s ,  a  ded ica ted f a c i l -  
i t y  was deemed most e f f e c t i v e .  I he f a c i l  l t y  
w i l l  t e s t  10 pipes, i n  p a i r s ,  by  pressure c y c l i n g  
them through set  l i m i t s .  Microprocessor con t ro l  
w i l l  f a c i l i t a t e  t h i s  opera t ion ,  and data gather-  
ing.  A  l i m i t e d  number o f  f l a w  geometries w i l l  be 
t es ted  a t  f i r s t .  Fractographic and metal  l og raph i c  
examinat ion w i l l  a l l o w  determinat ion  o f  c rack  
growth ra tes ,  f r a c t u r e  mode changes, and u l t i m a t e l y  
t he  ex ten t  o f  t he  ope ra t i ona l  hazard r e s u l t i n g  
from p i p e l i n e  maintenance shutdowns, and d a i l y  
opera t ions  i n v o l v i n g  many small pressure changes 
about a  h igh  mean pressure. 



2.3 Bu rs t  Tes t i ng  Program 

Both o f  the  previous e f f o r t s  are,  and 
w i l l  cont inue t o  be, supported by a  program o f  
b u r s t  t e s t i n g  o f  f lawed pipes. From bu rs t  
t e s t i n g  we l e a r n  a) t he  q u a n t i t a t i v e  ex ten t  o f  
degradat ion o f  b u r s t  pressure, b )  t h e  apparent 
f r a c t u r e  toughness and toughness l o s s  i n  a i r  
and hydrogen, c )  t h e  e f f e c t s  of f law geometry, 
l o c a t i o n ,  and pre-exposure upon bu rs t  pressures 
and toughness, and d )  changes i n  f r a c t u r e  mode 
as d i c t a t e d  by  i tems i n  ( c )  and by  p repa ra t i on  
o f  t he  f law.  We are a1 so b e t t e r  ab le  t o  design 
t e s t s  f o r  t he  hydrogen pipe1 i n e  us ing  t h e  data  
obtained. 

Burs t  t e s t i n g  w i t h  hydrogen i s  performed 
by p r e s s u r i z i n g  t o  a  s p e c i f i c  pressure,  i.e. 
1000 psi,, w i t h  hydrogen. P ressu r i za t i on  w i t h  
n i t r o g e n  i s  cont inued u n t i  1  f a i  1  ure  occurs. 
Ex terna l  f l aws  are subjected t o  a  16 hour, 
100°C, 150 p s i  soak i n  hydrogen p r i o r  t o  t he  
bu rs t  t e s t .  This soaking ( o r  thermal charg- 
i ng )  procedure w i l l  be used i n  t he  f u t u r e  on 
se lec ted i n t e r n a l l y  f lawed pipes. 

I n t e r n a l 1  y  f lawed pipes, f lawed by c u t t i n g  
a  l o n g i t u d i n a l  sc ra t ch  w i t h  a  l a t h e  t o o l ,  were 
degraded by  about 15% i n  b u r s t  pressure a t  1000 
ps i .  Extensive f r a c t u r e  mode changes occurred 
near t h e  c rack  t i p s ,  changing f rom d u c t i l e  
rup tu re  t o  a  mixed o r  quasi cleavage mode o f  
f r ac tu re ,  w i t h  mos t l y  d u c t i l e  rup tu re  w i t h  some 
quasi c leavage occu r r i ng  away f rom t h e  crack 
t i p .  This l o s s  o f  b u r s t  s t reng th  imp l i es  a  
l o s s  i n  f a c t o r  o f  sa fe ty ;  t o  r e t a i n  an equiva- 
l e n t  f a c t o r  o f  s a f e t y  t o  t h e  i n e r t  gas case, a  
15% reduc t i on  i n  opera t ing  pressure may be 
d i c ta ted .  Test on unflawed pipes are  planned 
t o  complete t he  data. 

Tes t i ng  o f  e x t e r n a l l y  f lawed pipes has 
o n l y  begun recent1 y. P re l im ina ry  r e s u l t s  i n d i c a t e  
a  l o s s  i n  b u r s t  pressure o f  about lo%, somewhat 
l e s s  than t h e  (uncharged) i n t e r n a l  1  y  f lawed case. 
The s t r e s s  s ta tes  o f  t h e  i n t e r n a l  f l a w  and the  
ex te rna l  f l a w  are  d i f f e r e n t  and t h i s  may c o n t r i -  
bu te  t o  t he  v a r i a t i o n  i n  e f f e c t s .  I n  add i t i on ,  
l e s s  hydrogen i s  present a t  t h e  c rack  t i p  which 
should reduce the  observed degradat ion.  No 
f r a c t u r e  mode change has been observed; ins tead,  
an increase i n  dimple s i z e  occurs,  which imp l i es  
an acce le ra t i on  o f  t he  normal d u c t i l e  rup tu re  
processes. This c l a s s  o f  f l a w  i s  t he re fo re  much 
l e s s  severe than the  i n t e r n a l ,  uncharged flaws. 

Apparent f r a c t u r e  toughness values have 
been c a l c u l a t e d  f rom t h e  b u r s t  values; t h e  
values obta ined a re  not  KIC o r  " v a l i d "  data. 
However, these numbers have value f o r  comparative 
purposes. For i n t e r n a l 1  y  f lawed specimens, t h e  K 
values (obta ined as exp la ined above us ing  the  
I r w i n  Ana lys is )  a re  c a l c u l a t e d  as 105 k s i  fi i n  
N2, and 77 k s i  fi i n  1000 p s i  H2/N2 t o  b u r s t  
mix tures .  This 27% decrease agrees we l l  w i t h  t h e  
values obta ined by J - i n t e g r a l  procedures, and 
enables p r e d i c t i o n  o f  f a i l u r e s  i n  pipes o f  s i m i l a r  
th ickness. 

3. Frdcliure Toughness Tes t i ng  

R. E. S t o l t z  

A c t i v i t i e s  i n  FYI979 have centered on measuring 
the  f r a c t u r e  toughness o f  A516 s t e e l  i n  hydrogen 
pressures g r e a t e r  than 1 atm. This task i s  
intended t o  prov ide l a b o r a t o r y  measurements t h a t  
can be e f f e c t i v e l y  i n t e g r a t e d  i n t o  an ana l ys i s  o f  
the  b u r s t  t e s t  data presented i n  t h e  previous 
sect ion.  

3.1 F a c i l i t y  development 

An e x i s t i n g  2 i n c h  diameter pressure vessel 
was mod i f i ed  f o r  J  t e s t s  o f  double edge notch 
t e n s i l e  (DENT) sa ip les .  A  f o u r  w i r e  e l e c t r i c a l  
feed through was adapted t o  t he  vessel  i n  order  t o  
measure t h e  output  f rom an extensometer i n  t h e  
vessel i t s e l f .  The simultaneous measurement o f  
sample l o a d - l i n e  displacement and app l i ed  l oad  
made accurate J  determinat ion  poss ib le .  A  low- 
p r o f i l e  extensometer was found t o  per form i n  
hydrogen w i t h  no d r i f t  a t  pressures up t o  10,000 
ps i .  

Double edge notch t e n s i l e  specimens were 
employed i n  a l l  t e s t s .  Only one notch had an 
a c t i v e  f a t i g u e  precrack;  t h e  o the r  notch was 
machine cu t  t o  prevent c rack  i n i t i a t i o n  (c rack  
i n i t i a t i o n  d i d  occur i n  some t e s t s  as descr ibed 
below). Due t o  l oad ing  c o n s t r a i n t s ,  a  0.250 
i n  sample th ickness was used. Loads were deter -  
mined t o  100 l b s  and sample extensions t o  0.002 
in.  were r o u t i n e l y  measured. Hydrogen gas p u r i t y  
was assured by us ing  pure i n p u t  gas w i t h  an 
i n - l i n e  f i l t e r  f o r  water and oxygen. Levels o f  
oxygen and water were below 2  ppm. 

3.2 Experimental 'observat ions  

Tests f o r  de termin ing J  i n  a i r  us ing  
the  double edge notch con f i 4E ra t i on  were f i r s t  
performed . i n  order  t o  prov ide a  base l i ne  f o r  
f u r t h e r  t e s t s  i n  h igh  pressure hydrogen. Using 
the same R-curve technique descr ibed i n  the  FY 
1978 Annual Report, a  JIG o f  " 900 i n - l b / i n 2  
was measured. This i s  s i g n i f i c a n t l y  h ighe r  than 
t h e  650 i n - l b / i n 2  measured us ing  the  compact 
t ens ion  geometry and a  0.750 i n .  t h i c k  sample. 
The d i f f e r e n c e  i s  a t t r i b u t e d  t o  t he  0.250 i n  
th ickness o f  t he  double edge notch sample i n  
t he  present i n v e s t i g a t i o n .  While J  has been 
determined t o  be a  proper f r a c t u r e  c r i t e r i o n  
f o r  t h i n  sec t ion ,  t h e  va lue may not  be ex t ra -  
po la ted t o  t h i c k e r ' s e c t i o n  s izes.  For these 
reasons, t h e  JIG value f o r  t h e  DENT samples i n  
a i r  should be used as a  base- l ine  t o  compare t o  
the  r e s u l t s  i n  hydrogen. 

The second s e r i e s  o f  t e s t  invo lved measure- 
ments o f  JIG i n  1000 and 3000 p s i  hydrogen, 
and 1000 p s i  helium. A number o f  observat ions  
can be made: 

1)  A JIC " 350 i n - l b / i n 2  was measured 
i n  both  1000 and 3000 p s i  hydrogen. This i s  
s i g n i f i c a n t l y  lower  than t h e  900 i n - l b l i n 2  
measured i n  a i r  and conf i rms the  t r e n d  observed 
i n  1 atm hydrogen. The va lue 350 i n - l b / i n 2  



i s  approx imate ly  equal t o  t h a t  observed i n  1 atm 
hydrogen; however due t o  t he  d i f f e r e n t  sample 
geometries t h i s  may be co inc iden ta l .  I n t e r e s t i n g l y  
t he re  i s  no d i f f e r e n c e  i n  JIC between 1000 and 
3000 p s i  so t h a t  a  s a t u r a t i o n  pressure l e s s  than 
1000 p s i  must ex i s t .  

' 

2) The slope ' o f  t h e  J vs 5 curve i s  
equ i va len t  f o r  1000 and 3000 p s i  hydrogen, i n d i -  
c a t i n g  t h a t  t h e  res i s tance  t o  s t a b l e  c rack  growth 
has a l s o  saturated. The dJ/da slope i s  a  f a c t o r  
t h ree  lower  than t h a t  i n  a i r ,  again f o l l o w i n g  t h e  
t r e n d  i n  1 atm hydrogen. 

3)  Hydrogen ass i s ted  crack  i n i t i a t i o n  occurs 
a t  f l a w s  much l e s s  sharp than the  f a t i g u e  precrack. 
Crack i n i t i a t i o n  was observed a t  a  machined s l o t  
w i t h  a  r o o t  rad ius  o f  0.001 in., i.e. t e n - f o l d  
g rea te r  than t h e  precrack opening rad ius .  Th is  
i n d i c a t e s  t h a t  hydrogen i s  e f f e c t i v e  i n  i n i t i a t i n g  
f r a c t u r e  a t  f l aws  s i m i l a r  t o  those observed i n  
serv ice ,  such as weld s t r i k e s  o r  machining 
grooves. 

4) Frac ture  surface morphology was quasi-  
c leavage i n  a l l  cases o f  hydrogen f rac tu re .  L i t t l e  
o r  no t r u e  cleavage was observed. 

5) L im i ted  t e s t  i n  1000 p s i  he l ium were 
comparable i n  J  vs 5 values t o  those i n  ambient 
a i r .    ow ever,-due t o  s l i g h t  d i f f e r e n c e s  i n  . 
l o a d i n g  response w i t h  t he  pressur ized system, a l l  
base- l ine  t e s t s  w i l l  be performed i n  t he  f u t u r e  i n  
he1 ium a t  t h e  equ iva lent  hydrogen pressure. 

4. P i p e l i n e  Weldment Stud ies  

J. R. Spingarn 

Dur ing the  past  year,  t e n s i l e  t e s t s  have been 
used t o  screen p i p e l i n e  s tee l s ,  b o t h  base meta ls  
and weldments, f o r  poss ib le  6.9 MPa (1000 p s i )  Hz 
gas serv ice .  We had p rev ious l y  es tab l i shed  t h a t  
f o r  A516-70 s t e e l  bo th  base metal  m ic ros t ruc tu re  
and weld p r a c t i c e  seem t o  have l i t t l e  e f f e c t  on 
H2 compati b i  1  i t y .  Fu r the r  t e s t i n g  has demon- 
s t r a t e d  th ree  impor tant  po in t s :  ( 1 )  On t h e  bas i s  
o f  t e n s i l e  s t r e s s - s t r a i n  data  t h e  var ious  s t e e l s  
and m ic ros t ruc tu res  appear t o  perform e q u a l l y  we1 1  
i n  Hz, regard less  o f  d i f f e r e n c e s  i n  a i r  behavior.  
S p e c i f i c a l l y ,  no reduc t i ons  i n  s t reng th  were observed 
d u r i n g  gaseous Hz t e s t i n g ,  and t h e  reduc t i on  i n  
area (RA) values showed r e l a t i v e l y  1  i t t l e  v a r i a t i o n  
f rom mater i  a1 t o  ma te r i  a1 , 35% 2 5% RA i n  H2 f o r  
smooth bars  and 9% + 2% f o r  notched bars. I n  no 
case was t h e  measurzd RA value s u f f i c i e n t l y  low t o  
suggest p o t e n t i a l l y  ca tas t roph i c  b r i t t l e  f r ac tu re .  
On t h i s  bas is ,  one may conclude t h a t  weld f u s i o n  
zones and heat a f f e c t e d  zones need not be s ing led  
o u t  f o r  spec ia l  concern rega rd ing  H embr i t -  
t lement .  ( 2 )  A  c lose  examinat ion o? t h e  notched 
s t r e s s - s t r a i n  curves revea l s  notab le  d i f f e r e n c e s  
among t h e  l i n e  p ipe  s tee ls .  By d e f i n i n g  a  parameter 
based on t h e  ex tens ion necessary t o  induce sub- 
s t a n t i a l  H2 crack growth i n  a  r i s i n g  l o a d  t e s t ,  
we found t h a t  A106-Grade B was f a i r l y  t o l e r a n t  
o f  p l a s t i c  extension, w h i l e  t h e  h igh  toughness 
Arc t ic -grade s t e e l  f a i l e d  almost imned ia te l y  upon 

y i e l d i n g .  Other s t e e l s  f e l l  between these two 
extremes. Th is  type o f  observat ion  cou ld  prove 
impor tant  when des ign ing aga ins t  p l a s t i c  s t r a i n  due 
t o  ground subsidence. (3) The ex ten t  of hydrogen- 
ass i s ted  sur face crack  pene t ra t i on  i n  t e n s i l e  
f r a c t u r e  surfaces v a r i e d  s i g n i f i c a n t l y  f rom m a t e r i a l  
t o  m a t e r i a l  and weldment t o  weldment. I n t e r e s t -  
i n g l y ,  t h i s  f i n d i n g  does n o t  necessa r i l y  c o r r e l a t e  
w i t h  t h e  d i f f e r e n c e s  i n  t o l e rance  t o  notched p l a s t i c  
s t r a i n .  The phys ica l  i n t e r p r e t a t i o n  o f  these 
r e s u l t s  i s  s t i l l  unc lea r  and e f f o r t s  w i l l  be made t o  
at tempt t o  understand these exper imental  observa- 
t i ons .  

D i f f e rences  were a l s o  noted between t h e  ve ry  
compat ib le A106 and A516 s t e e l s  and t h e  newer h ighe r  
toughness l i n e  pipe. We p l a n  t o  exp lo re  these 
d i f f e r e n c e s  f u r t h e r  by per forming J - i n t e g r a l  f r a c t u r e  
toughness t e s t s  us ing seam welded, h i g h  toughness 
pipe s t e e l  r e c e n t l y  purchased. We propose t o  
compare t h e  toughness o f  var ious  l o c a t i o n s  w i t h i n  
t he  weldment as we l l  as compare t h e  H2 toughness 
losses f o r  d i f f e r e n t  pipe1 i ne  s tee ls .  

5. Systems Stud ied o f  F i xed -S i t e  Hydrogen Storage 

J. J. Iannucc i  and S. L. Robinson 

5.1 Nat iona l  Scale 

Understanding o f  hydrogen s torage i s  a  
c r i t i c a l  l i n k  i n  t h e  development o f  la rge-sca le  
hydrogen usage. Product ion,  t r a n s p o r t  and 

.end use are  impor tant ,  bu t  s torage i s ,  i n  general ,  
necessary t o  smooth mi smatches between supply and 
demand. I n  a  scenar io  o f  wide-spread use and 
avai  1  a b i l i t y ,  however, one s t i l l  must at tempt t o  
minimize o r  opt imize s torage o f  any f u e l  due t o  
t h e  expense involved. Th is  i s  p a r t i c u l a r l y  t r u e  
o f  a  gaseous f u e l  such as hydrogen. Therefore 
t h i s  work focused upon t h e  necess i ty ,  v i a b i l i t y  
and economics o f  b u l k  hydrogen storage. 

To determine t h e  needs and c h a r a c t e r i s t i c s  
of hydrogen storage, t h e  hydrogen energy c y c l e  
was broken i n t o  t h ree  sect ions :  p roduct ion ,  
d i s t r i b u t i o n  and end use. I n  each o f  these 
sectors  storage o f  hydrogen may be b e n e f i c i a l  
towards smooth and economical operat ion.  

Hydrogen s torage a t  constant  product ion  
r a t e  s i t e s  w i l l  no t  be needed (as  t he re  i s  no 
advantage t o  s t o r i n g  a t  a l l ) .  Va r i ab le  produc- 
t i o n  r a t e  l o c a t i o n s  (such as s o l a r  powered 
conversion p lan ts )  present a  s l i g h t l y  d i f f e r e n t  
p i c tu re .  Here a  t r a d e o f f  e x i s t s  between t h e  
cos t  o f  storage ( t o  smooth t ransmiss ion r a t e s  
and hence lessen p i p e l i n e  s i zes  and cos ts )  
versus the  cos t  o f  t h e  t ransmiss ion l i n e .  For 
t he  s o l a r  hydrogen product ion  case, s torage i s  
a  more expensive o p t i o n  than s imply  o v e r s i z i n g  
the  t ransmiss ion l i n e s  t o  handle t h e  maximum 
product ion  ra te .  Th is  r e s u l t ,  o f  course, depends 
on t h e  cos t  o f  s torage and t h e  cos t  and l e n g t h  o f  
t he  t ransmiss ion l i n e ,  bu t  nonetheless i s  q u i t e  
broad1 y  app l icab le .  Unless extreme1 y  inexpensive 
storage i s  a v a i l a b l e  ( l e s s  than .100$/MBTU, 1972 
d o l l a r s )  o r  t h e  l e n g t h  o f  t h e  l i n e  i s  ex t remely  



l o n g  (say, more than 100 m i l es ) ,  s torage i s  no t  
t h e  p r e f e r r e d  opt ion.  The case o f  us ing o f f  peak 
e l e c t r i c i t y  f o r  e l e c t r o l y s i s  i s  ve ry  s i m i l a r  t o  
t he  s o l a r  case and f o r  s i m i l a r  reasons storage i s  
no t  a t t r a c t i v e  here e i t h e r .  

Hydrogen s torage i s  most impor tant  and 
bene f i c i a l  a t  d i s t r i b u t i o n  s i t es .  This s torage 
w i l l  be seasonal i n  nature  (as na tu ra l  gas 
s torage i s  used cu r ren t1  y) .  Even account ing 
f o r  hydrogen's lower hea t i ng  value ( w i t h  respect  
t o  n a t u r a l  gas) t h e  c u r r e n t  underground na tu ra l  
gas s torage f a c i l i t i e s  would prov ide almost a l l  o f  
t h e  seasonal s torage requirements envisioned. 
(Fur ther ,  t h e  amount of underground na tu ra l  gas 
s torage i n  t h e  U. S. cont inues t o  increase w h i l e  
t h e  consumption o f  gaseous f u e l s  i s  decreasing.) 
Should t h i s  o r  s i m i l a r  s torage not  be acceptable 
f o r  hydrogen serv ice ,  t h e  next  best a1 t e r n a t i  ve 
may be above ground const ruc ted vessels i n  t he  
1000 $/MBTU range. Since c u r r e n t l y  7x109 MBTU 
o f  n a t u r a l  gas s torage i s  used, a rough es t imate  
o f  t he  cos t  of above ground hydrogen s torage would 
be 7x1012 (seven t r i l l i o n )  d o l l a r s .  Th is  would 
probab ly  be unacceptable t o  both  hydrogen u t i  1 i - 
t i e s  and t h e i r  customers. Hence e f f o r t  should be 
put  i n t o  assur ing  t h e  v i a b i l i t y  o f  inexpensive 
storage, such as conversion o f  c u r r e n t  na tu ra l  gas 
s torage f a c i l i t i e s  to hydrngen serv ice .  

Storage a t  t h e  end use p o i n t  i s  no t  r e a l l y  an 
issue. I n  a pos tu la ted  scenar io  o f  widespread 
hydrogen usage, hydrogen wi 11 be a v a i l  ab le  on 
demand f rom d i s t r i b u t i o n  and d e l i v e r y  networks as 
n a t u r a l  gas now i s .  Res iden t i a l  users w i l l  almost 
never be i n t e r r u p t e d  and i n d u s t r i a l  and comnercial 
users w i l l  p re fer  o i l  as a back-up heat source 
r a t h e r  t han  expensive hydrogen storage. Thus 
storage a t  t h e  end-use p o i n t  w i l l  r a r e l y  be 
requ i  red. 

I n  sumnary then, t h e  most press ing need 
f o r  hydrogen s torage i s  not  a t  t h e  product ion  
p o i n t  (even f o r  i n t e r m i t t e n t  p roduct ion)  o r  t he  
end use p o i n t ,  bu t  r a t h e r  a t  d i s t r i b u t i o n  loca-  
t i ons .  Th is  i s  cons i s ten t  w i t h  c u r r e n t  n a t u r a l  
gas p rac t i ce .  Conversion o f  na tu ra l  gas s torage 
t o  hydrogen se rv i ce  may w e l l  p rov ide f o r  s torage 
a t  t h e  d i s t r i b u t i o n  po in t .  

5.2 Small Scale 9 

Small users may d e s i r e  t o  s t o r e  hydrogen, 
prov ided compat i b l  e, a f f o r d a b l e  modes are. ava i  1- 
able. I n  t h i s  study, p resen t l y  a v a i l a b l e  
and some p o s s i b l e  f u t u r e  techno log ies  are s tud ied  
w i t h  t h e  i n t e n t  o f  i d e n t i f y i n g  t h e  minimum cos t  
s torage techn ique f o r  var ious  combinations o f  
quan t i t y ,  c y c l i n g  f requency and p a r a s i t i c  energy,  
costs.  Peg p o i n t s  o f  10 MwHr e l e c t r i c  equ i va len t  
(34 MBTU), and a l eas t - cos t  s i z e  sca le  are iden- 
t i f i e d  f o r  each technology. 

Three bas i c  s torage forms are  considered: 
pressur ized gas, cryogenic l i q u i d  and hydr ide ;  
a f o u r t h  form, m ic roba l l oon  storage i s  a l s o  
estimated. For each form it i s  necessary t o  
develop ( 1 )  i n s t a l l e d  c a p i t a l  cos t ,  ( 2 )  f i l l i n g  
and .emptying equipment cos ts ,  and (3)  p a r a s i t i c  
energy consumption costs.  

For storage o f  p ressur ized gas, a v a r i e t y  
o f  convent iona l  pressure vessel  forms are  a v a i l -  
able. Those considered are,  s tandard ized API 
sphe r i ca l  .and spheroidal  vessels, s t e e l  pipes, and 
s tee l  pressure vessels. Comnercial est imates were 
used where possible.  The ques t i on  o f  an optimum 
pressure i s  considered; i n  f a c t  t he  c a p i t a l  c o s t  
minimum i s  very  broad. At  h i g h  pressure, hydrogen 
embri tt l ement phenomena d i c t a t e  rap id1  y i nc reas ing  
thicknesses w i t h  i nc reas ing  pressures, t o  ensure 
safety.  Economical 1 y, l ow  and moderate pressure 
storage l ooks  most a t t r a c t i v e  w i t h  i n s t a l l e d  
cos ts  be1 ow $1500/mi 11 i o n  BTU. 

Nonconventi onal pressure vessel  techno1 - 
ogies i nc lude  (1) pres t ressed cas t  i r o n  (PCIV) 
w i t h  i n t e g r a l  l i n e r ,  (2 )  p res t ressed concrete,  
(PCCV) , (3)  f i 1 ament wound metal  b l  adder, and 
(4 )  underground us ing  overburden pressure t o  
lessen s t r u c t u r a l  requirements f rom t h e  gas 
con ta in ing  bladder.  The PCCV i s  competi t i ve 
w i t h  l o w  pressure s torage i n  convent ional  vessel s 
and a t  l a r g e  s izes  and h i g h  pressures PCIV i s  
computat ional .  B u r i a l  o f  pressure vesse ls  i s  
uneconomical due t o  t h e  cos ts  o f  underground 
cons t ruc t i on ;  g reat  depths are  requ i red  f o r  
s i g n i f i c a n t  s t r u c t u r a l  c o n t r i b u t i o n s  f rom t h e  
overburden. 

The i n s t a l l e d  c a p i t a l  cos t s  o f  c ryogen ic  
nydrogen storage are developed, and seen t o  be 
a t t r a c t i v e  (<$75/MBTU) f o r  l a r g e  sca le  storage; 
a t  smal l  s izes  t h e  cos t  i n  $/MBTU i s  near t h a t  
f o r  gas storage, about $1400/MBTU. Hydr ide 
storage c a p i t a l  cos ts  approach $3400/MBTU, 
because o f  t h e  h i g h  p r i c e  o f  hydr ide  and the  
necess i t y  o f  a pressure vessel .  Microba l loon 
storage has t h e  lowest  vessel  c a p i t a l  cos ts ,  
c u r r e n t  es t imates  be ing  i n  t h e  $18-32/MBTU 
range. 

S ing le  c y c l e  p a r a s i t i c  energy cos ts  are 
determined: p ressu r i za t i on  cos ts ,  1 i q u e f a c t i o n  
costs,  combined heat and pressure f o r  t h e  micro- 
ba l l oon  system a l l  were developed and app l i ed  t o  
t h e  app rop r i a te  system. Cycl i n g  requirements 
(da i  1 y, week1 y and seasonal ) were added t o  t he  
above c o s t i n g  data. Using two scales,  t h e  34 MBTU 
and optimum size,  t h e  t o t a l  c o s t  ( i n s t a l l e d  
c a p i t a l  p l u s  p a r a s i t i c  energy (present  valued) 
p lus  c y c l i n g  requirements) was c a l c u l a t e d  us ing  
e l e c t r i c .  r a t e s  as a parameter. 

For e i t h e r  t h e  34 MBTU o r  t h e  optimum 
scale,  energy i n t e n s i v e  systems such as 1 ique- 
f a c t i o n  o r  microbal loons, f a r e d  p o o r l y  f o r  
d a i l y  cyc l i ng .  Low pressure s torage was the  
most economical technique, w i t h  cos t s  rang ing 
f rom 1200 $/MBTU (present va lue)  depending upon 
energy costs.  For weekly c y c l i n g ,  a complex 
mix developed dependent upon energy costs.  For 
seasonal cyc l i ng ,  t h e  energy i n tens i ve ,  l ow  
c a p i t a l  cos t  systems, were supe r i o r  i n  l a r g e  
sizes;  f o r  small (34 MBTU) q u a n t i t i e s  micro- 
ba l l oon  s torage appeared t o  be supe r i o r  ( l e s s  
than $100/MBTU) w i t h  l o w  pressure and l i q u e -  
f ac t i on  storage c o s t i n g  $1100-1500/MBTU. The 
costs  obta ined are  est imates,  and i n d i c a t e d  
c l e a r  choices f o r  l a r g e  seasonal, and bo th  
l a r g e  and small d a i l y  cyc l i ng .  Several choices 
are v i a b l e  f o r  t he  ot t rer  d u t y  cycles.  While 



microballoon storage estimates are rough, t h i s  
technology does look promising. 

Deta i led reports on .these systems studies 
are ava i lab le  upon request. The repor ts  are: 

Appl icat ions Analysis o f  F ixed-s i te  Hydrogen 

J. J. *annu%%. L. R0bins.n 
SAND78-8272 

May 1979' 

F i  xed-si te Hydrogen Storage : ' A Comparison o f  
Techno1 ogles and Economics 

S. L. Robinson & J. J. Iannucci 
SAND79-8646 
Oct. 1979' 

Sumnary o f  Accompl i shments 

1. Hydrogen induced slow crack growth does 
not appear t o  be a major concern i n  t y p i c a l  
p i  pe l  i ne steel  s. Gaseous hydrogen does, however, 
degrade the burst  strengths o f  flawed p ipe l ine  
segments and s i g n i f i c a n t l y  accelerates fa t igue  
crack growth rates. 

2. Techniques have been developed t o  measure 
the f r a c t u r e  toughness, JIG, o f  p ipe l ine  s tee ls  
i n  h igh pressure hydrogen. Pre l iminary r e s u l t s  
ind ica te  t h a t  the JIG o f  these s teels  i s  reduced 
by - -  60% i n  1000 ps ig  hydrogen. 

3. Tensi le t e s t s  o f  both laboratory  simula- 
t i o n s  o f  p ipe l ine weldments and actual pipe1 ine  
weldments ind ica te  t h a t  ne i the r  the fus ion zone 
nor t h e  heat a f fected zone are more susceptible t o  
hydrogen embritt lement than the parent metals. 

4. Two rather  extensive systems studies 
considering the f i  xed-si te storage o f  hydrogen gas 
have been completed. For 1 arge' scale storage, i t  
was concluded tha t  underground storage i s  the most 
economical opt ion and i s  ava i lab le  i n  s u f f i c i e n t  
quanti ty.  For smaller scale storage, the optimal 
storage technique i s  a func t ion  o f  the quan t i t y  
stored, the cyc le rate,  and the cost o f  e l e c t r i c a l  
power. 



THE INFLUENCE OF FERpJS''l1CROSTRUCl'URE ON THE - 
FATIGUE CRACK GROWTH RATE I N  AIR AND 114 HYDROGEN 

Abstract 

Harry F. Wachob 

Fa i lu re  Analysis Associates a t  
NASA-Ames 'Research Center 

Mater ia ls  Science and Appl icat ions'  Off i c e  
Mai l  Stop: .ST0:230-4 

M o f f e t t  F ie ld ,  CA 94035 

An improvement i n  the fa t igue  crack, growth 
resistance o f  a commercial low strength s tee l  i n  
a i r  and h igh pressure hydrogen may be possible by 
the proper se lec t ion  o f  microstructure. ' Various 
ferrous microstructures--tempered martensite, aus- 
tempered ba in i  te ,  and normalized pearl  i te--were 
produced by standard heat treatments o f  an A516- 
670 carbon steel .  The near-threshol d, fa t igue  
crack growth r a t e  was measured as. a funct ion o f  
microstructure,. env.ironment, R r a t i o  (Pmin/Pmax)., 
and a1 te rna t ing  s t ress i n t e n s i t y .  Results are 
presented which i n d i c a t e  t h a t  increased amounts o f  
f ree  f e r r i t e  and p e a r l i t e  increase the crack, growth 
rates and decrease the fa t igue  threshold s t ress i n -  
tensity. '  Addi t ional ly ,  these observations are sup- 
ported by:fsactographic. and metal1,ographic cor- 
re1a t io .n~ .  

In t roduct ion 

Hydrogen i s  a v iab le  supplement t o  the present 
natura l  gas supply system. Independent o f  the pro- 
duction, storage, o r  transmission method used, the 
i n t e r a c t i o n  o f  hydrogen w i th  various containment 
mater ia ls  plays an in tegra l  r o l e  i n  the success o f  
a hydrogen technology program. I n  .order t o  imple- 
ment a-hydrogen energy system a t  a reasonable cost, 
low-cost mater ia ls  must be developed t h a t  are com- 
p a t i b l e  w i t h  h igh pressure hydrogen. 

Previously, low st rength ferrous a l l o y s  were 
bel ieved t o  be immune t o  degradation i n  .a hydrogen 
environment. However, the r e s u l t s  o f  Chandler and 
~ a l  t e r Y 1  Clark,2 and N e l ~ o n , ~ - ~  . ind icated poten- 
t i a l  problems w i t h  hydrogen-iron in te rac t ions  under 
cyc l  i c  loading condit ions. Under the containment 
mater ia ls  element o f  the HEST Project,  studies were 
i n i t i a t e d  t o  f u l l y  understand,the i n t e r a c t i o n  o f  
h igh pressure hydrogen w i t h  low st rength s t ruc tu ra l  
s tee ls  under s t a t i c  and c y c l i c  loading condit ions. 
The i r  r e s u l t s  suggest t h a t  hydrogen produces dra- 
matic changes i n  the fa t igue  and fa t igue  crack 
growth behavior o f  s tee l .  

suggests t h a t  the metal 1 u r g i  ca l  
microst ructure plays a 'major r o l e  i n  determining 
the mate r ia l ' s  resistance t o  hydrogen degradation. 
However, these.resul ts  are f o r  h igh s t rength s tee l  
a l l oys .  One cannot d i r e c t l y  apply the h igh 
s t rength microst ructura l  co r re la t ions  t o  the low 
st rength a l loys  wi thout  support ing experimental 
evidence. Thus, the goal o f  t h i s  program i s  t o  
determine the in f luence o f  microst ructure on the 
crack growth resistance o f  low strength .ferrous 
a l loys  exposed t o  h igh pressure gas-phase hydrogen. 

Experimental 'Procedure 

An ASTM steel  p l a t e  a l l o y  A516-670 was chosen 
as a representat ive s tee l  t o  perform the exper i -  
mental phase o f  the program. The chemical compo- 
s i t i o n  (.22 w/o C, 1.1' w/o Mn, and .21 w/o S i )  i s  
s i m i l a r  t o  the f e r r i t i c - p e a r l i t i c  s tee ls  frequent- 
l y  used i n  pressure vessels and natura l  gas pipe- 
l i nes .  

Tensi le and compact tension (CT) specimen 
blanks were cu t  from the 1.25 cm t h i c k  p la te.  The 
t e n s i l e  specimens were c u t  w i t h  the test ing,  a x i s  i n  
the long transverse (L-T) d i rec t ion .  The compact 
tension specimens were c u t  i n  the L-T d i r e c t i o n  
(crack growth i n  the shor t  transverse-rol  1 i n g  'd i  - 
rect io 'n plane). The blanks were heat-treated ac- 
cording t o  one o f  the fo l low ing  schedu1.e~ : 

1. 14orial ized micros.tructure - 870°C as received 
condit ion. 

2: Ba in i te  - 
a. Austeni t ize a t  1200°C f o r  314 hr.  
b. Isothermally quenched t o  450°C and held 

f o r  1-112 hours. 

3. Quench and tempered martensite - 
a. Austeni t ize a t  1200°C f o r  314 hr .  
b. Ag,itated i c e  water quench, 
c. ,Temper a t  450°C f o r  1-112 h r .  

The normalized microst ructure i s  a dual -phase 
microstructure; 30% pearl  i t e  and 70% a - f e r r i  te .  The 
f e r r i t e  r a i n  s i ze  i s  s35pm. Numerous manganese 
s u l f i d e  &nS) s t r ingers  o r  inc lus ions have been 
elongated i n  the r o l l i n g  d i rec t ion .  A t y p i c a l  met- 
a l lographic  sect ion o f  the normalized mater ia l  i s  
shown i n  Figure 1. 

The b a i n i t i c  microst ructure i s  a combination 
o f  a continuous f e r r i t e  network surrounding the 
200um b a i n i t e - p e a r l i t e  grains. Packets o f  b a i n i t i c  
and p e a r l i t i c  carbides make up the i n t e r i o r  p o r t i o n  
o f  the, grains. 

The martensi t i c  microst ructure i s  s i m i l a r  t o  
the b a i n i t i c  mater ia l .  However, i n  t h i s  case, no 
f r e e - f e r s i  t e  i s  observed. Ins ide the 200vm gra in  
boundaries, packets o f  tempered martensi t e  and 
b a i n i t e  are the dominant metal lographic feature. 

A sumnary o f  the meta l lu rg ica l  and mechanical 
proper t ies o f  the various microstructures i s  given 
i n  Table 1. The t e n s i l e  proper t les l i s t e d  were 
measured i n  an amblent a i r  environment. Tests were 
performed a t  the p l a s t i c  s t r a i n  rates o f  



2 x  10-2s-1and 2  x  s - l .  140 l a r g e  s t r a i n  r a t e  
s e n s i t i v i t y  was observed. Th is  i s  i n  agreement 
w i t h  r e s u l t s  . o f  6aner jee . lo  

Standard 1/2T-CT specimens were used t o  
measure f a t i g u e  crack  growth ra tes .  Specimens were 
machined and loaded accord ing t o  ASTM E399-74. How- 
ever,  an improved equat ion  f o r  s t r e s s  i n t e n s i t y ,  
proposed by Newman," which accounts f o r  t h e  i n f l u -  
ence o f  t h e  p in- loaded ho les  and a p p l i e s  ove r  a  ' 

w ide r  range o f  a/w was used i ns tead  o f  t he  ASTM 
E399-74 proposed equat ion.  

Fat igue t e s t s  were performed under constant  
c rack  opening displacement. Under t h i s  cond i t i on ,  
t h e  a1 t e r n a t i n g  1  oad increment (Pmax-Pmin), and 
thus AK, decreased as t he  c rack  f r o n t  extends. 
T h i s  l o a d  decay and assoc ia ted compliance change, 
as a  f u n c t i o n  o f  cyc les ,  was recorded and subse- 
q u e n t l y  used i n  t h e  data  reduc t i on  program. The 
f a t i g u e  t e s t s  were performed a t  R r a t i o s  
(Pmin/Pmax) .between 0.1 and 0.15. Tests were pe r -  
performed e i t h e r  i n  an ambient a i r  environment o r  
i n  a  6.9 MPa gaseous hydrogen environment. 

Frac tograph ic  and me ta l l og raph i c  analyses were 
performed on t h e  specimens a f t e r  t e s t i n g  was com- 
p le ted .  I f  e tch ing  o f  t h e  f r a c t u r e  sur face o r  
me ta l l og raph i c  sec t i ons  was requ i red,  a  4  mg P i c r i c  
a c i d  i n  100 ml o f  methanol s o l u t i o n  was used. 

Resu l t s  and D i s u s h  

Fa t i gue  Tests 

The c y c l i c  p r o p e r t i e s  o f  t h i s  f e r r i t i c - p e a r l -  
i t i c  grade o f  s t e e l  were i n f l uenced  g r e a t l y  by t h e  
h i g h  pressure  hydrogen environment. For  a l l  m ic ro-  
s t r u c t u r e s  i n v e s t i g a t e d  ( p e a r l i t i c ,  m a r t e n s i t i c ,  
and b a i n i t i c ) ,  t h e  f a t i g u e  crack  growth r a t e s  
(FCGR) were f a s t e r  i n  hydrogen than i n  a i r .  I n  
a d d i t i o n ,  f o r  a  g iven m ic ros t ruc tu re  t he  f a t i g u e  
t h r e s h o l d  s t r e s s  i n t e n s i t y  was s l i g h t l y  lower  i n  
hydrogen than i n  a i r .  

The crack  growth v e l o c i t i e s  a t  AK> 15 M P ~ - m f ,  
i n  an a i r  environment (see F igu re  2 )  appeared t o  be 
independent o f  m ic ros t ruc tu re .  However, a t  t h i s  
va lue  o f  AK, t h e  b a i n i t i c  and m a r t e n s i t i c  specimens 
appear t o  have had a  comnon f a t i g u e  thresho ld .  On 
t h e  o t h e r  hand, t he  normal ized m i c r o s t r u c t u r e  
specimens cont inued t o  c rack  and approached a  
t h r e s h o l d  va lue o f  8-9 #pa-m*. Work by Xasounave 
and  ailo on,'^ A i t a  and weertman,13 and t4elson3 on 
p e a r l i t i c - f e r r i t e s  i s  i n  good agreement w i t h  t he  
present  normal ized m ic ros t ruc tu re  r e s u l t s .  These 
researchers  used a  wide v a r i e t y  o f  i r o n s  and s t e e l s  
wh ich  i n d i c a t e s  t h a t  t h e  FCGR i s  r e l a t i v e l y  inde-  
pendent o f  base metal  chemistry and minor micro- 
s t r u c t u r a l  v a r i a t i o n s .  

The f a t i y u e  th resho ld  values f o r  t h e  marten- 
s i t i c  and b a i n i t i c  m ic ros t ruc tu res  were somewhat 
h i g h e r  than a n t i c i p a t e d .  I n  general ,  one would an- 
t i c i p a t e  h igher  s t r e n g t h  s t e e l s  t o  have lower  
f a t i g u e  thresho lds .  One poss ib le  exp lana t i on  f o r  
t h e  h i g h e r  th resho lds  i s  t h a t  m ic ros t ruc tu res  hav- 
i n g  l a r g e r  p r i o r  a u s t e n i t i c  g r a i n  s izes  have h ighe r  
t h r e s h o l d  values. Th is  t r e n d  has been observed by  
R i t ch ie14  and t4asounave.12 Experiments a r e  pres- 
e n t l y  underway t o  determine the e f f e c t  o f  p r i o r  

aus ten i  t e  g r a i n ' s i z e .  A second exp lana t i on  i s  t h a t  
t h e  m a r t e n s i t i c  network exe r t s  a  s t rong  c o n s t r a i n t  
upon the  degree o f  p l a s t i c  deformat ion  t h a t  can 
occur a t  t h e  c rack  t i p .  Th is  cou ld  e x p l a i n  t he  
r e s u l t s  o f  Suzuki and i k l c ~ v i l y l ~  i n  a  duplex f e r r i t -  
i c - m a r t e n s i t i c  m ic ros t ruc tu re .  I n  t h e i r  experiment 
a  cont inuous m a r t e n s i t i c  network r e s u l t e d  i n  an i n -  
crease i n  s t r e n g t h  and f a t i g u e  th resho ld  l e v e l  as 
compared t o  a  cont inuous f e r r i t e  network. Whether 
these arguments a re  v a l i d  f o r  t h e  t e s t s  performed 
i n  a i r  and,can be extended t o  t h e  r e s u l t s  i n  hydro- 
gen i s  y e t  t o  be determined. 

The e f f e c t  o f  hydrogen on the FCGR and thresh-  
o l d  has n o t  been f u l l y  i nves t i ga ted .  The r e s u l t s  
on the  normal ized m a t e r i a l  i n  a  6.9 MPa hydrogen 
environment a r e  e s s e n t i a l l y  a  l i n e a r  e x t r a p o l a t i o n  
f rom the  h ighe r  AK values o f  Nelson's r e s u l t s 3  on 
a  1020 s t e e l .  

I n  a  hydrogen environment, t he  b a i n i  t i c  and 
m a r t e n s i t i c  m ic ros t ruc tu res  e x h i b i t  a  s i m i l a r  be- 
h a v i o r  t o  t h e  normal ized m ic ros t ruc tu res  above 
AK =13 MPa-mf. The hydrogen FCGR's a re  shown i n  
F igure  3. Below t h i s  value, t h e  m a r t e n s i t i c  mater-  
i a l  has an apparent f a t i g u e  t h r e s h o l d  of -12.5 
Npa-mf; t he  b a i n i t i c  m a t e r i a l  has a  t h resho ld  of 
211.5 ~ ~ a - r n f ;  and l a s t l y ,  t he  normal ized p e a r l i t i c  
ma te r i a l  has a  t h resho ld  o f  28 ~ ~ a - m * .  S i m i l a r  
arguments cou ld  be used t o  e x p l a i n  t h i s  t h resho ld  
o rde r i ng  as were used f o r  those observed i n  t he  a i r  
environment, p a r t i c u l a r l y  w i t h  respec t  t o  t h e  r e -  
s t r a i n t  of  p l a s t i c  deformat ion a t  t h e  crack t i p .  

Frac tograph ic  Ana lys is  

A change i n  f a t i gue  f r a c t u r e  topography occur-  
r e d  upon go ing from a i r  t o  a  6.9 MPa hydrogen en- 
v i ronment.  The most d r a s t i c  changes occur red fo r  
t h e  normal ized m ic ros t ruc tu re .  The pr imary  f r a c t o -  
g raph i c  f ea tu res  f o r  t h e  normal ized m i c r o s t r u c t u r e  
a f t e r  f a t i g u e  i n  a i r  (R % 0.15; v = 1  Hz) are :  
(1)  d u c t i l e  t e a r i n g  o f  a - f e r r i t e  and f a t i g u e  s t r i -  
a t i o n s  (see F igure  4)  which may be the  r e s u l t  o f  
p l a s t i c  b l u n t i n g  and resharpening o f  t he  crack t i p ;  
( 2 )  s t rong  in f luence o f  t h e  r o l l i n g  i n c l u s i o n s  o f  
FlnS, which appeared as sharp e longated secondary 
cracks on the  f r a c t u r e  surface; and (3 )  a  l a r g e  
amount o f  secondary c rack ing  a long p e a r l i t e - a -  
f e r r i t e  i n te r faces ,  as shown i n  F igu re  5. These 
fea tu res  were seen over  t he  e n t i r e  range o f  a l t e r -  
n a t i n g  s t r e s s  i n t e n s i t y .  However, as AK decreased, 
t he re  were i n d i c a t i o n s  o f  l e s s  o v e r a l l  gross p las -  
t i c i t y  assoc ia ted w i t h  t h e  f r a c t u r e  process. 

When the  normal ized specimens were f a t i g u e d  i n  
6.9 hlPa hydrogen, t h e  f r a c t u r e  mode changed from 
t ransg ranu la r  a t  AK = 24 ~ ~ a - m f  t o  i n t e r g r a n u l a r  
near t h e  th resho ld ,  AK 18-10 MPa mf. The m a j o r i t y  
o f  i n t e r g r a n u l a r  f a i  1 ures occur red a t  f e r r i t e -  
p e a r l i t e  boundaries, w i t h  t h e  remainder occu r r i n9  
a t  f e r r i t e - f e r r i t e  i n t e r f a c e s .  A f t e r  t h e  f r a c t u r e  
sur face was etched, t h e  i n t e r g r a n u l a r  na tu re  of 
t h e  f a i l u r e  can e a s i l y  be seen (see F igure  6).  I n  
add i t i on ,  evidence o f  secondary c rack ing  and MnS 
i n c l u s i o n  e f f e c t s  were absent. A  summary o f  these 
f rac tog raph i c  f ea tu res  i s  g iven i n  Table 2. 

The f a i l u r e  mode i n  t he  b a i n i t i c  and marten- 
s i t i c  specimens was p r i m a r i l y  t r ansg ranu la r  i n  both  
hydrogen and a i r  environments . Summaries o f  



the actual fractographic features are l i s ted  in 
Tables 3 and 4, respectively. Scanning micrographs 
of the bainit ic specimens (Figures 7 and 8) and the 
martensitic specimens (Figures 9 and 10) show the 
general features observed in the a i r  and hydrogen 
environments. In the bainit ic microstructure in- 
tergranular fai lures occur a t  pearl i te-ferri te in- 
terfaces. Of the 10% intergranular fai lures ob- 
served in the martensitic specimens, no evidence 
was found that  these areas can be correlated to 
free f e r r i t e  or  pearl i t i c  type regions. The gen- 
eral indication seems t o  be that  increased amounts 
of free f e r r i t e  and/or free f e r r i  te-pearl i t e  inter-  
faces appear to  decrease the fatigue threshold 
value and/or increase the FCGR a t  comparable AK 
levels. This is consistent w i t h  the idea of de- 
creased deformation a t  crack t ip s  producing the 
same effect. One would expect to  see increased 
plast ic deformation with increased amounts of f ree  
fer r i te .  Clarification of the role of f e r r i t e  
and/or deformation mechanisms will be of high 
priori ty in future experiments. 

1. A t  AK'S =I5 MPa-m (v = Const., R = Const.) 
crack growth rates (CGR) for  a l l  three micro- 
structures are the same in a i r ;  CGR1s a re  accel- 
erated i n  He but are  again approximately equal. 

2. Bainite and Q+T martensite have a higher 
fatigue threshold value a t  mHz than the 
normalized microstructure i n  both H2 (6.9 WPa) and 
a i r .  

3. The hydrogen fatigue thresholds are decreased 
from those observed in a i r .  

4. For A516, higher strength levels do not 
necessarily reduce the fatigue threshold values or  
increase da/dN as might be inferred from the l i t -  
erature. An increase in A K ~  may be the result  of 
a reduced plastic zone size. This i s  supported by 
the fac t  tha t  increased amounts of a- fer r i te  appear 
to  cause a decrease in the fatigue threshold value 
and subsequently higher CGR1s a t  comparable A K  
1 eve1 s. 
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Table 1. Heat Treated Properties o f  A516. 
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Figure 7. Herringbone Transgranular Fa i lu re  o f  
Baini  t i c  Specimen A f t e r  A i r  Fatigue. 

Figure 8. Transgranular Fa i lu re  i n  a B a i n i t i c  
Specimen A f t e r  Fatigue i n  6.9 MPa Hz. 

Figure 9. Typical Fracture Surface o f  a Marten- 
s i t i c  Specimen A f t e r  Fatigue i n  Ai r .  

Figure, 10: F r e t u r e  'SClrface o f  a blarteih'i t i c  
Sptxfmgn F@tlgued i n  6.9 MPa Hz. 
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Table 3. Frulctdgl-aplly o f  Mini t i c  A516. 
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Table 4. Fractography o f  Quench and Tempered A516. 
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ABSTRACT 

This program was established to determine the feasibility of 
laser beam welding as a fabrication method for hydrogen transmission 
and is a prermreor in the effort to systematically provide the 
technological base neceseary for large-scale, economic pipeline trans- 
mieeion of fuel for a hydrogen energy system. The study contributes to 
the technology base by establiihing the sensitivity of two claeses of 
staela to gaseous hydrogen environment effede and debmining the 
effect of conventional weld prowam and laser beam a id ing  on 
properties. Screening evaluation of the tensile, low-cycle fatigue and 
fracture toughem properties and metallurgical analyees provide the 
b a i s  for concluding that laser beam welding of AISI 304L stainleee 
steel and ASTM AlWB c,nrbon steel can produce weldments of 
comparable quality to thoee produced by gas-tungsten arc and 
electron benm welding and is at  least equally compatible with 13.8 
MPa (2000 peig) g m u s  hydrogen environment. 

INTRODUCTION 

The evolution of a hydrogen energy system requires major 
technology development programs. Regardless of the means of 
production, transmission and storage of hydrogen will be required. 
Current gaa transmimion pipeline technolm forms the bme from 
which hydiwgen transmitmion will grow. However, unlike naturnl or 
hydrocarbon gases, hydrogen has a unique effect upon many metals in 
that it embrittles or degrades properties. This effect upon material 
properties has been studied most extensively in tbe development of 
hydrogen-fueled rocket engines. For space applications, use of 
expensive, highly alloyed materials and very stringent processing is 
justified. The economics of gas transmission systems, however, require 
the use of lower mat, more plentiful structural materials. 

Mild and low alloy steels are being considered because of the 
economic factor. A problem exists, however, in that most ferritic steels 
are susceptible to degradation of structural properties resulting from 
hydrogen exprmure over a wide range of conditions. Since numerous 
welded joints are required in the fabrication of transmission pipelines 
and storage systems, an additional problem exists - weldments 
appear more susceptible to hydrogen depadation (embriftlement) 
than the parent alloys. Moreover, various welding processes may yield 
different degrees of susceptibility. In general, welding proceaseci that 
minimize fusion and heat-affected zones tend to produce high 
integrity welds that are leas susceptible to hydrogen degradation and 
also produce joints that maintain many of the characteristics of 111s 
parent material. Preliminary research by United Technologies Re- 
search Center indicated that laser weldments possess these desired 
qualities. 

This program was established to determine the feasibility of 
laser weldinrr as a fabrication method for hvdmaen transmission and is 
a precunror'in the effort to systematically the technological 
base necessary for large-scale, economic pipeline transmission of fuel 
for a hydrogen energy system. The study contributes to the technology 
base by establishing the sensitivity of two clasaes of steels to gaseous 
hydrogen environment effects and determining the effect of gas 
tungsten arc welding (GTAW), electron beam welding (EBW), and 
laser beam welding (LBW) on properties. Screening evaluation of the 
important mechanical and metallurgical properties of the materialrr 
provided the basis for conclusions concerning the feasibility of LBW. 

The logic upon whieh this program waa structured is diagramed in 
Figure 1. 

I 

Parent Material Propsrlisr. Ah, and Hydrogen 

welded Matwid Pmp.rtlu. Air and IWdr~wn 

I 

I b U Weldlng Feadbb for 
Hydrwn Plpsllna Appllutlons? 1 

Figure I .  Process far Obtaining Rogram Results and Conclusions 
from the Laser Welded Hydrogen Transmission Pipeline 
Eualwtion 

Experimental efforts in this D m a m  included 154 mechanical 
properties teete of AISI 304L stain& steel and A106B carbon steel in 
ambient pressure air and m o u s  hydmaen. The hvdneen envimn- 
ment tee& were conducted-at a pressure i f  13.8 M P ~  (2000 psig). the 
pressure projected for economicltl transmission of hydrogen 
(Reference 1). Testing involved going directly to the anticipated 
operating pressure and establishing the sensitivity of the materials 
and weldments to hydrogen environment. The effects of potential 
hydrogen pickup during welding or evaluation of thermally charged 
specimens were not investigated since thev were not within the scow 
of work included in this prbgram. 

The primary goal of these 
define, the hydrogen phenomenon and provide preliminary data for 

- 

use in designing a hydrogen energy system. The overall test program 
is diagramed in Figure 2 and outlined in Table I (Appendix). The 
specific mechanical properties tests and metallurgical analyses are: 



1. Tensile PmpeMes - Smmt h and notccd tennilr 
properties were determined wing ASTM E8 
pMCBdur%s. 

2. Low-Cycle Fatigue - Low-cycle fatigue life .was 
establiahd ueinp; constant total strain teciting 
techniques. 

W Fraoture 'l'oughnm - fieeture toughness pa- 
ramem w~ established wing ASTM E-,W 
procedures, where applicable, and 3-Integral 
techniques. 

4 Metallography - Metallurgicat evaluation w a ~  
conducted to characterize the parent and welded 
materials. Alio, fractographic evaluation wacr 
conducted on representative sampleci of failed test 
specimens to aid in axplaiaing test result ah- 
normalities. 

ISiguFe 2. Pmgnrm Wline fw t k  & u l ~ t i o n  of h e r  WeMed 
/Hjilrogen Tkammission Pipelines ." 

_ 5. 

This pro@- DOE Contract EC-77-C-02-4465, was apon~ored 
by DL. James H. $wisherJ ansjathnt direcfar. Physical Storage 
&&ems, Department of Energy, Washington D.C.( under the techni- 
cal cognizance of Dr. H. F. Walchob, NASA-Ames Racrearch Center. 
Moffett Field, QliforBia. Mr. J w p h  Mueci was the Pratt B Whitney 
Aircraft Group Government Products Division Program Manager. 

This &gram aa initidly &signed has been completed, the 
wults and conalusions of which are contained herein. At the time of 
writ in^ this paper, a contract modification had been received. The 
scope of work has been increased to complete the tertt matrix w shown 
in Table L The testing of an additional seventeen -1ded low-cycle 
fatigue specimene wit1 engble an assessment &K to the effect of 
hydrogen environment oc the welded material. This amwsnent will 
pennit the selection 6f the welding technique which result# in a weld 
lea& susceptible to hydrogen degfadation. Publicaton of the final 
report d l  be defmed until cornpietian of the work covered in the 
contract medication and its inclusion therein. 

John A. Harris Jr. and J. Mucd are project materials engineer 
and mistant project materials engineer, respectively, in the Materials 
and Mechanics Technology Laboratmy of the Pratt & Whitney 
Aircraft Group Government Products Division ofthe United Techn~l- 
odes Camation, P.O. Box 2691, Wet  Palm Beaeh, Florida, '33402. 

CONCLUSIONS 

General 

The test efforts in t h ?  program consisted of conducting parear 
and welded material mechanical properties tests of two claims crf 
pipeline mls, AISI 304L stainless &el and AlWB carbon &eel, 
proposed for use in a  hydro@^ energy s+st.em. Properties determined 
in the hydrogen environment were compared to pmpertieci determined 
in air at the same conditions ttr establish environment Geesadation. 
The effect of ga~ tung&m am, electran beam and laser beam welding 
on the mechanical and metall~~gict#l properties of the two steels was 
also determined. 

The following rating system was established tn determine the 
degree of degradation due to 13.8 MPa (2OaO pig) gmourt hydrogen 
environment and served as an aid in making alloy comparimci: 

1. Ektremely Degraded (ED) - Hydrogen environ- 
ment reduced the property or life (in air) greater 
than 5W6. 

2. Severely Degraded (SD) - Hydrogen envimn- 
ment reduced the property or life (in air) p t e r  
than 26%. but less than 60%. 

3. Degraded @! - Hydrogen environment reduced 
the propwty or life (in pir) greater than loci. but 
less than 26%. 

4- Negligible Degradation (ND) - Hyd~ogen en- 
vironment reduced the property or life (in air) less 
than lo%, or had no d & r i m d  effect. 

This is the same ratkg system uaad in previous P&WA Gmup 
hydmgen envirohental dkgr.adatim inhtigqtions, several of which 
arc indi ted ipr%ke~ces 2; 3;, apd 4. Using this rating s)wtem. the 
Table shown below &plays the dt@ee of degfadation bawd on %sf 
result averages, for the MSI 3ML ahd A1MB materiala in the parent 
and welded conditions tested, where a cornpafable test in air wa,s 
conducted. h the case of the smqth &ensile testa, if any property 
(yield strength, ultimate &en&, elongation or redudion crf area) was 
degraded, the degradation rating is that of the_plbat severely defladed 
property. 

Use ef these degcadation conclusions must be tempered by the 
fact that very limited numbers of testa were couducted for each 
condition and normal data matter could influence or change the 
degradation rating. ' 

WeM Smooth NPrch Cow-Cycle 
Material - AYE T d  Tenst'& Fatiguc 
AISl W. Parent Material ND WD ED 

GTAW N D N D E D  
GTAW (HAZ) r-53 
eBW D ND 
&BW (HAZ) ND 
LEW ND ND 
L W  (HA.2) N D .  

AImR Paren* Materiel SD D ED 
CiTAW D D 
GTAW MAZ) D 
EBW &D D 
EBW (HAZ) D 
LRUr D B 
LBW (MAZY D 



The m a  ptominent effect of hydrogen environment on the 
mechanical ~ p a r t i e s m t u a t e d  in this p r m m  occurred in the Inw- 
cycle fatigue [LCF) %&s. The LCF life was e x t m s l y  degraded for 
both materials $ the parer& material condition, due to 13.8 MFa 
(2000 pig) gaseous hydrogen. Rednctim in mean lives of appmx- 
irqaCely 60 and 88% was indicated for the AISI 304L and A106B 
materials, respectively. 

The &@I 3- material b W l e  pmpertiw were the least 
degraded of all properties &ivhted, In kci ,  with the exception of 
elsccldn beam welded (EBW) material,,b>qligible degradation if any, 
was exhibited in the AISI 3@L parent and wdded materiel cnndi- 
tions, For the A W B  meterial degradation from the degraded to severe 
dagree wan exhibited for all conditions evaluated. 

I 

The prime e f f w  of hydrogen on the tensile prstpertiw of B e  
A106B mdtexbl was the degradation of ductility. The degradation 
ratings, fm the mwtpart, are therefbre based primarily upon ductility 
effects. The relatjve extenb of hydrogemdegradation is summarized in 
Table II (Appendix). 

The effect of hydmgen mvifwment on the fracture t o w h n a  
properties was not eetabliihed in this program since all t a t s  were 
conducted in air. 

The maet prominent &ta of welding also occurred ih the LCF 
testa. For both materials, ~onventional welding [gas tungsten arc 
welding (GTAW) and electron beam welding (EBW)I resulted in 
substantial redwtions m mean LCF life. App&mately 60@; reduc- 
tion in mean WF fives (compared to parent material) nccurred as a 
result of both GTAW and EBW of the AISf'304L material. The GTAW 
and EBW of the A106B material resulted in approximately 50 and 27=; 
reductions in mean h%, mpctivelg. 

The most bene6oial effect of T a  beam welding (LBW) wasseen 
in the LCF Wta. The LBW reduced the mean LCF life from that of 
the A1Sr304L parent materiel onty 23%. For the AlmB material, no 
detrimental e&ct on LCF W was indicated, gleart~ demonstrating 
the potential of this. means 6f joi* niqterials.- he relative effects of 
welding on mean LCF lives are summarized in Table III (Appendix). 

The GTAW, EBW, q d  LBW of the AISI 304L and A106B 
materials resulted in d u & d  tensile ductility. No significant dif- 
ferences between any of the welding p f o c e w  could be establshed in 
terms d@nsile atrength propeFties. The efkxts of welding on tensile 
pmperties are summarized in Table IV (Append"?). 

As was anticipated for AISI 3Q4L and klOBB steels' in the 
specimen con&yr@jion tee@ (%-in. thick, 1W compaat tension), 
valid Kfr parameters per ASTM E399 could not be met. The alternate 
method of tihis p r o c e d ~  covers the determination aP the specimen 
strsngkb ratio, &, a function of the total stress (McA and P/A 
stregsea) a t  the neck tip, resulting from the maximum load the 
specimen ean sustain and the yield strength of the material. The 
specimen gtrength ratim, established for the fracture toughness tents 
in this program, caa be significant as a measure of material toughness 
when resulta are cornjhmd fw specimens of the same form and size. 
This method allows a quantitative comparison to determine the effect 
of the various welded conditions on the subject materials. 

The R, analysis for both the AISI 304L and A106B materials 
indicates that for the GTAW, EBW, and LBW conditions, R, values 
are all comparable to that of the parent materials. On a statistical 
basis, no significant differences in & could be established due to the 
various weldments. Moreover, firm conclusions as to the effect of the 
various weldments on l& could not be made due to the small sample 
sizes evaluated and the date scatter experienced. The effects of 
welding on bC are summarized in Table V (Appendix). 

In accordance with ASTM -74, specimen size requirements 
must be met to assure linear elastic behavior. Thicknetis must be 
ample such that the crack tip plastic zone is qmatrained by sufficient 
elastically lormded material to assure failure without significant plaqtic 
defmmation. Testing of the sub$& inatedab, in the 1W configura- 
tion, indicated considerably in~ufiicient Ehicknescl to ahtain plane- 
s b d n  conditions. Therefore, the J-Integral agpmach was wed in an 
attempt to obtain Kt* values (lbfmenas 5 tiaad'is). This appmach to 
fracture behavior yields linear elartsc @ctwe toughness values Rom 
thinner plastically loaded specimens. 

The J-Integral analysis of the AlMB parent wteriJ indicated a 
K,,(J) fracture toughness value of 16.1 M P a 6  (177.5 h i  
6.). Fm the AISI 304L parent material np .Il,, (4 valdb could he 
obtained, as such kge amounts of plastic d e ~ o r ~ h t i &  @ccurred that 
nnly 4 reduction in ep,ecimen thicheae ~ u l t & I , ~ , f i  crack growth 
whatsoever eecurred, as antfdp@& fip the small s M m e n s  'of AIR1 
3ML aaterial. It w m  hoped G a t  "emljrittleaant" due to the welding 
pmcesses would result in typical fracture toughness specimen hehav- 
ior; however, this did not happen. 

The testing done in thi !-am was of necessity very limited. 
and conc1~~1iow as to the d e m e  of degradetioh and the effects d 
welding may be shown to be in@mct by rrddi&nal. stattdically 
significant, inqatigatioqa. General observations can be made, how- 
wm. to classify %he 8ubYct materials and esta>fish th9 merits of laser 
beam weldii: 

1. Prope&ies of both, AISI 50BL stainless steel and 
A1085 carbon @eel are extremely affected by * 

hydrogen environment. 

2. The LBW proseas ia a*-least emnparable to 
conventional wdd p r m w  in terms of LCF life. 
where the effects of welding were moat prominent. 

3. Laser beam miding of ~ i p e  to ASME h i l e t  and 
pl.~seure vessel code specifteatiom, ,ip ~cpgible. 
Bowe@al due to mcesdwe variatton in pipe wall 
th&kW, whi& is con8idered tyaical . for this . 
application, addWonal weld lmmxm devslojment 
is required. Over and under peneration was' 
directly attributable ti% p i p  wall thickness vari- 
ation and the resultant porosity. 

We conclude, therefore, that @#,is feasible for fabricating 
nystems for transmission and. storage of 'hi&-premure ~ a ~ e o u s  
kvdr-n. It has the pobential to impratt? *ldtrfrent integrity and 
peffartllance, and subsequently, the safety of those systems. 

Materldr and Weldtng 

Test Materfalr 

The test anntel'ials, AlSl 3fML stainless steel and ASTM A106B 
carbon steel, were evaluated id the form of No. 5, Schedule 16n ' 
seamless pipe 1141.3-mm (5.562-in.) autsjde diameter. 16.9-mm 
(0.625-in.) ?all thicknew]. 

Chemical analysis and tensile evaluation of the test materials 
established them as meeting basic contract requirements., 

Weld Procedures 

Weld joints wepe produced in the pipe materials b~r the gas 
tunpten m welding (GTAW), e l e d m  beam welding (EBW. and 
laser beam welding (LBW) processes by joining two 50.8-mm (2.0-in.) 
lengths of pipe as illustrated in Figure 3. 

Weld schedules were established for each material prior to 
joining of the pipe segments. Weldments were produced usinp current 
process specificatiom or, in the absence of specifications, state-of-the- 
&t procedures. No post-weld heat treatment was performed. 



aritttion fh$ & vf;n'dm b penetrafian feqm"mem, hut it also 
ra$ulted in an out-of-roundnew condition which caused change in 
beam focus at the surface as the pipe was rated .  S i c e  penetration 
is strongly dependent on beam focus, the chanp;e in weld surface 
loaation was felt to be a principal cause for penetration variation. 
Selected weldiig parmeters represented a compmmise between 
higher power, which wulted in local dmp-through, fmmation of 
bottom bead glohulw and top bead u n M 1 U  in thew regions and lower 
power ehich provided inadequate penetration in thicker sections. 

Flgue 3. Pipe WeMment Showing Specimen Orientation 

Weld Charecterlzaiion 

Gas Tungsten An: Welds 

Weld metal in the AISI 304L material welded by the GTAW 
process consisted entirely of 7 (austenite) grains and metal carbides. 
Varying grain sizes were obaewed conesa~nding to the multipanr: 
nature of the weld. For the A106B material, the weld metal consisted 
of a layered structure cawed by the multipass nature of the weld. 
Subsequent weld p a w  transformed initially depmited material hack 
to austenite and refined the grain size. The lower weld passes 
contained fully tempered martensite, whereas the upper passes 
contained untempered martensite. The last weld pass consisted d 
coarse grains of untempered martensite. Typical AISI 304L and 
A106B GTAW joints are presented in Fipre  4. 

Figure a. nprcar A131 304L (Left) and A106B (Right) Electron Beam 
Welded Joints 

Visual examination of welds indicated smooth positive reinforce- 
ments of both face and root heads in sections in which wall thickness 
was within parameter limits. A macrograph cross section through a 
typical stainless steel weld shown in Figure 6, illustrates the 
nanowsided, deep penetration weld obtained by the high-power laser 
process. This weld exhibits a relatively small crown approximately 
3.8 mm (0.15 in.) wide at  the surface which rapidly narmws to a 
parallel-sided fusion zone approximately 1.6 mm (0.06.7 in.) wide. 
Evidence of scattered fine [<0.5-mm (0.020-in.) dial and medium 
1<0.8-mm (0.031-in.) dial porosity can also be observed in the cros 
section. Existence of scattered porosity in the welds was evident in 
radiographs taken both normat to the workpiece surface and at a 
30-deg angle to the surface normal. In weld regirms which were visually 
acceptable, the pomsitv levels were, in general, within the aceepta1)le 
limits of the ASME Boiler and Pressure Vessel Code. However. in 
regions in which over penetration or under penetration occurred. weld 
porosity levels and other weld bead characteristics did not meet code 
requirements. These areas of weld code nonconformance were not used 
for specimen fabrication. 

4. QpiCa.1 AISI 304L (LeftJ and A1068 (Right) Gas Tungsten 
Are Welded Joints 

Electron Beam Welds 

Weld metal in the AISI 304L material welded by the EBF 
process alsqgonsisted entirely of austenite grains and metal carbides. 
An austenite dendritic Btntcture was more pronounced near the face of 
the weld. For the Al08B EBW meterial, weid metal consisted of femte 
at  prior austenite grain boundaries and within grains in a plate-like 
morphology, all in a matrix of pearlite. Metal carbide dispersions were 
also obse~ed.  Typical AISI 304L and A106B EBW joints are 
presented in Figure 5. 

Laser Beem Wlda 

Nonuniform penetration was generally evident in the sample 
welde, eapedally in AlMB material, and incomplete penetration was 
evident in some ceaee. The weld nonuniformity was atttibuted to the 
variation in the doe wall thickness. Not onlv did the thickness 

Figure 6. Q p i c a l  AISI 304L (Left) and A106B (Aight) Laser Beam 
Welded Joints 

An A106B carbon steel weld crms aectian is shflwn in Figure 6 
and illustrates the poeitive face and root bead reinforcements 
produced in this material. The weld exhibits a 4.8-mm (O.l@-in.) wide 
crown a t  the surface and 1.9-mm (0.075-in.) wide cmwn at the bottom 



of the weld. The depth of the final pass, approximetely 1Q.2 m& 
(0.4 in.), is clearly visible in the macrograph, as is the madual 
widening t o w d  the top of the weld and the smwth cpntour at the 
weld facer Theaebtter c h a c t e r i h  were the result of the slnwer 
weld s@ m well w the fact *at the h l  pass was a partial 
penetration wdd. Aa e%ident inbfigure 6, the pass dom not appear to 
hatre caused additional weld defecb However, the death d pne-  
tration d the paes may be.mcwive and could ,&abI;v be 
fubaWtially r&duced. These results also indicate the potenfd ~f this 
procedrpe for wld&g. 

The wt$d.metal~~f the I B W  &El1 SWL material conshted solely 
of a u s d ~ i  @aim and 1peta1 *ides. k in the EEW AISl XhtL 
mateIrial, t& austenite appears qore d w t i c  in Rature new the top 
of tht: weld. 

Nearly kill of the weld &I d @e LBW AIWB wttrial 
c d & d  BrriIfe (Ii.g)*, p h a d  Q&f kt prior aPat "-'t&> grain 
h u p w e i  and a&ta*& aamfmmeg aqstenia m&a.%&re is a 
graiii &eEt-&&~6nSiatbg of 6ne f d t e  qnd pesrlite od&fes near 
the top ePtb apili6. llris area cmespoada to the heat-affected m e  of 
the fhal pass. 

Additianal weld parameter deuelopme$t'for LBW of the materi- 
als ip the configuration evaluated in this p v m  ia recommended. 
Such parsmeter devslapment shwld inch& .pyvisigns for centetleas 
ddw of the pip to maintain the outer surface at a fixed point relative - 

to the beam focus, and means for v81:iation of welding speed wilh 
circumferential po.sition m pmllortion to pipe P I 1  thioknesa. 

Upon optimization of the LBW t&hni@e for these materials, 
the prosew s h d d  be tranaitimed to anotkw dim, pmfaraMy a'high- 
hnnfhmaterial auoh aa A-288 and/or one of'dhe 3PT-mki of staeh, 
because of &heir s9ngth and weight advapkage, In addition ,h the 
o ~ t i m i m t ~  of procw phmeten?, the Sie.mf weld.f%&t inateriais 
and poe*eld treatments ( Z ~ A S E R ~ ~ L A ~ & ~  f J t e b c e  8) tg prevent 
hydrogen degmd'ation, of Wldmenb are 1- e x ~ o h k 8 , q f  this 
propram. , , 

l ' b s e  and other qreas of ~ecommended asti~ity to &el$ LBW 
as a vlable fabrication method for h y m  transnjikpn and stnmge 
system8 are outbed in Pi+ 7. These aotivitien are outlined in a ' 

step-bpstep mquence with allowances after each step for decision8 
regarding the merit of continued dewelopmenk The epd goal b tn have 
a reliable and safe means for fabrication of sy&msready,'when ttit! 

Weld metal porosity wae eMent in all weldments of h t h  h y h e n  fuel becomes emnomic~y mib~e. 
maMria1s. SmalL egg-shaped pore6 were o b m e d  on the fracture 
surfaces d most EBW &d G-, and to a lender extent. LBW 
apecimem. Similar vof* are com~only found in carbon and stainless F-W d Lurr *Jdlnu 
weldmen? and may be assmiaeed *tb a high, preweld oxygen level tor nydmen Plp.lim ApPIIO.don 

(Reference 7). ~ ~ n i ' b t u g r a ~ h i c  analyais indicated that both  steel^ 
used in this p r o m  would be clabsifikd as being susceptible to weld 
pore formation. 

Inert O u S h W  

DISCUSSION 

The mwhanical .properties evaluation of LBW materials was 
encowaging and additional development is indicated. We feel that 
LBW is pertainly feasible for pipeline fabrication. Much of the 
optimism isl baed on the performance of the LBW material in the 
W F  tesb. We hivd i&emed that t a t s  which involve relatively long- 
term expyugp to hydrogen envimnmenta at high straWetrens levels, 
such wLCF or weep-mpture, ere the most severe tests of a material 
for hy&ctgen degrahtion. Short-term tensile tests will not always 
indicate a material's long-term susceptibility to hydrogen degrada- 
tion. Creep-rupture is nqt a conaideration for a pipeline since the 
operating temperatures are ambient and nowhere near the creep 
regime for these materials. Low-cycle fatigue could become an 
iwreaaing concern for hydrogen pipelines because of their long 
expected life and the potential consequences of failure. Fortunately, 
however, most pipelines are designed for operating stream below the 

tyvehy and&. Ev- 
,sumo aild w w d  

W e p m  Dlpw- 

DW6lOp~dfWf%dUOlO 
gUow IhhiMton to 

level where LCF is a concern. 

Pipeline sizes projected for economical transmission of gaseous 
hydro& approach a l.aSin (4-ft) diameter with operating prerrsuren of 
18.11 MPa (2000 mid. This would im~ly  wall thicknesses of 178 mm --- .- -,- 

(7 in.) using the materials studied inthia program. Th uae of more I I 
expensive, but considerably stronger materials, may become economi- I - 
caliy awactive due to the reduced amount of material inwlved and 
the tesultant lighter weight. The lighter weight would atso result in 
1- expensive 'had& and constm~lion costa. It is in the joining of 
tiase high9ttength alloys that should exoei. 

Regardless of the material employed, the qualty of the 
weldments must b codefderably improved. Aempace welding &an- 

Fabrhtlon D a m ~ o n  and 
verltioatkn oi Sample Plpdi.ne 

scdon 

I 
Wdw Equipm.nt .nd 

Rlcluca 19 PnoBc. M Add 

dards, signifmantly mop rigid than current pipeline standards, may 
be required. Experience with high-pr-ure hydmgen aer-pace Figure ,. Recommended of Activity to,Bwe Tlcie 
systems indicates weld defects of the type encountered during this 
program could lead to pipeline or vessel failure. Ultimately, 
actual pipeline testing of representative size materials and pres 
will establish final weldment quality and design criteria. 

! 



APPENDIX 

Table I. Experimental Test Outline to Determine the Effects of 
~ ~ b l ~  11. ~ ~ ~ ~ ~ d ~ ~ i ~ ~  of ~ ~ ~ i l ~  ~ + ~ ~ ~ ~ ~ i ~ ~  of AISI304L and AIOGB in Welding and Susceptibility of Welded Pipeline Materials to 

Hydrogen Degradation 13.8 MPa (2000 psig) Gaseous Hydrogen at 24'C (75OF) 

Degradation* 
Mechanical Roperties Tests Decrease from Air (9b) Ratio of 

Low- Strength ~~~i~ of NotchlSmooth 
Smooth Notch Cycle Fracture 

ultimate Ultimate 

Material Weld Type Enuironment"' Tensile Tensile"' Fatigue Toughness Weld Notch 0.2% Ductility strength Strength 

AlSI Parent Material Air 2 2 3 2 
Material Type Factor Yield Ultimate El RA H,lAir Air H. 

3ML Hydrogen 2 2 2 AISl Parent Smooth **  **  
304L Material 8.0 5.0 2'5 1.36 1.23 

GTAW Air 2 2 1 , ~  2 
Hydrogen .2 2 :3 GTAW Smooth *' '* " .* 

8.0 2.5 1.43 1.28 
GTAW (HAZ) Air 2 2 

Hydrogen 2 GTAW 8.0 2.3 0.98 1.51 1.36 

EBW Air 2 2 a*, 2 
(HAZ) 

Hydrogen 2 2 .  6 EBW Smooth * *  **  1.7 19.0 1.04 
8.0 3.3 0.97 1.44 1.34 

EBW (HAZ) Air 2 2 
Hydrogen 2 EBW 8.0 4.1 0.96 1.44 1.33 

LBW Air 2 2 
(HAZ) 

2 
Hydrogen 2 2 3 LBW Smooth * *  '* " 

8.0 6.6 1.42 1.30 
LBW (HAZ) Air 2 .2 c- 

Hydrogen . 2 LBW 8.0 5.0 0.95 1.43 1.33 

ASI'M t'aP&nt MBtePiAl AiY 
(HAZ) 

L L 1 L 
A106B Hydrogen 2 2 4 A106B Parent Smooth * *  * *  

GTA W Air 2 2 (4) 2 Material 8.0 13.3 12" 29.2 1.64 1.35 

Hydrogen 2 2 4 GTAW Smooth ** 
GTAW (HAZ) Air 2 2 8.0 17" 7'5 2.01 1.81 11.0 

Hydrogen 2 GTAW 8.0 22.8 0.77 1.68 1.30 
EBW Air 2 2 2 (HAZ) 

Hydrogen 2 3 4 EBW Smooth ** 1.1 18.8 30.2 : 
EBW (HAZ) Air 2 2 8.0 11.9 

Hydrogen 2 EBW 8.0 21.2 0.79 1.62 1.29 
LBW Air 2 2 2 (HAZ) , 

Hydrogen 2 2 4 LBW Smwth .* *' 
LBW (HAZ) Air 2 2 8.0 15.0 13'3 22'2 1.76 1.49 

Hydrogen - - 2 - - LBW 8.0 20.3 
, Total Specimen Testa - 154 32 57 :I7 28 (HAZ)  

0.80 1.&5 1.47 

- - 
"'Air Tests at  24'C (75'F), 1 atmosphere; hydrogen tests at 24'C (76'FI. 'Degradation calculated using average values of air and hydrogen tests. 

13.8 MPa (2000 psig) "Average value in hydrogen approximately equal to, or greater than, that in air. 
"'Stress Concentration Factor. KT = 8.0 
"Two testa added per contract modification 
"Three tests added per contract modification 



Table III. Effect of Welding on the Mean LCF Life of AISI 
304L and A106B Steels in 13.8 MPa (2000 psig) 

- ,  Hydrogen 

Table V. Effect of Welding on the Strength 
Ratio (Rsc) of AISI 304L and A106B 
Steels ' 

Mean Ratio of Weldedll'arent 
Material Weld Type L C F  L i l e  Materiol Mean L C F  L i l e  

AISI 3041. Parent Material 2.074 
CTAW 84 2 0.41 
ERW 864 0.42 
IJ3\\' 1.5R8 0.77 

AIORH Parent Material 489 
CTAW 244 O.M 
ERW 358 0.73 
LRW 599 1.22 

Table IV. Effect of Welding on the Tensile Properties of AISI 304L 
an A106B Steels 

Hotio 01 
Weldll'arent Material 

Strength 

Notch . 0.2';; 
Uuctilit)' - 

Motprial Weld l k p e  Factor Enuironrnent* Yield Ult imate E l  HA 
AlS l  C T A W  Smooth Air 1.36 0.99 0.48 0.35 
304 1. Smooth Hydrngen 1.24 I.OR 0.M 0.91 

8.0 Air 1 .05 ' 
8.0 Hydrogen 1.07 

C T A W  (HAZ)  8.0 Air 1.10 
8.0 Hydrogen 1.14 

ERW Smooth Air 1.24 0.98 0 . ~ 6  0.97 
S m m t h  Hydrogen 1.19 0.97 0.CXl 0.87 

8.0 Air 1.04 
8.0 Hydrogen 1 .OR 

ERW IHAZ)  8.0 Air 1 .M 
8.0. Hydrogen 1 .05 

I,RW Smooth Air 1.21 0.99 0.69 0.93 
Smooth Hydrogen 1.12 0.96 0.65 0.94 

8.0 Air 1.04 
8.0 Hydrogen 1 .O? 

I,R\V (HAZ)  8.0 Air 1.04 
8.0 Hydrngen 1.04 

Al06H C T A W  Smooth Air 0.95 1.04 0.75 n.99 
Smooth . Hydrogen 0.91 0.98 0.71 1.22 

8.0 Air I .2R 
8.0 Hydrogen 1.32 

C T A W  (HAZ I  8.0 Air I .ffi 
8.0 Hydrogen 0.95 

ERW Smooth Air 0.96 1.03 o.w, 0.98 
Smooth Hydrngen 0.92 0.97 0.m 0.97 

8.0 Air I . 0 ~  
8.0 Hydrogen 1.04 

EHW (HA%) 8.0 Air I .or 
8.0 Hydrogen 0.92 

' I.RW S m m t h  Air 1.10 0 0.81 0.96 
Smooth Hydrozen 1.07 1.00 0.m 1.06 

8.0 Air 1.13 
N.0 Hyd ryen  1 . 1 1  

Ratio of 
WeldedlParent Material 

Material Weld Type Auemge R, 

AISl 3041, C T A W  0.88 
CTAW (HAZ)  0.97 
ERW 0.97 
ERW IHAZ) I .W 
I.RW 1 .M 
I,RW (HAZ)  I .OR 

AlORR C T A W  1.11 
CTAW (HAZ)  1 .OR 
ERW 0.I)fi 
ERW IHAZ)  1.00 
I.RW 0.90 
I.RW (HAZ)  1.20 
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INFLUENCES OF STRESS STATE ON HYnRflCEN EMBF.ITTLEMEMT 

M. R. Louthan, Jr., R. P. McNitt ,  T. A. Adler ,  J. Mura l i  and P. E. Smith 
V i r g i n i a  Po ly t echn i c  I n s t i t u t e  and S t a t e  Un ive r s i t y  

Blacksburg,  VA 24061 

Abs t r ac t  

Exper imenta l  hydrogen embr i t t l emen t  s t u d i e s  of  
A-106 and 4340 steels have shown t h a t  hydrogen i n -  
c r e a s e s  t h e  e a s e  of c r ack  p ropaga t i on  i n  bo th  
a l l o y s .  Delayed f a i l u r e  tests w i t h  4340 s t e e l  
samples have demonstrated t h a t  t h e  o n s e t  of  hydrogen 
embr i t t l emen t  i s  q u i t e  s e n s i t i v e  t o  macroscopic 
s t r e s s  s t a t e  and sperimen t h i cknes s .  The t h i cknes s  
e f f e c t  is  r a t i o n a l i z e d  i n  terms of  t h e  need f o r  a 
c r i t i c a l  s t r e s s  e x i s t i n g  t o  a m i c r o s t r u c t u r a l l y  
s i g n i f i c a n t  depth  i n  t h e  loaded  sample. No de layed  
f a i l u r e  was observed  i n  A-106 s t e e l  samples;  how- 
e v e r ,  c r ack  i n i t i a t i o n  and growth s t u d i e s  have 
shown t h a t  t h e  c r a c k  p a t h  is  p r i m a r i l y  macroscopi- 
c a l l y  pe rpend i cu l a r  t o  t h e  maximum normal s t r e s s ,  
p r i m a r i l y  t r a n s g r a n u l a r  a l t hough  n o t  p l a n a r  w i t h i n  
each  f e r r i t e  g r a i n .  No s t r o n g  dependence on tri- 
a x i a l  s t r e s s e s  is r equ i r ed  and c r a c k  i n i t i a t i o n  
sites a r e  t y p i c a l l y  s u r f a c e  f l aws  o r  i n t e r n a l  
d e f e c t s  such  a s  i n c l u s i o n s  and s t r i n g e r s .  P l a s t i c  
deformat ion  is  an  appa ren t  p r ecu r so r  t o  hydrogen 
induced c r ack  growth i n  t h e s e  s t e e l s .  These obser -  
v a t i o n s  imply t h a t  t h e  s u s c e p t i b i l i t y  of  s t e e l s  t o  
hydrogen embr i t t l emen t  can  b e  minimized by proper  
de s ign  c r i t e r i a .  

I n t r o d u c t i o n  

Q u a l i f i c a t i o n  of  m a t e r i a l s  f o r  hydrogen ser- 
v i c e  is a d i f f i c u l t ,  t ime consuming t a s k .  Sho r t  
t ime t e n s i l e  t e s t s  i n  gaseous hydrogen may show , 

l a r g e  s c a l e  s u r f a c e  c r ack ing  and s e v e r e  l o s s e s  of  
d u c t i l i t y  i n  me t a l s  and a l l o y s  which a r e  appa ren t l y  
una f f ec t ed  by exposure  t o  s i m i l a r  hydrogen environ- 
ments under s u s t a i n e d  s t a t i c  l oad ing .  Cyc l i c  
t e s t i n g  may i n d i c a t e  hydrogen induced l o s s e s  i n  
f a t i g u e  l i f e  and monotonica l ly  i n c r e a s i n g  t h e  l oad  
on compact t e n s i o n  samples may show hydrogen en- 
hances  c r ack  growth i n  m a t e r i a l s  which have been 
s u c c e s s f u l l y  used i n  hydrogen s e r v i c e  f o r  s e v e r a l  
decades .  Because of  t h e  appa ren t  d i f f e r e n c e  between 
l a b o r a t o r y  t e s t i n g  and i n - s e r v i c e  expe r i ence ,  
i n d u s t r i a l  and l a b o r a t o r y  workers  may d i s a g r e e  a s  
t o  meaning of  "a q u a l i f i e d  m a t e r i a l . "  The r e -  
s e a r c h e r ,  i n  recommending a m a t e r i a l  f o r  a new 
hydrogen a p p l i c a t i o n  may sugges t  a h i g h  p r i c e d  
m a t e r i a l  of  l i m i t e d  a v a i l a b i l i t y  i n s t e a d  of a low 
c o s t  common s t e e l ,  even though t h e  steel ha s  shown 
y e a r s  of  s u c c e s s f u l  u s e  i n  a n  a p p l i c a t i o n  s i m i l a r  
t o  t h e  new p roces s .  The r e s e a r c h e r  may be  con- 
cerned  about  t h e  h i g h e r  hydrogen p r e s s u r e  and 
p o s s i b l e  c y c l i c  l o a d s  i n  t h e  new a p p l i c a t i o n  and 
t h e r e f o r e  f e e l s  t h a t  t h e  o l d  m a t e r i a l  i s  u n q u a l i f i e d .  
S i m i l a r i l y ,  t h e  i n d u s t r i a l  worker i s  concerned w i th  
t h e  l a c k  of expe r i ence  w i t h  t h e  new "unqual i f ied"  
m a t e r i a l .  C l e a r l y ,  any s a f e ,  e f f i c i e n t  hydrogen 
s t o r a g e  and/or  t r a n s f e r  system must b e  c o n s t r u c t e d  
from "qua l i f i ed"  m a t e r i a l s ;  however, a s t anda rd  
f o r  m a t e r i a l  q u a l i f i c a t i o n  h a s  n o t  y e t  been e s t ab -  
l i s h e d .  Furthermore,  e s t ab l i shmen t  of  such  a 
s t anda rd  i s  u n l i k e l y  u n t i l  t e s t  programs i n c l u d e  a 
wide v a r i e t y  of  t e s t s  and u n t i l  t h e  r e s u l t s  of such  
t e s t s  can  be  c o r r e l a t e d ,  a lmost  d i r e c t l y ,  w i t h  i n  
s e r v i c e  exper ience .  Such c o r r e l a t i o n s  a r e  o f t e n  
d i f f i c u l t  because  of t h e  l a c k  of d a t a  which demon- 

s t r a t e  t h e  e f f e c t  of  s t r e s s  s t a t e  on hydrogen 
embr i t t lement  p roce s se s .  S t r e s s  s t a t e  d a t a  i s  
nece s sa ry  because  l a b o r a t o r y  t e s t i n g  i s  o f t e n  done 
w i th  samples expe r i enc ing  u n i a x i a l l y  a p p l i e d  l oads  
w h i l e  i n - s e rv i ce  components gene ra l l y  expe r i ence  
ve ry  complex s t r e s s  s t a t e s .  Because of t h e  l a c k  of 
s t r e s s  s t a t e  d a t a ,  V i r g i n i a  Tech i s  conduct ing  an  
exper imenta l  t e s t  program t o  a s s e s s  t h e  i n f l u e n c e  of 
stress s t a t e  on hydrogen embr i t t lement  p roce s se s .  
This  r e p o r t  d e s c r i b e s  r e s u l t s  of  t h a t  t e s t  program. 

M a t e r i a l s  and Procedures  

The s t e e l s  t e s t e d  i n  t h i s  i n v e s t i g a t i o n  were 
ASTM type  A-106 g r ade  B s t e e l  p i p e ,  AISI-1015 and 
AISI-4340 s t e e l  p l a t e .  The composit ion ranges '  f o r  
t h e s e  s t e e l s '  a r e  shown i n  Table  1. Previous  r e p o r t s  
t o  t h i s  con fe r ence ,  [1 ,2 ,3]  d e s c r i b e  t e s t  r e s u l t s  
from t h e  V P I  s t u d i e s  of  t u b u l a r ,  d i s k  r u p t u r e ,  and 
smooth b a r  t e n s i l e  samples have concluded t h a t  
de layed  f a i l u r e  hydrogen embr i t t lement  of  f e r r i t i c -  
p e a r l i t i c  s t e e l s  is u n l i k e l y  and t h e  majqr concern 
is hydrogen e f f e c t s  on c r ack  growth. Because of 
t h e s e  p a s t  r e s u l t s ,  r e c e n t  e f f o r t s  have concen t r a t ed  
oh tests of compact t e n s i o n  and preflawed d i s k  
r u p t u r e  samples.  These samples were prepared  from 
f e r r i t i c - p e a r l i t i c  s t e e l s .  However, because  of t h e  
p o r t e n t  of  de layed  f a i l u r e  i n  any hydrogen system, 
s t a t i c  l oad  t e s t s  were a l s o  cont inued  w i th  t h e  4340 
and A-106 s t e e l s .  No de layed  f a i l u r e s  of  A-106 
s t e e l  specimens were ob t a ined  a l though s e v e r a l  
impor tan t  f e a t u r e s  of  t h e  de layed  f a i l u r e  p roce s s  
were found i n  4340 specimens loaded i n  bending s o  
t h a t  t h e  s u r f a c e  s t r e s s e s  were e i t h e r  b i a x i a l  o r  
u n i a x i a l .  A l l  tests were made a t  room tempera ture  i n  
t e s t  equipment de sc r i bed  i n  Reference  [ 4 ] .  

Compact Tension Samples 

The amount of c r ack  growth which accompanied a 
g iven  c r ack  opening d isp lacement  i n  a compact ten- 
s i o n  sample machined from A-106 p i p e  s t o c k  was much 
g r e a t e r  when t e s t s  were conducted i n  14 MPa hydrogen 
t han  when tests were conducted i n  a i r  o r .  oxygen 
environments (F igu re  1 ) .  Es t ima t e s  of  J from t h e s e  
c r ack  opening z. c r a c k  growth d a t a  showgd t h a t  t h e  
c r i t i c a l  J f o r  c r ack  growth was l e s s  i n  14  MPa 
hydrogen t han  i n  t h e  o t h e r  environment (F igu re  2 ) .  
For specimens t e s t e d  i n  oxygen t h e  c r i t i c a l  J va lue  
was s e n s i t i v e  t o  specimen and hence i n c l u s i o n  o r i en -  
t a t i o n .  No such  o r i e n t a t i o n  dependence on t h e  
i n i t i a t i o n  of c r ack  growth was observed f o r  spec i -  
mens t e s t e d  i n  hydrogen. However, a s  i s  appa ren t  
from (F igu re  1 )  c r ack  growth i n  samples t e s t e d  i n  
bo th  hydrogen and oxygen is  s e n s i t i v e  t o  i n c l u s i o n  
o r i e n t a t i o n  and was e a s i e s t  when t h e  c r ack  was 
p ropaga t i ng  p a r a l l e l  t o  t h e  l ong  a x i s  of  t h e  i nc lu -  
s i o n s .  

Measurements of  t h e  s i z e  of  t h e  Luders bands 
a s s o c i a t e d  w i th  a g iven  c r ack  opening (F igu re  3) 
showed t h a t  hydrogen had l i t t l e  o r  no e f f e c t  on 
macroscopic flow c h a r a c t e r i s t i c s  of  t h e  me t a l  p r i o r  
t o  c r a c k  growth. However, hydrogen d id  e f f e c t  c r ack  
growth. The p a t h  of hydrogen a f f e c t e d  f r a c t u r e s  was 



primarily transgranular, not planar within each 
ferrite grain and macroscopically perpendicular to 
the maximum normal stress, even in the area of 
plane stress. Significant local plastic deformation 
accompanied crack growth although no large scale 
crack blunting or stretch zone formation preceeded 
the initiation of crack growth. These observations 
show that the often proposed dependence of hydrogen 
embrittlement on triaxial stresses is not apparent 
in these tests. In fact, these observations are 
not consistant with any single theory for hydrogen 
embrittlement. However, the large observed effects 
of hydrogen on crack growth processes in A-106 . 

steel demonstrate that similar ferritic-pearlitic 
steels should not be used for hydrogen service 
unless design criteria are developed which insure 
that the structure will experience little or no 
plastic deformation during its service lifelime. 

Disk Rupture Tests 

The disk rupture tests of AISI 1015 steel 
samples support the results from the compact tensio~~ 
samples. Tests with preflawed samples showed that 
gaseous hydrogen significantly increased flaw 
growth and lowered the rupture pressure of the 0.4 
mm thick samples. In spite of the microscopically 
localized adverse effects in the near flaw tip 
region, pressure deflection and curvature-pressure 
measurements (Figure 4) showed that the macroscopic 
deformation characteristics, under biaxial loadings, 
were not affected by hydrogen. 

The hydrogen enhanced flaw growth caused the 
samples tested in hydrogen to leak by the develop- 
ment of a through thickness elliptical shaped crack 
(Figure 5) while the typical sample tested by 
oxygen pressurization failed by rupture. Scanning 
electron microscopy showed that the flaws began to 
grow in the latter stages of the deformation and 
that the hydrogen enhanced growth was by faceted 
fracture processes. Microvoid coalesence was the 
typical failure mechanism in the oxygen tested 
samples. Clearly, hydrogen enhanced flaw growth is 
an undesirable effect; however, because of the 
tendency for stable crack growth it is possible 
that a leak-before-break criteria for hydrogen 
storage system could be achieved by choosing ferrite- 
pearlitic steels as materials of construction. 
Significant prior plastic deformation has been 
necessary for each hydrogen induced failure produced 
in this series of tests. Furthermore, the earlier 
tests, described in previous reports to this confer- 
ence, have shown that internally pressurized cylin- 
ders stressed to 95% of their rupture pressure will 
not fail during 5000 hours exposure even when the 
stress state in the cylinder wall is cycled from 
cylindrical to spherical by the application of an 
external load. These severely stressed tubular 
samples were subsequently overpressurized to failure 
after the long term exposures and no losses in 
rupture pressure were observed. Perhaps the most 
significant conclusion that can be reached from 
these studies is that smooth surfaces do not indicate 
the adverse hydrogen effects always found in flawed 
samples. Because engineering structures will 
almost certainly have some flaws (sharp corners, 
weld defects, etc.) extrapolation of test results 
from smooth samples is not conservative and can 
lead to the assumption that materials degradation 
is unlikely when, in fact, severe degradation will 
occur because of microscopic, plastic deformation 
in a near flaw region. Delayed failure tests with 

AISI 4340 samples elucidate this "flawed region con- 
cept" and indicate that for a flaw to be of concern 
it must be of a microstructurally significant size. 

Delayed Failure Tests 

Delayed failure tests of four point loaded 
strip samples of oil quenched, martensitic steel 
samples showed that the minimum surface stress 
required to cause failure decreased from approxi- 
mately 1170 MPa the thinnest samples tested (0.13 
cm) to about 830 MPa for. samples about 0.25 cm 
thick (Figure 6). Considerable data scatter was 
observed in the delayed failure tests; however, the 
results of over 50 tests summarized in Figure 6 
clearly indicate an definite trend. Fractographic 
studies of the f a i  1 ed "uniaxial" samples showed 
that failure initiated in the near surface region 
by intergranular cracking. The size of the hydrogen 
affected area (or volume) apparently increased 
until some critical crack was obtained and the 
remainder of the sample failed by unstable crack 
propagation. This rapid r~ack growth occurred by 
microvoid coalesence and was accompanied by extensive 
plastic deformation which caused surface roughening 
(or minute cracking) and an associated shear lip. 
The region of intergranular fracture was located in 
the region of maximum stress in all failed samples. 
The center and edges of the samples both served as 
crack initiation regions with about 40$ of cracks 
starting at the edges. 

Failure of the clamped and unclamped plate 
samples (biaxial surface loadings) differed from 
failure of the four point loaded samples in several 
respects. No thickness effect was observed in the 
"biaxial" samples for the range of thicknesses 
examined. Samples stressed to principal stresses 
in excess of 830 MPa generally failed during the 
120 hour exposure while samples stressed below that 
level were not apparently affected. Intergranular 
cracking was observed throughout the fracture 
surface as were limited regions of microvoid coales- 
ence. Typical crack pattern for the "biaxial" 
samples (Figure 7) was for multiple cracks with at 
least two cracks meeting a right angle. No macro- 
scopically multiple cracking was observed in the 
"uniaxial" samples. Rationalization and under- 
standing of the differences in hydrogen induced 
delayed failure in the two classes of samples shows 
that macroscopic stress state plays a major role in 
the embrittlement process. A detailed interpre- 
tation of the thickness effect is incomplete; 
however, the thickness effect can be rationalized 
through a critical stress - critical zone model 
similar to that developed to explain the temperature 
dependence of KIC[5]. This model predicts that a 
failure will occur when a critical failure stress, 
o*, exists over a microstructurally significant 
depth a into the san~yle. This characteristic 
microstructural parameter is postulated to be 
greater than a grain diameter and has been estimated 
at 50 grain diameters [6]. 

The stress through the cross section ofan 
elastically loaded four point bend sample increases 
linearly with distance from the neutral axis. Thus 
the ratio of the surface stress, om, to the stress 
at any depth, o, must equal the ratio of the speci- 
men half thickness, t, to t - a where a is the 
depth of which o is measured. If a is equated to 
some critical stress below which hydrogen embrittle- 
ment might not occur, a* the following is obtained: 



Om t - = -  
a* t-a 

D h k  nup.tme - AISI 1015 steel - p:essurized by 
.(I) either H2 or O2 

In this equation a is the minimum surface stress 
required to provid; a zone of depth a which has 
stresses above the critical stress for hydrogen 
embrittlement. If a is related to microstructural 
features and is a constant for a given material and 
loading then am is clearly a function of specimen 
thickness. Empirical fitting of the data in Figure 
6 to Equation 1 gives values of several hundred 

a) H pressurization in preflawed samples 2 
lead to elliptical front crack growth 
in sample 

b), crack growth in Hz was by faceted fracture 
c) crack growth caused leak before burst in 

d) 0 pressurization led to specimen bursting 
w$th accompanying microvoid coalesence . 

- 
grain diameters. Although such values are larger 
than the 50 grain diameters estimated for overload Delayed 6aiewre - 4340 steel uniaxially and 
fracture obtained by considering the probability of biaxially statically stressed in a H~ environment 

favorable orientation for slip, they may be reason- 
able if one col~siders that in this case the proba- 
bility is not for slip but for grain boundary Erac- 
ture because of hydrogen accumulation.' If this 
rationalization is correct, the critical zone must 
decrease when biaxial stresses are applied. Such a 
decrease is to be expected because the probability 
of favorable grain orientations should increase as 

a) uniaxial loading failures started from a 
site of intergranular cracking then 
failed by unstable crack propagation 

b) thickness effect noted wherein the thicker 
samples required a lower max surface 
stress. 

c) biaxial tests showed no thickness effects. - 
the stress state goes from uniaxial to biaxial. 
Based on this critical size rationale other biaxial In view of the numerous effects observed that 

samples should show a thickness effect if the same depend on the particular loading it seems clear 

,.hickness is reduced sufficiently. Such an investi- .that proper certification of a material for hydrogen 

gation is under current study. service include testing of that material in its 
probable operation mode. 

Closure 

That specimen configuration, stress state and 
static vs. dynamic loading are important in the 
material qualification process for use in hydrogen 
service can be seen in the following observations 
regarding particular tests. 

Compact tenhion - A-106 steel - when pulled in 
H as compared to O2 it was observed that 
2 

a) crack growth initiated at lower loads 
b) crack growth rate was higher 
c) for a'given load Luders Band zone was 

unaffected. 
d) no crack front stretch zone seen in "H2 

samples" 
e) H assisted fracture was transgranular as 

contrasted to microvoid coalesence in 02. 
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Table I. Compositions of steels tested in this investigation, wt. %. 

P S Si ' Ni Cr Mo Fe 

C Mn Max Max 

ASTM A-106 grade B 0.25 max 0.27-0.93 0.10 min balance 

AISI 1015 0.13-0.18 0.040 0.050 balance 

AISI 4340 0.38-0.43 0.60-0.80 0.040 0.040 0.20-0.35 1.65-2.00 0.70-0.90 0.20-0.30 balance 
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Figu re  1 

Crack growth,  Aa, a s  a f u n c t i o n  of c r a c k  opening 
d i sp l acemen t ,  6 ,  f o r  compact t e n s i o n  samples of  
ASTM A-106 s t e e l .  The samples were loaded  i n 1 4  
MPa (2000 p s i )  A2 o r  0 . Crack growth a t  maximum 
l o a d  was e s t ima t ed  by i r aw ing  s t r a i g h t  l i n e s  
through t h e  d a t a .  

F i g u r e  2 

J i n t e g r a l  as a f u n c t i o n  of  c r ack  growth,  Aa, f o r  
.compact t e n s i o n  samples of  ASTM A-106 steel. The 
samples were loaded  i n  1 4  MPa (2000 p s i )  Hz o r  02 .  

8 .(in) 
F i g u r e  3 

Under s t r a i n  band w id th  a s  a f u n c t i o n  of c r ack  
opening d isp lacement ,  6 ,  f o r  compact t e n s i o n  
samples of  ASTM A-106 steel. The samples were 
loaded  i n  14  MPa (2000 p s i )  Hz o r  02. 
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Figu re  4a 

P re s su re -de f l e c t i on  cu rves  f o r  f lawed samples of 
AISI 1015 s t e e l  t e s t e d  i n  hydrogen and oxygen. r 
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Figu re  4b 
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'4 

Curvature  p r e s s u r e  measurements f o r  f lawed samples 
of  AISI 1015 steel t e s t e d  i n  hydrogen and oxygen. 

0 -Data from Snnlge h e l g h t  va. pres sure  carvee. 

A .-Raptared I n  hydrogetr. 

>( -Ruptured l n ' o x y g e n .  
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Figure 5 , Figure 7 
b 

Scanning electron fractograph of flawed sample 
tested in  hydrogen which failed by the develop- Fractured biaxial sample showing typical crack 

ment of through thickness crack. (50x1 pattern for clamped samples. 

for  g i w n  thicknu* 

0 
160 t 

Figure 6 

Hinimum failme stress and m5xiIUrn survival stress 
versua thicknees. 
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STEELS IN  HIGH PRESS.M ENVIRONmFUTS 

BY 
M. R. ~ i t c h e l d l )  N. E.  ato on(^) R. 0. ~ i t c h i e ( ~ )  and N. Q  guye en(^) 

. '.! 
ABSTf&CT signi f icant  increase i n  crack propagation rates (-1 

order o f  magnitude) above those i n  a i r  fo r  an AISI 
The us'e of  hydragen &r enhrgy starage and 1020 low strength steel. However, there i s  a t o ta l  

transport holds part icular  pro-mise as a significant lack o f  data a t  low stress intensi t ies where growth 
option fo r  energy trans r t a t i o n  i n  the not too,far rates approach the threshold fog f a t i g ~ e ~ c r a c k  
distiant future. To n e e r t h i q  need, large-scale gas growth, AK (i.e., be taen 10- and 10- nun/ 
p ipel ine system w i l l  be required to .Oransport hy- cycle). d!s i s  unfortunate, i n  view o f  the defect 
drogen and cqmbinations a f  hydmgen and other s i  z b  and stresses 1 i kely t o  be present i n  a p i  pe- 
gases, such as natural gas, under high pressure l ine,  since the majority o f  the l i f e t ime  o f  the 
conditipns. structure w i l l  be spent i n  t h i s  region. Ezc-trapo- 

t a t i on  o f  Nelson's resu l ts  for 1020 steel (Fig. 1) 
Stnce such pipel ine  systems )must contain in- gives the impression that  growth rates fo r  d i f f e r -  

l i n e  compresso~s, possible sub-cr i t ical  crack ent environments (i.e., H , a i r  and vacuum) could 
growth o f  inc ip ient  flaws under cyc l ic  loading converge a t  near-thresh012 1 eve1 s yet several 
conditfons of fers a potential problem. Exist ing studies on higher strength steel st have suggested 
infomahion on fat igue crack growth i n  pipe1 ine tha t  i n  t h i s  reyime the maximun e f f o r t  o f  hydrogen- 
steels under representative environmen'tal condi- assisted' cracking occurs. It i s  thus apparent that  
tfons, i s  scarce and l i y i t e d  t o  intenfediate and an extensive characterization o f  the influence o f  
High 'growth ra te  (-10" mnlcycle) data. It i s  the gaseous hydrogen on near-threshold fat igue crack 
purpose o f  t h i s  research t o  generate fat igue crack propagation I n  low strength steels i s  required, 
propagation data i n  a typical  pipe1 ine steel under both t o  generate re l i ab le  engineering data fo r  
anticipated high pressure environments over a wide appl ications such as hydrogen pipe1 ine structures, 
range o f  qowth rates including low crack growth and t o  provide a mechanistic basis f o r  the ef fects 
rates (10' mn/cycl e) rrhich approach the thresh01 d observed. This i s  considered t o  be o f  paramount 
f o r  fat igue crack growth (AKth). importance i f  the transport o f  hydrogen or  

hydrogen-natural gas mixtures through exist ing 
INTRODUCTION pipe1 ines i s  t o  be made feasible. 

Growing concern over dwi ndl i ng suppl ies o f  
natural gas as one o f  t h i s  country's major energy 
sources has prompted ans idera t ion  o f  hydrogen as 
an al ternat ive both fo r  energy storage and as a 
transpot-t medium. To meet the requirement o f  FATIGUE - 1 HZ 

hydrogen transport and d i s t r f  bution, 1 arge-scal e 
pipe1 ine systems w i l l  need t o  be developed t o  con- 
vey hydrogen gas and other gases, such a natural 
gas, under high pressure conditions 7 x 1 0 ~  - 1 . 4 ~ 1 0 ~  
MPa (1000-2000 psi). Such p i  pel ine systems w i l l  
require large diameter pipe, and must contain in- 
1 ine compressors which w i l l  impose additional 
cyc l i c  loading on the structures. Possible degra- 
dation i n  material properties due t o  t h i s  poten- 
t i a l l y  agressive envirorment, par t icu lar ly  wi th 
imposed fat igue loading, w i l l  thus b o f  special B concern t o  assure long service 1 i fe.  

From a f racture mechanics viewpoint, new and 
exist ing pipe1 ines may be assumed t o  contain 
microdi scontinuit ies tha t  are potential i n i t i a t i o n  
s i tes fo r  the sub-cr i t ical  growth o f  cracks. 
Accordingly, any estimate of the 1 i f e  o f  such a 
structure w i l l  require detai led information on 
rates o f  fat igue crack propagation i n  candidate 
steels over a wide range o f  growth rates under 
appropriate environmental conditions. Such data, 
however, are extremely sc rce i n  the 1 i tefature. 
One study, due to Nelson,' has shown that, a t  
intermediate and high growth rates (-10 
mn/cycle), atmospheric pressure hydrogen leads t o  a 
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propagat ion  data w i l l  bc g ~ t h c r e d  i n  t he  range o f  
a l te rnat ing l@ress i n t e n s i t y  (AK) between 4.55 - 
22.75 MPa m (5  and 25 k s i  ) f o r  t he  f o l l o w i n g  
environn~ents:  ( a )  vacuum t o r r )  as a base- 
l i n e  reference, ( b )  d ry  a i r  a t  one atmosphere f r 
comparison t o  e x i s t i n g  data on p i  pel i ne s t e e l s  ,p*3 
( c )  gaseous hydrogen a t  one atmosphere, ( d )  hydro- 
gen a t  7 x 1 0 ~  Pa (1000 p s i )  approx imat in  ac tua l  8 p i  pel i n e  pressures. ( e )  methane a t  7x10 Pa (1000 
p s i )  ang ( f )  gaseous -methane and hydrogen mix tures  
a t  7x10 Pa (1000 ps i ) .  

Thus, i t  i s  t h e  o b j e c t i v e  o f  t h i s  research t o  
f u l l y  cha rac te r i ze  f a t i g u e  crack propagat ion behav- 
i o r  a t  near - th resho ld  l e v e l s  f o r  a p i p e l i n e  s tee l  
i n  vacuum and a i r  i n  a d d i t i o n  t o  pressur ized hydro- 
gen, na tu ra l  gas and hydroyen lnatura l  gas mixtures.  
With t h i s  understanding, p red i c t i ons  o f  l i m i t i n g  
de fec t  s izes,  i nspec t i on  i n t e r v a l s ,  remaining l i f e -  
t ime, as we l l  as cos t  e f f i c i e n t  new desiyns may be 
ascertained. 

APPROACH 

An HSLA pipe1 i n e  s tee l ,  API 5Lx60, has been 
se lec ted  f o r  t h e  i nves t i ga t i on .  A s i m i l a r  X-65 
ma te r i a l  has been we l l - cha rac te r i zed  p rev ious l y  i n  
terms o f  f a t i  ue behavior a t  in termedia te  and h igh  
growth r a t e s , j  bu t  as ye t ,  no near - th resho ld  be- 
hav io r  has been documented. Un iax ia l  t e n s i l e  pro- 
p e r t i e s  and metal  l og raph i c  examinat ion w i l l  be 
performed f o r  t he  l ong  t ransverse (TL)  d i r e c t i o n  i n  
t h e  ma te r i a l .  Fat igue crack propagat ion s tud ies  
w i l l  be conducted us ing 112-T compact t e s t  p ieces 
(CT), a lso  o f  t he  TL o r i e n t a t i o n .  Growth r a t e s  
w i l l  be determined a t  t h ree  l oad  r a t i o s  o r  R = 0.1, 
0 5 and 0.8, a t  AK l e v e l s  between 4.55-22.75 MPa 
mil2 (-5 and 25 k s i  K n )  i n  t he  environments 
d e t a i l e d  above. A t e s t  m a t r i x  i s  shown i n  Table 1. 

Near t h resho ld  crack growth r a t e  t e s t i n g  w i l l  
be performed under l oad  con t ro l  on servo-hydrau l ic  
t e s t  equipment, where t h e  crack l e n g t h  i s  con t i n -  
uously monitored using an e l e c t r i c a l  p o t e n t i a l  sys- 
tem descr ibed by ~ i t c h i e . ~  T h i s  system i s  capable 
o f  measuring abso lu te  crack l eng th  t o  w i t h i n  0.1 mn - 
and t o  de tec t  changes o f  t h e  order  o f  0.01 rnn. 
Growth r a t e s  w i l l  be computed by numerical d i f f e r -  
e n t i a t i o n  o f  crack l e n g t h  vs number o f  cyc les  data, 
c u r v e - f i t t e d  using f i n i t e  d i f f e r  n e and incremen- 
t a l - s t e p  polynominal procedures.'.' The thresho ld ,  
AK h, w i l l  be c a l c u l a t e d  i n  terms o f  t he  s t ress  
i n t e n s i t y  a t  which no measureable growth occurs 
w i t h i n  l o 7  cycles.  Since t h e  crack mon i to r i ng  
technique i s  a t  l e a s t  accura te  t o  0.1 mn, t i s  
corresponds t o  maximun yrowth r a t e  o f  10- $ ' 
mm/cycl e ( 4 ~ 1 0 - ~ 0  i n l c y c l e ) .  Thresholds w i l l  be , 

approached us ing a procedure o f  successive l oad  
shedding ( o f  no greater  than approximately 10-15 
percent reduc t i on  i n  Kmax a t  every s tep)  f o l l owed  
by crack growth t o  minimize res idua l  s t ress  e f -  
fects.  Measuranents w i l l  be taken, a t  each l o a d  
l e v e l ,  over increments o f  crack growth o f  1-1.5 mn, 
rep resen t i ng  a d is tance o f  no l ess  than fou r  t imes 
t h e  maximum p l a s t i c  zone s i z e  a t  t he  previous 
load. Fo l lowing th resho ld  AKth measurements, t h e  
l o a d  w i l l  be increased i n  steps and t h e  same pro- 
cedure f o l l owed  f o r  h igher  growth r a t e  data. 

The crack 'propagat ion t e s t i n g  a t  low pressures 
( i  .e., vacuun and atmospheric) w i l l  be accompl ished 
a t  Rockwell I n t e r n a t i o n a l  ' s Science Center. Values 
o f  AKt p lus  complete metal  l og raph i c  exmninat i o n  
and i n k e r p r e t a t i o n  o f  f r a c t u r e  surfaces wi 11 be 

TABLE 1 

Lo ad , 
Ra t i o  Pressure Sampl es 

(R = Environment (Pa) Required 
Kmi n1Kmax) 

0.1 Vacuum 

A i r  

H2 

"2 

CH4 

CH4+10% H2 

0.5 as above 
0.8 as above 

104 6 
(19-6 t o r r )  
10 

( 1  aim) 
7x10 
( l o o t  p s i )  
7 x10 
(lOOg p s i )  
7x10 
(1000 p s i )  

6 
6 

suppl ied.  Simultaneously,  t h e  h igh  pressure t e s t s  
on s i m i l a r  f r a c t u r e  mechan;ics samples o f  t he  pipe- 
1 i n e  s tee l  w i l l  be accompl ished a t  Rockwell ' s  
Rocketdyne D iv i s i on .  Th is  vessel has t h e  capa- 
b i l i t y  o f  p r e s s u r i z a t i o n  o f  hydroy n and combined 7 hydrogen and o t h e r  gases t o  4 .2~10  Pa (6,000 p s i )  
w i t h  temperature capab i l  i t i e s  o f  -185 t o  +760°C 
(-300 t o  +1,400°F). 

Progress t o  Date 

Dur ing the  f i r s t  two months o f  t h i s  p r o j e c t ,  a 
lm  x lm  x 2cm ( 3  ft x 3 f t  x 0.75) i nch  t h i c k  p l a t e  
o f  API 5LX60 h i g h  s t reng th  low a l l o y  s tee l  (HSLA) 
was procured. The composi t ion o f  t h e  p l a t e  i s  
g iven i n  Table 2 and i s  w i t h i n  t he  l i m i t  o f  t h e  API 
s p e c i f i c a t i o n .  A port ion o f  t he  p l a t e  was forward- 
ed t o  NASA. Fat igue crack growth specimens o f  t h e  
des iyn  shown i n  Fig. 2 have been machined (approx i -  
mate ly  60 t o t a l )  as have t e n s i  1 e and low c y c l e  fa -  
t i g u e  specimens o f  t h e  design shown i n  Fig. 3. 
Metal lography o f  t h e  samples revea led a f i ne ,  equi-  
axed g r a i n  s t r u c t u r e  (approx imate ly  10 pm i n  d i a -  
meter)  w i t h  "banded" f e r r i t e .  Note t h a t  t h e  crack 
growth specimens are  machined i n  order  t h a t  propa- 
g a t i o n  du r i ng  t e s t i n g  w i l l  progress along t h e  
d i r e c t i o n  o f  t h e  banded f e r r i t e  s t r u c t u r e  (i.e., TL 
d i r e c t i o n ) .  

I n s t a l l a t i o n  o f  O.C. p o t e n t i a l  drop equipment 
necessary f o r  mon i to r i ng  crack growth charac ter -  
i s t i c s  i n  t h i s  HSLA s tee l  was accompl ished. 
Because t h i s  i s  a newly designed system, several  
m o d i f i c a t i o n s  were found necessary, 

TABLE 2 
COMPOSITION OF PLATE, WEIGHT PERCENT 

Va = 0.006 
Cu = 0.049 
Nb = 0.047 
A1 = 0.029 
Co = 0.014 
Mg = 0.003 
Ca = 0.010 
Fe = Bal 
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F i g 3  Monotonic and c y c l i c  t e s t  specimen design. 

i n c l u d i n g . t h e  i n s t a l l a t i o n  o f  d i g i t a l  f i l t e r i n g ,  v i a  
a POP 11/04 computer and i s o l a t i o n  grounding o f  t h e  
power supply and closed i oop  t e s t  system t o  el im- 
i n a t e  "background noise. It was a lso  deemed de- 
s i r a b l e  t o  implement ampl i f i c a t i o n  o f  t he  vo l t age  
s igna l  i n  t h ree  stages w i t h  i n d i v i d u a l  gains o f  
ten. Thus, a t o t a l  ampl i f i c a t i o n  o f  d i f f e r e n t i a l  
vo l t age  changes ( a t  constant c u r r e n t )  o f  1000. A 
subsequent f u r t h e r  a m p l i f i c a t i o n  t o  5000 was accom- 
p l  i shed t o  achieve t h e  accuracy we des i re  i n  com- 
pu te r  c o n t r o l .  

An i n i t i a l  " t r i a l  t e s t "  was performed on one o f  
t he  f a t i g u e  crack growth specimens. Mon i to r i ng  o f  
c rack  growth r a t e s  was accompl ished, us ing both' a 
bench microscope w i t h  F i l a r  eyepiece and v i a  t h e  
D.C. p o t e n t i a l  drop equipment w h i l e  sub jec t i ng  t h e  
sample t o  constant s t ress  i n t e n s i t y  leve ls .  The 
crack  path i n  t h i s  sample was excep t i ona l l y  

s t r a i g h t  and f l a t .  Discrepancies i n  t he  g r o k h  
r a t e s  measured m ic roscop i ca l l y  and w i t h  t h e  
D.C.P.D. equipment revea led t h a t  a 3 rd  order  ho ly -  
nomial f i t  o f  Av vs. Aa curve o r i g i n a l l y  in tended 
f o r  u f g ) w u l d  not be adequate a t  a/w values 
>0.70 . If a/w val  ues <0.70 are  o f  i n t e r e s t  
e i t h e r  curve w u l d  s u f f i c e .  

A second specimen was subsequently mounted i n  a 
m i l l i n g  machine and the  D.C.P.D. equipment a t -  
tached. A f t e r  a 24-hour e q u i l  i b r a t i o n  per iod,  
machine cu ts  were made i n  t he  sample i n  0.254 mn 
(0.010 i nch )  increments, wh i l e  t h e  vol tage, change 
from an i n i t i a l  p o t e n t i a l  o f  2 rrN was recorded a t  
constant c u r r e n t  o f  approximately 32 amps. A 
comparison o f  these r e s u l t s  and the t h i r d  order  
polynominal f i t  curve i s  shown i n  Fig. 4. Note 
t h a t  t h e  curves a re  e s s e n t i a l l y  l i n e a r  and do not 
dev ia te  s i g n i f i c a n t l y  t o  a/w values o f  approx- 
ima te l y  0.70. However, a t  values greater  than 
0.70, t h e  t h i r d  order  polynomial f i t  curve ap- 
proaches a f i n i t e  vo l tage even when compl'ete 
separa t ion  o f  t h e  sample (i .e., a/w = 1 )  i s  i m -  
minent. Th is  i s  a phys ica l  i m p o s s i b i l i t y ,  s i nce  
t h e  d i f f e r e n t i a l  vo l tage should approach i n f i n i t y ,  
as i s  shown by t h e  newly generated curve. Because 
t h e  Av vs. Aa curve f o r  t h e  machined specimen 
c l o s e l y  matches the  t h i r d  order polynomial f i t  
curve f o r  a/w values up t o  0.70 the  new curve w i l l  
be employed i n  subsequent t e s t s  as a standard. 
Fur ther ,  we have developed a phys ica l  model us ing 
para1 1 e l  and se r i es  r e s i s t o r s  t h a t  accurate1 y 
descr ibes t h e  crack growth behavior o f  t h e  X-60 
pipe1 i n e  s tee l  f o r  a/w valves from 0 t o  1.0. 

E 00 
3.00 

Y186998 

--- IrdORDER POLYNOMIAL F IT  CURVE 

Fig. 4 Cornparison o f  proposed master curve and 
new1 y generated curve. 

F i n a l l y ,  a computer program has been developed 
which accu ra te l y  c o n t r o l s  ( r e a l  t ime )  t he  l oad  
range, AP, and thus a small increment i n  t h e  range 
o f  s t r e s s  i n t e n s i t y ,  AK, f o r  a g iven crack growth 
increment, Aa (wh ich  depends on t h e  reverse p l a s t i c  
zone s i z e  a t  t h a t  s t ress  i n t e n s i t y  l e v e l  ). Once 
the  increment i n  crack growth i s  achieved, AP, i s  
f u r t h e r  decreased f o r  a subsequent crack growth i n -  
crement. Threshold 1 evels o f  s t ress  i n t e n s i t y  fac-  
t o r  a re  be ing approached i n  a t  l e a s t  f i v e  l e v e l s  o f  
M ( i  .e., l oad  shedding technique).  Subsequent data  
a t  h igher  s t ress  i n t e n s i t y  j e v e l s  i s  then obta ined 
by t h e  i nc reas ing  M method f o r  grack growth r a t e  
measurements a t  approximately 10- mmlcycle and 
g rea te r  i n  accordance w i t h  t he  program proposal. 



Prepara t ions  are  p resen t l y  be ing made a t  
Rockwel l 's  Roc etdyne .D i v i s i on  t o  conduct t he  h igh  tt pressure,  7x10 Pa (1000 p s i ) ,  t e s t  p a r t  o f  t h i s  
program. 
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X HYDROGEN AND FATIGUE PROPEKTIES OF STEEL 
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Abs t rac t  

A n a j o r  a r e a  of  u n c e r t a i n t y  i n  t h e  
a p ~ l i c a t i o n  of carbon and low a l l o y  s t e e l  
i n  hydrogen con ta in ing  gas  env i ronnen t s  i s  
c y c l i c  l o a d i c g  and consequent f a t i g u e  dam- 
age .  The ? r e s e n t  ?rogram, j u s t  underway, 
i s  in tended t o  g r e a t l y  s t r e n g t h e n  t h e  
knowleige b a s e ' f o r  t h e  i n f l u e n c e  of  hydro- 
gen upon f a t i g u e  p r o p e r t i e s ,  wi th  emphasis 
upon t h e  f a c t o r s  c o n t r o l l i n g  t h e  i n i t i a -  
t i o n  of f a t i g u e  c racks  i n  hydrogen gas  
environments.  

Technical  Backmround 

TsJalter and chandler1 s t u d i e d  c y c l i c  
c rack  growth r a t e  behavior  of  AS;E SA-105 
GrHde I1 s t e e l ,  wi th  a  y i e l d  s t r e n g t h  of,  
39 k s i ,  i n  hydrogen a t  p r e s s u r e s  from 100 
~ s i  t o  15,000 ? s i .  A cons ide rab le  i n -  
c r e a s e  o f  f a t i g u e  crack growth r a t e s  i n  
hydrogen bras observed,  a l though t h e  i n -  
f l u e n c e  of  hydrogen p r e s s u r e  over  t h e  
1 ,000  t o  15,000 p s i  range was n o t  l a rge . ,  
F a t i z u e  crack growth r a t e s  ir! hydrogen 
were n o t  a f fec ted  by  ?re-loa.i:j.ng in,  a i r ,  
b u t  were decreased by p re - load ing  i n  
heliurn.. 

IVelson2 s t u d i e d  t h e  c o m p a t i b i l i t y  
between a  ? l a i n  carbon s t e e l  and v a r i o u s  
hydrogen-containing environments ,  i n c l u d -  
i n g  Fure hydroeen, a t  much l o w e r n r e s s u r e s ,  
n e a r  1 atm. No evidence of hydrogen- 
induce2 crack growth was observed f o r  
s t a t i c  load ing ;  .but under c y c l i c  load ing  a  
s u b s t a n t i a l  enhancement i n  c rack  growth 
was observed,  a long w i t h  a  change i n  f r a c -  
t u r e  node from d i c t i l e  t o  b r i t t e l  t r a n s -  
g r a n u l a r  s e p a r a t i o n .  Small a d d i t i o n s  of 
oxygen t o  t h e  hydrogen decreased t h e  crack 
growth r a t e  t o  t h e  a i r  v a l u e ,  whi le  H2S 
a d d i t i o n s  enhanced crack growth. Other . 
a d d i t i v e s  such a s  CHq, n a t u r a l  g a s ,  C02, 
e t c . ,  had l i t t l e  o r  no e f f e c t  upon t h e  
hydrogen c o n t r o l l e d  f a t i g u e  crack growth 
r a t e .  

~ l a r l : ~  determined t h e  f a t i g u e  crack 
growth r a t e  p r o p e r t i e s  of  HY-DO and 
PY-130 s t e e l s  i n  a  low p r e s s u r e  and high 
p u r i t y  hydrogen gas environment.  Both 
s t e e l s  e x h i b i t e d  2 s u b s t a n t i a l  i n c r e a s e  i n  
f a t i g u e  crack growt!~ r a t e  when t e s t e d  i n  

' hydropen ,  by f a c t o r s  of  t h r e e  t o  t h i r t y  
dependin,? on t h e  ranpe of  s t r e s s  i n t e n s i t y  
employed. Eoth s t e e l s  showed s i m i l a r  
c rack  growth behavior  when t e s t e d  i n  a i r ;  
iiowever, i n  2 r e v e r s a l  of  t h e  u s u a l  t r e n d  
.:?i.th s t r e n g t h  l e v e l ,  hydrogen i n c r e a s e d  
f;:tigue crack growth r a t e s  s i ,mi f i can t ly  
nor?  f o r  HY-80 than  HY-133. 

Severa l  i n v e s t i g a t o r s  ( e .  g .  ,4-6)  have 
explored t h e  e f f e c t  of  hydrogen upon t h e  
mechanical b e h a v i o r ,  i n c l u d i n g  f a t i g u e ,  of 
t h e  h i g h e r  s t r e n g t h  s t e e l s .  For a p p l i e d  
s t r e s s  i n t e n s i t i e s  above t h e  s t a t i c  t h r e s h -  
o l d ,  c y c l i c  load ing  v a r i a b l e s  can be cor-  
r e l a t e d  recsonab ly  we116 by a  super-  
p o s i t i o n  c o d e l  which uses  a s  base  d a t a  
crack growth r a r e  measured under s t a t i c  
load ing .  This sugges t s  a  c l o s e  connect ion 
between t h e  mechanisms f o r  s t r e s s  cor ros ion  
and cor ros ion  f a t i g u e .  However, t h i s  i s  
n o t  appl i -cable  t o  a  d e s c r i p t i o n  of  hydrogen- 
a c c e l e r a t e d  f a t i g u e  c rack  growth i n  lower 
s t r e n g t h  s t e e l s ,  s i n c e  rhey r a r e l y  e x h i b i t  
s t a t i c  loa?. c r a c k i n g .  

The i n f l u e n c e  of  oxygen upon hydrogen- 
a c c e l e r a t e d  f a t i g u e  crack growth has  been 
assessed4  f o r  h igh  s t r e n g t h  s t e e l s .  
Oxygen a d d i t i o n s  of a s  l i t t l e  a s  3 . 4 %  by 
v o l m e  el i t l l inated t h e  a c c e l e r a t i n g  i n f l u -  
ence of hydrogen except  a t  t h e  h i g h e s t  
s t r e n g t h  l e v e l  s t u d i e d ,  215 B s i  y e i d l  
s t r e n g t h .  

There i s  s c a t t e r e d  but '  s u f f i c i e n t  
evidence t o  show t h a t  hydrogen-accelera ted 
f a t i g u e  i s  a  s e r i o u s  problem w i t : s  t h e  
medium and low s t r e n g t h  s t e e l s  t h a t  a r e  
n a t u r a l  cand ida tes  f o r  hydrogen s t o r a g e  and 
t r a n p p o r t  sys tems.  Smooth s e c t i o n  s p e c i -  
mens of low and iaedium s t r e n g t h  s t e e l s  show 
only minor e f f e c t s  of hydrogen under sus -  
t a i n e d  l o a d i n g ,  bu t  t h e  c y c l i c  load r e -  
sponse h a s  r e c e i v e d  l i t t l e  a t t e n t i o n .  Nor 
have s t u d i e s  of  notched specimens been 
r e p o r t e d ;  v i r t u a l l y  a l l  f a t i g u e  s t u d i e s  of 
low and medium s t r e n g t h  s t e e l s  i n  hydrogen 
have been c a r r i e d  o u t  w i t h  pre-cracked 
specimens. Thus,  a  c o q l e t e  and belanced 
unders tanding of  t h e  e f f e c t  of  hydrogen 
upon f a t i g u e  i n  low and medium s t r e n g t h  
s t e e l s  i s  n o t  a v a i l a b l e .  

The f a t i g u e  p r o p e r t i e s  of  r e p r e s e n t a -  
t i v e  low and medium s t r e n g t h  s t e e l s  i n  
hydrogen gas  environments w i l l  b e e v a l u -  
a t e d .  S t e e l s  w i l l  be s e l e c t e d  f o r  s tudy  
t h a t  a r e  compat ible  w i t h  o t h e r  elements of 
t h e  program; cand ida te  s t e e l s  a t  p r e s e n t  
a r e  A106-B, A516-70, X-60, X-65, e t c .  
Hydrogen gas,environments a t  J r e s s u r e s  up 
t o  approximately  1000 p s i  t r i l l  be enrployed 

P r i n a r y  a t t e n t i o n  t r i l l  be d i r e c t e d  t o  
i n i t i a t i o n  of  f a t i g u e  c racks  under va ry ing  
c o n d i t i o n s  of  m i c r o s t r u c t u r e ,  s t r e s s  and 
s t r a i c  c o n c e n t r a t i o n ,  and hydrogen environ-  
ment. This  should conplement +he p r o j e c t s  
under o t h e r  t a s k s  i n  t h e  o v e r a l l  program. 
Fa t i f ,ue  s t u d i e s  wi1l ' :be c a r r i e d  o u t  o n b o t h  



- 
smooth section and notched specimens. To 
permit the maximum information to be ex- 
tracted from each test, notch designs will 
be enployed for which elastic-plastic 
solutions are available. Tests will be 
carried out under controlled plastic 
strain amplitudes, using a plastic strain 
computer which is compatible with the 
mechanical testing equipment. This should 
allow a detailed correlation to be estab- 
lished between fatigue crack initiation 
characteristics and local stress.and 
strain states. 

Past experiments of'this nature have 
suffered from ambiguity of interpretation 
arising from uncertainty over the roles 
of impurities, especially oxygen, in the 
hydrogen gas and of films, usually thought 
to be oxides, on the steel surface. With 
?re-cracked specimens, these concerns are 
less prominent because it is reasonable to 
suppose that the local strain concentra- 
tion at the crack tip is sufficient to 
rupture any protective films present, and 
allow hydrogen access to the underlying 
metal. However, sufficient mech~nical 
film rupture is not: t h o ~ ~ g h t :  t o  n r r l l r  w i t h  
smooth section and notched s?ecimens. 

It is proposed to eliminate this con- 
cern by a novel technique developed in 
this laboratory in which palladium is 
electroplated or otherwise deposited on the 
metal surface. Extensive tests have estab- 
lished that a thin palladium layer,elimi- 
nates the influence o f  oxide flbr?.s and 
allows hydrogen unimpeded access to the 
underlying base metal. This characteristic 
is no doubt associated with the well known 
and often exploited ability of palladium 
to act as a strong catalyst for the de- 
composition of the hydrogen molecule. In 
the present context palladium would func- 
tion as a highly efficient injection 
medium, allowing atomic hydrogen rapid 
entry into the steel. This should permit 
an assessment of the maximum embrittle- 
ment potential of any gas environment con- 
taining hydrogen. The information to be 
obtained could serve as base-line data for 
possible future Drograms to evaluate the 
effect of gas phase impurities and surface 
treatments on hydrogen-enhanced fatigue. 

Experiments will be carried out with 
uniform hydrogen concentrations, obtained 
by sufficient hydrogen exposure of this 
ballodium coated steel prior to cyclic 
loading; and with hydrogen gradients, ob- 
tained by near simultaneous exposure to 
hydrogen and stress. This procedure 
should allow definitive experiments to 

. establish the site of crack initiation 
with different hydrogen distributions and 
notches of varying sharpness, with contours 
such that the elastic/plastic stress and 
strain states are well characterized. 
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PROJECT SUMMARY 

P r o j e c t  T i t l e :  Hydrogen Energy Storage Techno1 ogy (HEST) P r o j e c t  

P r i n c i p a l  I n v e s t i g a t o r :  James H. K e l l e y  

O rgan f za t i on :  J e t  Propul s  i o n  Labo ra to r y  
4800 Oak Grove D r i v e  M/S 507-228 
Pasadena, CA 91103 
(213) 577-9279 

P r o j e c t  Goals:  The broad o b j e c t i v e s  o f  t h e  HEST p r o j e c t  a r e  as f o l l o w s  : 
To exp lo re  and deve lop  thermochemical hydrogen p r o d u c t i o n  
c y c l  es . 
To mon i t o r  and m a i n t a i n  t h e  pace o f  t e c h n o l o g i c a l  developments 
i n  gaseous pure  hydrogen and hydrogen b lends t r ansm iss i on ,  
d i s t r i b u t i o n  and s t o rage  t o  t h e  end t h a t  these  t echno log i es  
m a i n t a i n  a  l e v e l  o f  m a t u r i t y  c o n s i s t e n t  w i t h  t h e  development 
o f  hydrogen p r o d u c t i o n  and end-use t echno log i es .  

To s t imu la te , -  m o n i t o r  and manage t h e  proposal  , e v a l u a t i o n  
and development o f  advanced hydrogen p r o d u c t i o n  and s to rage  
concepts .  

To deve lop  a  s c i e n t i f i c  and eng inee r i ng  f ounda t i on  o f  know1 edge 
and p r a c t i c e  which w i l l  a l l o w  t h e  use o f  l ow -cos t ,  p l e n t i f u l  
conta inment  m a t e r i a l s  i n  hydrogen p roduc t i on ,  s t o rage ,  t r a n s  - 
p o r t  and use. 

To develop and m a i n t a i n  coheren t  and v a l i d  p r o j e c t i o n s  o f  
hydrogen market  p e n e t r a t i o n  i n  t h e  near ,  mid-and-long-range 
f u t u r e .  

P r o j e c t  S ta tus :  

To develop hydrogen p roduc t i on - t o -use  systems concepts  which 
w i l l  suppo r t  t h e  e a r l  i e s t  p o s s i b l e  imp lementa t ion  o f  non- 
pe t ro leum o r  n a t u r a l  gas-based hydrogen p roduc t i on l ene rgy  
s t o rage  t echno log i es .  

Under STOR's Hydrogen Energy Storage Technology program JPL i s  
managing t h i s  p r o j e c t  and t h e  f o l l o w i n g  elements o f  t h e  program: . 

Thermochemical Cycl  es ; Advanced Produc t ion  Concepts ; Transmiss ion , 
D i s t r i b u t i o n  and Gaseous Storage; and System S tud ies .  The NASA 
Ames Research Labo ra to r y  i s  managing t h e  Containment M a t e r i a l  s  
Element under  t h i s  ' p r o j e c t .  

C o n t r a c t  Number : 
I A  ET-78-1-01-3112 

Con t rac t  Per iod  : FYI79 - 
Funding Level  : $1.1 00K 

2 

Funding Source: Department o f  Energy - STOR 



PKUJECT SUMMARY 

P ro jec t  T i t l e :  Solar/Hydrogen System Assessment 

P r inc ipa l  I n v e s t i g a t o r :  W.J.D. Escher 

Organizat ion: Escher: Foster  Technology Associates, I nc .  

P ro jec t  Goals: The ob jec t i ves  o f  t h i s  task i s  t o  develop system conceptual designs 
wherein hydrogen energy storage and r e l a t e d  technology can be employed . 
t o  advance the  implementat ion o f  s o l a r  energy. 

P ro jec t  Status:  A f t e r  considerable in-house progress, t h e  remainder o f  the  work was 
cont rac ted w i t h  t h e  c o n t r a c t  beginning June 6, 1979. To date, t he  
study i s  80% complete. The Executive Summary d r a f t  o f  Volume I 1  
o f  t he  f i n a l  r e p o t t  has been submit ted t o  JPL by the  con t rac to r .  
The due date  f o r  submi t ta l  of t he  d r a f t  o f  Volume I 1  has been s l i pped  
by the  con t rac to r  from August 15. 1979 t o  September 1 .  Due date  fo r  
Volume 1 re,mains September 30. 

Contract  No. : 955492 

Contract  Period: 11 /06/78 t o  09/06[79 

Funding Level : 53K 

Funding Source: JPL 



PROJECT SUMMARY 

Project T i t l e :  Sul fur/,Iodine Thermochemical Cycle 

Principal Investigator:  G. Besenbruch 

Organization : General Atomic Company 
P.O. Box 81608 
San Diego, Cal i fornia  921 38 
(71 4) 455-2090 

Project  Goals: This program involves experimental research and development 
of the Sul fur/Iodine thermochemical water s p l i t t i n g  cycle.  
Specific objectives include development of a bench-sca1 e 
u n i t  which demonstrates the major aspects of  the  cycle ,  and 
development of  engineering flowsheets f o r  estimation of process 
costs  and eff ic iency.  Funding of c losely  re la ted  work on cycle  
chemistry i s  provided by the  Gas Research In s t i t u t e .  

Project  S ta tus :  

Contract Number : 

Con t r a c t  Period : 

Funding Level : 

Funding Source : 

A closed cycle laboratory apparatus was operated in January 
t o  demonstrate the  major chemical s teps  of the process. This 
was the  f i r s t  continuous demonstration of a pure thermochemical 
cyc1.e. i .e.,  a cycle without a major electrochemical s tep.  New 
engineering flowsheets were developed which incorporated improve- 
ments i n .  the energy-intensive s teps  of su l fu r ic  acid concentration 
and decomposftion of hydrogen iodide. Intensive investigation 
o f  the chemistry of hydrogen iodide resulted in the  subst i tu t ion 
of  a c a t a ly t i c  decomposition of t h i s  acid t o  produce hydrogen a t  
120 C for  a homogeneous decomposition a t  600 C. This resu l t s  in  
dual benef i ts  of  lower energy and cap i t a l .  Process eff ic iency 
i.n the  revised engineering flowsheets i s .  approximately 472, u p  
from the  42%.reported previously. Project work centers on 
development of the DOE-STOR bench-scale demonstration which will 
incorporate both chemical and separation s teps  to  aid fu r ther  
process development. 

October. 1978 - September, 19.79 

$300.K (DOE, FYI 979) 
$250K CGRT,  CY1979) 
$1OOK (G4, CY1979) 

Department o f  Energy - STOR 
Gas Research In s t i t u t e  
General Atomf c Company 



PROJECT SUMMARY 

, P r o j e c t  T i t l e :  A Study of  I n d u s t r i a l  Hydrogen and Syngas Supply Systems 

Pr inc ipa l  Inves t iga to r :  William J .  Amos 

Organizat ion:  Air  Products and Chemicals, Inc. 
A1 1 entown, PA 

P r o j e c t  Goals: One of  t h e  conclusions reached a t  t h e  Houston Workshop on Hydrogen 
a s  Chemical Feedstock i n  December, 1977 was t h a t  t h e  product ion 
and d i s t r i b u t i o n  of  syngas ( C O  + H ) by coal g a s i f i c a t i o n  i s  an 
opt ion  worth cons ider ing  f o r  i nduse r i a l  u se r s .  This s tudy  was 
designed t o  a s s e s s  t h e  economics of  coal g a s i f i c a t i o n  vs .  com- 
pe t ing  technologies  based on na tu ra l  gas and petroleum i n  t h r e e  
geographical areas--Texas Gulf Coast,  Mid-Atlantic and t h e  
Ohio Valley. The focus i s  on f u t u r e  markets f o r  hydrogen and 
syngas a s  feeds tocks  f o r  t h e  chemical i ndus t ry .  

P r o j e c t  S t a t u s :  Study completion ( a n t i c i p a t e d )  by October, 1979. 

Contract  Number: 955421 

Cont rac t  Period:  Apr i l ,  1979 t o  October, 1979 

Funding Level : $72K 

Fundi ng Source : DOE/STOR 



PROJECT SUMMARY + 

' P r o j e c t  T i t l e :  Workshop on. Cost o f  Hydrogen f rom Coal 

P r i n c i p a l  I n v e s t i g a t o r :  Roger E. B i l l  i ngs  

Organ iza t ion :  B i l l i n g s  Energy Corp. 
P. 0. Box 555 
Provo, Utah 84601 

P r o j e c t  Goals: The o b j e c t i v e s  o f  t h i s  t ask  a r e  t o  develop an a u t h o r i t a t i v e  
p r e l i m i n a r y  assessment o f  t h e  most a t t r a c t i v e  processes f o r  
producing .hydrogen from coal  , t o  es t ima te  t he  expected p r i c e s  

. o f  such hydrogen, and t o  assess t h e  economic, soc io-pol  i t i c a l  , 
environmental,  and i n s t i t u t i o n a l  b a r r i e r s  and i n c e n t i v e s  asso- 
c i a t e d  \;ti t h  t h e  hydrogen-from-coal..option . 

P r o j e c t  Status : The workshop has been planned and conducted. P r e l i m i n a r y  r e s u l t s  
were p rov ided  i n  t h e  J u l y  79 month ly  progress r e p o r t  f rom t h e  
c o n t r a c t o r  t o  JPL. The f i n a l  r e p o r t  i s  i n  p repa ra t i on :  d r a f t  
due t o  JPL f o r  rev iew,  September 15. 

Cont rac t  No. : 955261 

Cont rac t  Period: 11/06/78 t o  09/06/79. 

Funding Level : 54K 

Funding Source: JPL 



PROJECT SUMMARY 

Project T i t l e :  Sul fur  Cycl e Hydrogen Production Process 

Principal Investigator:  G. H.-...Pe&?r 

Organi zation : Westinghouse Electr ic  Corporation 
Advanced Energy Systems Division 
Post Office Box 10684 
Pittsburgh, Pennsylvania 15236 
( FTS 

, . .  

Project Goals: The purpose of .this. program i s  -to develop an e f f i c i e n t ,  
low-cost el ectrochemical c e l l  fo r  conversion of sul fu r  
dioxide and water ' to hydrogen and sul f u r i c  acid .  Work 
under DOE/Solar sponsorship re la ted t o  decomposition of 
t h i s  acid t o  regenerate the su l fu r  dioxide and re lease  
oxygen. Work on the  c e l l  includes e f f o r t s  to  lower the 
cost  of e1,ectrodes by reducing or  e l  iminating platinum 
as  a c a t a ly s t ,  and work on cel,l design to  lower the elec- 
t r i c a l  energy requirements f o r  the  c e l l .  

Project Sta tus:  Basic .eletrochemical s tudies  were conducted on the oxidation 
of sul fu r  dioxide t o  determine fundamental 1 imitations to 

' voltage-current re la t ionships .  Studies showed t h a t  ear ly  
resu l t s  .of 0.6 vo l t s  a t  2000 A / M ~  on platinum electrodes 
were optinum r e su l t s  fo r  e l e c t ro ly s i s  of  d i l u t e  sulfurous 
acid.  Developmental work has centered on palladium oxide 
ca ta lys t s  which promise be t te r  and l e s s  expensive e lect rodes .  
Much of the  technology has centered on preparing dispersed. 
e lec t roca ta lys t s  on s tab le  carbon electrodes.  Goals were 
s e t  for  electrodes capable of 0.8 vo l t s  a t  2000 A / M ~  for  
t h i s  year. Results so f a r  have been excel lent  i n  t h a t  t h i s  
goal now appears achievable w i t h  the new electrodes.  Addi -  
t ional work i s  being conducted on mixed oxide electrodes 
to  fur ther  reduce the costs  of  e lec t roca ta lys t s .  

Contract Number: JPL 955380 

, Contract Period: February 1 , 1 979 - January 31 , 1 980 

Funding Level : $251 K 

Funding Source: Department of Energy - STOR 



PROJECT' SUMMARY 

Project T i t l e :  Copper Sul f a t e  Thermochemical Cycle 

Principal Investigator:  S. Foh 

Organization: I n s t i t u t e  of  Gas Technology 
3424 S .  S ta te  S t r ee t  
Chicago, IL 60616 
(31 2)  567- 3942 

Project Goals : This study investigates the technology of a  thermochernical cycle 
based on the high-temperature decomposition of copper sul f a t e .  
The resul t ing sul fu r  dioxide i s  electrochemically oxidized to  produce 
hydrogen and su l fu r i c  acid or copper su l f a t e .  The purpose of  t h i s  
work i s  to  examine the e lec t ro lys i s  of sulfurous acid in  low concen- 
t ra t ions  of su l fu r i c  acid and in the presence of  oxides of copper. 

- H i  gh-temperature decomposition of copper sul f a t e  i s  a1 so studied as 
i t  can be accomplished with so l a r  heat. 

Project Sta tus:  I n i t i a l  r esu l t s  showed tha t  e l e c t ro ly s i s  in 30% su l fu r i c  acid could 
be accomplfshed a t  0.6 volts  and a t  current densi t ies  greater  than 
200 ma/cm. This r e su l t  promises t o  reduce the e lec t r i ca l  energy 
requi rements over the Westinghouse Sul f u r  Cycle which requires , from 
process considerations,  e lec t ro lys i s  i n  '50% acid.  

Contract Number : JPL 955494 

Contract Period: July 1 , 1979 - March 31, 1980 

Funding Level : $75K 

Funding Source : Department of Energy-STOR 



P r o j e c t  T i t l e :  Thermochemical Process f o r  Hydrogen Produc t ion  

P r i n c i p a l  I n v e s t i g a t o r :  M e l v i n  G. Bowman 

Organ i za t i on  : U n i v e r s i t y  o f  C a l i  f o r n i a ,  Los 'A1 amos S c i e n t i f i c  Labora to ry  
. . P.O. Box 1663 

Los A1 amos , New Mexico 87545 
FTS 843-5101 

P r o j e c t  Goal : T h i s - p r o j e c t  encompasses work on b ismuth  s u l f a t e  chem is t r y  as p a r t  o f  
a  thermochemical c y c l e ,  des ign  studi 'es on thermochemi c a l  c yc l es  f o r  
f u s i o n  sources, suppo r t  work f o r  t h e  DOE-STOR thermochemical  program, 
and c o o r d i n a t i o n  o f  t h e  IEA-Annex I (Thennochemical Cyc les)  work f o r  
DOE. 

P r o j e c t  S t a t u s :  Accurate thermodynamic measurements have been made f o r  t h e  f i r s t  s t e p  
i n  t h e  thermal  decomposi t ion o f  b ismuth t r i s u l f a t e  ( t o  fo rm b ismuth 
monoxy-disul  f a t e ) .  I n i t i a l  s t u d i e s  o f  decomposi t ion r a t e s  f o r  t h i s  
s t e p  have a l s o  been made. The exper imenta l  da ta  suppo r t  t h e  concept 
t h a t  i n c o r p o r a t i n g  b ismuth s u l f a t e  i n t o  s u l f u r i c  a c i d  c y c l e s  c o u l d  
l e a d  t o  enhanced e f f i c i e n c i e s  . 

A f i r s t  case des ign s t u d y  has been completed i n  a  program t o  access 
t h e  p o t e n t i a l  f o r  hydrogen p roduc t i on  v i a  thermochemi c a l  wa te r  sp l  i t- 
t i n g  u s i n g  f u s i o n  r e a c t o r s .  Th is  f i r s t  s t udy  was d i r e c t e d  toward  a 
h y b r i d  b ismuth s u l  f a t e  c y c l e  i n v o l v i n g  t h e  f o rma t i on  and complete 
decomposi t ion o f  b i smuth  t r i s u l  f a t e .  Thermochemical da ta  f rom 
exper iments  desc r i bed  above p l u s  some es t ima ted  parameters were 
u t i l i z e d  i n  t h e  r a t h e r  d e t a i l e d  des ign a n a l y s i s .  I n  t h e  c o n t i n u i n g  
program, des igns based on t he  f o rma t i on  and decomposi t ion o f  t h e  l owe r  
s u l f a t e s  (oxysu l  f a t e s )  w i l l  be s t ud i ed .  I n  p r i n c i p l e ,  even h i g h e r  
process e f f i c i e n c i e s  can r e s u l t  . 
P r e l i m i n a r y  e v a l u a t i o n  has .been made o f  t h e  magnesium-iodine c y c l e  
be i ng  developed i n  Japan. I n s u f f i c i e n t  exper imenta l  da ta  a r e  a v a i l -  
ab l e ,  b u t  an i n i t i a l  assessment suggests t h e  c y c l e  w i l l  e xh i  b i t  
r e l a t i v e l y  l ow  e f f i c i e n c y .  ! 

As a c o n t i n u i n g  a c t i v i t y ,  r e p o r t s  and papers f rom U.S. programs, r e l e -  
van t  to,Annex I o f  t h e  I.E.A. Agreement on Hydrogen P roduc t i on ,  a r e  
c o l l e c t e d  and sen t  t o  t h e  Ope ra t i ng  Agent f o r  Annex I f o r  d i s t r i b u t i o n  
t o  p a r t i c i p a t i n g  c o u n t r i e s .  Reports a r e  a l s o  r e c e i v e d  f rom t h e  f o r e i g n  
p a r t i c i p a n t s  and dupl  i c a t e d  and d i s t r i b u t e d  t o  a p p r o p r i a t e  U .S . 
Labo ra to r i es .  

Arrangements a re  b e i n g  made f o r  t h e  second Annex I Workshop t o  be h e l d  
September 24-27, 1979 a t  t h e  Los A1 amos S c i e n t i  f i  c  Labora to ry .  

Con t rac t  Number: C8-01-01-02-3 

Con t rac t  Per iod :  October,  1978 - September, 1979 

Funding Level  :. $250K 

Funding Source:  Department of Energy - STOR 
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PROJECT SUMMARY 
0 

. P ro jec t  T i  tl e: Ma te r i a l  s Development f o r  Thermochemical Cycles 

P r inc ipa l  I n v e s t i g a t o r :  O.H. K r i  ko r i an  

Organizat ion : Lawrence Laborator ies,  Livermore 
P.O. Box 808 
Livermore, Cal i f o r n i a  94550 
(41 5 )  422-8076 

P ro jec t  Goals: This study i nves t i ga tes  ma te r i a l  performance i n  se rv i ce  f o r  
vapo r i z i ng  s u l f u r i c  ac id .  The work supportsthe engineer ing o f  
thermochemical cyc les which u t i l i z e  t h e  high-temperature de- 
composit ion o f  s u l f u r i c  a c i d  vapor as t h e  oxygen-producing step.  
Spec i f i c  o b j e c t i v e s  i nc lude  t e s t i n g  o f  commercial a c i d - r e s i s t a n t  
ma te r i a l s  and development o f  new ma te r i a l s  more s u i t a b l e  f o r  
large-sca1 e f a c i l i t i e s .  

P r o j e c t  S ta tus :  Tests o f '  s i l  i c o n - r i c h  m a t e r i a l s  a re  con t i nu ing  i n  both s t a t i c  and 
c i r c u l a t i n g  t e s t  setups. Comnercial samples o f  Durachlor 51 and 
Dur i ron  showed good res i s tance  i n  bo th  setups. These should be 
considered s u i  tab1 e f o r  p i l o t - s c a l  e o r  small commercial plants,.  
Several attempts were' made over t he  l a s t  year t o  prepare h igh  
a l l o y s  coated w i t h  chromium s i l i c i d e .  The packed cementation 

I method used was n o t  s a t i s f a c t o r y .  Samples were subsequently 
ob ta ined from .Lockheed (Sunnyval e) . Upon t e s t ,  they  proved 
r e s i s t a n t  t o  vapo r i z i ng  s u l f u r i c ,  a c i d  i n  t h e  s t a t i c  t e s t s .  It 
i.s be l ieved t h a t  s i l i c o n - r i c h  coat ings  on h igh  a l l o y s  w i l l  be .  
acceptable f o r  l a r g e  thermochemical hydrogen p lan ts  i f  t h e  i n -  
t e g r i t y  o f  t he  coa t i ng  can be assured. Tes t ing  i s  con t i nu ing  
i n  t he  continuous vaporizing/condensi.ng t e s t  setup developed 
t h i s  year.  

Contract  No. : W-7405-ENG-48 

Contract  Per iod:  October, 1978 - September, 1979 

Funding Level : $1 00,000 

Funding Source: Department of Energy - STOR 



PROJECT SUMMARY 

project  T i t l e :  Hydrogen Production by Photoelectrolytic Solar Energy Conversion 

Principal 
Investigator:  R .  David Rauh 

Organization : EIC Corporation 
55 Chapel S t ree t  
Newton, MA 021 58 
(61 7)  965-271 0 

. , 

Project Goals: 

The hydrogen photoel e c t ro ly t i c  conversion e f f o r t  will invest igate  and determine the 
, practicabil  i ty .  of semiconductor-electrolytic devfces ' ( ~ o n d a - ~ u j i s h i m  concept.) tha t  

. use so la r  energy t o  decompose water in to  hydrogen avid oxygen in an apparent single- 
s tep  process. The overall  aim of the program i s . t h e  achievement of  practical  device 
for  water photoelectrolysis.  

Project  Status : 

During the second year e f f o r t ,  over 100 photoanodes and photocathodes were synthesized 
and evaluated. Exploratory e f f o r t s  have been conducted on basic photocurrent-1 i m i  t ing  
mechanisms of photocathodes. Water decomposition has been demonstrated using small 
pa r t i a l l y  platinized semiconductor par t i c les  (-5 microns) in a f luidized l iqu id  e lec-  
t ro l  i t e  suspensf on. I 

Contract Number: JPL Con t r a c t  1955271 

Contract Period: FY79 

Funding Level : $93K 

Funding Source: Department of Energy - STOR 
J e t  Propul sion Laboiatory 



PROJECT SUMMARY 

P r o j e c t  f T i  tl e : Hydrogen Produced by Solar  . Radiat ion Task 

P r i n c i p a l  
I n v e s t i g a t o r :  H.B. Gray, A. Gupta 

Organ iza t ion :  C a l i f o r n i a  I n s t i t u t e  o f  Technology 
Pasadena, CA 91125 
FTS 792-5783 

P r o j e c t  Goals: , 

The p h o t o c a t a l y t i c  decomposition o f  water  subtask w i l l  prepare and study organic 
rhodium-bridged complexes and determine the  feas i  b i l  i t y  o f  the  use o f  these complexes 
f o r  t h e  c a t a l y t i c  photo-decomposition o f  water, hydrobromic a c i d  and hydro iod ic  ac id .  
This p h o t o c a t a l y t i c  system w i l l  u t i l i z e  v i s i b l e  l i g h t  (-500 nm) t o  accomplish the  
process o f  reduct ion.  

P r o j e c t  Status : 

The mechanism o f  photocatalyzed hydrogen product ion from concentrated HBr and H I  has 
been i n v e s t i g a t e d  us ing  the  br idged rhodium photocata lys t .  A c losed cyc l  i c  system has 
been achieved by us ing  ~ e 2 +  as a reducing agent f o r  the  ox id i zed  form o f  t he  photocata lys t .  
f lash pho to l ys i s  and p re l im ina ry  e lectrochemical  s tud ies  i n d i c a t e  t h a t  the  c y c l e  c losure  
may a l s o  be achieved i n  absence o f  ~ e ~ + .  

Con t rac t  Number: IA-ET-78-1-01-3112 

Con t rac t  Period: FY79 

Fundfng Level  : $40K 

Funding Source: Department o f  Energy - STOR 
J e t  Propul s fon  Laboratory 



PROJECT SUMMARY 

Project Tit1 e :  Hydrogen Sul f ide  Decomposition 

Project 
Investigator:  D .  Cubicciotti 

Organization : SRI International 
333 Ravenswood Avenue 
Menlo Park, Ca 94025 

Project Goals: To invest igate  the f e a s i b i l i t y  of recovering hydrogen from large 
sca le  hydrogen su l f ide  waste process streams. 

Project  Status :. A study was conducted on the  feas i  bil i t y  of  recovering Hz from 
H2S process stream. Some of the major conclusions a r e :  

1 .  Strong growth in H S processing i s  projected from the 
present t o  beyond $he year2000.  

2. Major new H S processing f a c i l i t i e s  will be required 
before the f e a r  2000.. 

3. Before the year 2000, about ,0. l  quadlyear of hydrogen 
could be produced. 

4. Direct thermal decomposition of H2S i s  the  recommended 
process. 

The report  will be d i s t r ibu ted  i n  the f i r s t  quarter FY80. 

Contract Number: JPL Contract 8955272 

Contract Period: FY79 

Funding Level: 625K 

Funding Source: Department of ~ n e r ~ , y  - STOR 
J e t  Propulsion Laboratory 



PROJECT SUMMARY , 

P ro jec t  ~ i t l  e: Study o f  t he  Behavior of Gas D i s t r i b u t i o n  Equipment i n '  Hydrogen Service; 
Phase I 1  

P r i n c i p a l  . I nves t i ga to r ( s )  : Walter J. Jasionowski ' 

Dale G. Johnson 

Organizat ion : I n s t i t u t e  o f  Gas Techno1 ogy 
' 3424 S. S ta te  S t ree t  

Chicago, I L  60616 
(31 2 )  567-3938 

Pro jec t  Goals: Th is  p r o j e c t  , w i l l  e m p i r i c a l l y  determine t h e  s u i t a b i l i t y  o f  e x i s t i n g  na tu ra l  
gas d i s t r i b u t i o n  equipment f o r  d i s t r i b u t i o n  o f  gaseous hydrogen. Dur ing 
Phase I o f  t h e  study, na tu ra l  gas components, j o i n e d  by t y p i c a l  na tu ra l  gas 
d i s t r i b u t i o n  man i fo ld ing  teahiques, .were exposed t o  pure hydrogen du r ing  
a  six-month pe r iod  o f  opera t ion  under cond i t i ons  which s imulated r e s i d e n t i a l  
and commercial d i s t r i b u t i o n  loops. 

Dur ing Phase I 1  o f  t h e  study, t he  hydrogen pe rmeab i l i t y  o f  po lye thy lene 
p l a s t i c  p ipe  used f o r  n a t u r a l  gas d i s t r i b u t i o n  w i l l  be measured f o r  10  
samples o f  pipe. P r e f e r e n t i a l  1  eakage o f  hydrogen from mix tures  o f  hy- 
drogen and na tu ra l  gas w i l l  be i nves t i ga ted .  E f f e c t s  o f  hydrogen exposure 
on the  phys ica l  p rope r t i es  o f  polyethylenk p l a s t i c  p ipe  w i l l  be determined. 
IGT w i l l  assess the  impact o f  Phase 11 r e s u l t s .  

P ro jec t  Status:  Phase I o f  the  t e s t  program has been completed. Resul ts ,  which i n d i c a t e  t h a t  
n a t u r a l  gas component designs w i l l  . be adequate f o r  hydrogen d i s t r i b u t i o n  
w i t h  o n l y  the  necessary modi f i ca t ions  t o  accomodate t h e  increased vo lumet r i c '  
f l o w  requ i red  f o r  energy equivalence, were publ ished i n  a  f i n a l  r e p o r t  i n  
A p r i l  1979. 

Phase I 1  i s  progressing normal ly  w i t h  sample procurement and setup fab r i ca -  
t i o n .  Pipe samples a re  being obta ined from 10 vendors. The permeabil i t y  
c e l l  has been designed and e i g h t  c e l l s  a re  being fab r i ca ted .  , ! 

Contract  Number: JPL 955447 

Cont rac t  Perjod: May 1979 t o  J u l y  1980 - 
Funding Level : 95K (FY'79) 

Funding Source: J e t  Propul s i o n  Laboratory 



PROJECT SUMMARY 

Project  T i t l e :  Hydrogen Compat ib i l i ty  of St ructura l  Mater ia ls f o r  
Energy Storage and Transmission 

Pr inc ipa l  Invest igator :  W. R. Hoover and S. L. Robinson 

'Organization: Sandi a  Laboratories - L i  vermore 
P.O. Box 969 
Livermore, Cal i f o rn i a  94550 
(41 5) 422-2391 

Pro ject  Goals: ~ s s e s s  f e a s b i l i t y  o f  using the ex i s t i ng  natural  gas 
pipe1 ine  network t o  t ransport  hydrogen on a .national 
scale,. . 

Pro ject  Status: Prel  iminary resu l  t s  from tes ts  i n  our Experimental 
Hydrogen Pipe1 i ne Loop ind icate  t ha t  t ransport  o f  
hydrogen through natural  gas p ipe l ines may be feas ib le  
a1 though reduct ions i n  working pressures may be necessary. 

Contract Number: C8-01-01-02-03 

Contract Period: FY79 

Funding Level : 8293K 

Funding Source: Department o f  Energy-STOR 



PROJECT SUMMARY 

.Project  T i t l e :  Thermal Processing Task , 

Pr inc ipa l  Invest igator :  D r .  Harry F. Wachob 

Organi za ti on : NASA-Ames Research Center 
Mater ia ls Science & Appl icat ions Off ice,  230-4 
Mof fe t t  Field,  CA 94035 
n s  448-5407 

Pro jec t  Goals: The goal of t h i s  p ro j ec t  i s  t o  es tab l i sh  which o f  the 
.ferrous microstructures t h a t  can be easi 1  y obtained 
via '  normal thermal processing procedures i s  l e a s t  
susceptible t o  hydrogen degradation. , 

P ro jec t  Status: Tensi l  t es t s  have been performed using three d i f f e ren t  
ferrous microstructures which ind ica te  a  reduct ion i n  
mechanical propert ies occurs i n  the presence of h igh 
pressure hydrogen. Prel iminary fa t igue  data has been 
obtained a t  a  frequency of 1 Hz and a load R r a t i o  o f  
.15 f o r  these microstructures i n  a i r  and i n  hydrogen. 
Refinement o f  the t e s t  technique, va r i a t i on  i n  t e s t  
frequency and higher values o f  R w i l l  be used i n  exper i -  
ments dur ing the next quarter.  

Contract Number :, 778-61 -03-1 2-33-21 

Contract Period: FY 79 

Funding Level : $60K 

Funding Source : Department o f  Energy-STOR 



PROJECT SUMM4RY 

Pro jec t  T i t l e : ,  Eva1 uat ion o f  Laser Beam We1 d ing  Techniques 

Pr inc ipa l  Inves t iga to r :  J. Mucci and J.A. Har r i s  

Organization: P r a t t  & Whi tney A i r c r a f t  Group 
Government Products D iv i s ion  
P:O. Box 2691 
West Palm Beach, F lo r ida  33402 
(305) 840-3280 

Pro jec t  Goals: The ob jec t ives  o f  t h i s  p r o j e c t  i s  t o  determine the 
f e a s i b i l i t y  o f  l a s e r  beam welding as a  f a b r i c a t i o n  method 
f o r  a  hydrogen transmission network. The study extends 
t o  the technology base by es tab l i sh ing  the s e n s i t i v i t y  
o f  two classes o f  s tee ls  t o  gaseous hydrogen environment 
e f fec ts .  The e f f e c t s  o f  conventional we1 d  processes 
and l a s e r  beam welding on proper t ies  o f  the mate r ia l s  
w i l l  be establ ished. 

P ro jec t  Status : Screening eva luat ion o f  the tens i l ,  low-cycle fa t igue.  
and f r a c t u r e  toughness proper t ies  and metal 1  u r g i c a l  
analyses provide the basis f o r  the conclusionsthat  l a s e r  
beam welding o f  A I S I  304L s ta in less  s tee l  and ASTM.Al06B 
carbon s tee l  can produce weldments o f  comparable q u a l i t y  
t o  those produced by gas tungstun a rc  and e lec t ron  beam 
welding and i s  l e a s t  equa l ly  compatible w i t h  a  13.8 MPa 
gaseous hydrogen environment. Addi t i o n a l  low-cycl e  
fa t igue t e s t s  w i l l  provide a  q u a l i t a t i v e  rank ing o f  the 
i n d i v i d u a l  welding techniques which i s  no t  poss ib le  w i t h  
the present data base. 

Contract Number : EC-77-C-02-4365 

Contract Period: FY79 

Funding Level : $8K (mod i f i ca t ion  funding l e v e l  o f  an o r i g i n a l  $73.7K 
program) 

Fundi ng Source : ' Department o f  Energy-STOR 



PROJECT SUMMARY 

Pro jec t  T i t l e :  E f f e c t  o f  Stress Sta te  of Hydrogen Embri t t lement  

P r inc ipa l  Inves t iga to r :  M.R. Louthan, Jr., and R. P. McNit t  

Organization: V i r g i n i a  Polytechnic I n s t i t u t e  
Department of Ma te r ia l s  Engineering 
Blacksburg, V i r g i n i a  24061 

Pro jec t  Goals: The goals are  t o  determine e f f e c t  o f  s t ress  s t a t e  on the 
s u s c e p t i b i l i t y  o f  pipe1 i n e  s tee ls  t o  hydrogen embri t t l e -  
ment and develop e f f e c t i v e  design c r i t e r i a  t o  permi t sa fe ,  
e f f i c i e n t  ma te r ia l s  u t i l i z a t i o n .  

P ro jec t  Status : Tensi le, notched tens i l e ,  d i sc  rupture,  and f r a c t u r e  
mechanics t e s t s  o f  samples machined from the p e r l i  t i c -  
f e r r i t i c  p i p e l i n e  s tee l  A-106 grade B, have shown t h a t  
t h i s  a1 l o y  i s  suscept ib le  t o  hydrogen embri t t lement.  
Tests i n  7 t o  14 MPa hydrogen gas and t e s t s  i n  a i r  a f t e r  
prolonged storage i n  14 MPa hydrogen gas have shown t h a t  
hydrogen exposure reduces the  s t rength  and d u c t i l i t y  o f  
the  s tee l  , increases the p r o b a b i l i t y  o f  f r a c t u r e  by 
cleavage o r  quasi -cleavage mechanisms, lowers the s t ress  
i n t e n s i t y  o r  J f o r  crack propagation and reduces the 
cycles t o  fa i16 re  i n  " low cyc le  fa t i gue"  o r  " ratcheted 
t e n s i l  e" type tes ts .  These adverse hydrogen a f f e c t s  are  
promoted by sharp notches and t r i a x i a l  loadings o r  l a r g e  
degrees o f  const ra in t .  Surfaces f i n i s h ,  hydrogen p u r i t y  
and t e s t  s t r a i n  ra tes  a l so  p lay  important  r o l e s  i n  deter -  
mining the suscep t ib i l  i t y  t o  hydrogen damage. However, 
i n  s p i t e  o f  these c l e a r  i nd ica t ions  o f  hydrogen embri t t l e -  
ment suscepti  b i l  i t y ,  no delayed f a i l u r e s  have been pro- 
duced i n  any samples, even when the  samples were he1 d 
f o r  thousands o f  hours under c y c l i c  b i a x i a l  stresses a f t e r  
being loaded t o  w i t h i n  55% o f  the u l t i m a t e  rup tu re  

. L,.., 
pressure. These resu l  t s  are  r a t i o n a l  i zed  by consider ing 
the e f f e c t  o f  s t ress  on hydrogen embri ttl ement mechani sms . 

Contract Number : E(40-1)-5255 

Contract  Period : FY79 

Funding Level : $45K 

Funding Source: Department o f  Energy-STOR 
V i r g i n i a  Polytechnic I n s t i t u t e  



Pro ject  T i t l e :  Near Threshold Fatigue Crack Propagation i n  P i  pel i ne 
Steels i n  High-pressure Environments 

Pr inc ipa l  Invest igator :  D r .  Ne i l  Paton '. 
Organization: Rockwell ~ n t e r n a t i o n a l  science Center 

1049 Camino Dos Rios, P.O. Box 1085 
Thousand Oaks, CA 91360 
(805) 498-4545 

Pro jec t  Goals: The goal . o f  t h i s  program i s  t o  f u l l y  character ize fat igue 
crack propagation. behavior a t  near-thresh01 d l e v e l s  i n  an 
X-65 pipe1 i n e  s tee l  i n  vacuum, a i r ,  high-pressure hydrogen, 
hydrogenlnatural, gas mixtures and natural  gas. With t h i s  
understanding, pred ic t ions o f  1 i m i  t i n g  defect  sizes, 
inspect ion in te rva ls ,  remaining l i f e t i m e ,  as we l l  as c o s t -  
e f f i c i e n t  new designs may be ascertained. 

P ro jec t  Status : Experimental work on t h i s  program w i l l  begin i n  mid- 
August. The fa t ique  crack growth r a t e  as a funct ion o f .  
a1 te rna t ing  stress i n t e n s i t y  range AK, and threshold 
s t ress i n t e n s i t y  w i l l  be determined f o r  an X-65 pipe1 i n e  
s tee l  i n  a v a r i e t y  o f  environments as a low-load r a t i o  
o f  0.1 dur ing the f i r s t  quarter .  

Contract Number: 778-61 -03,-12-33-21 

Contract Period: August 1, 1979-July 31, 1980 

Funding Level : , $75K 

Funding Source : Department o f  E ~ ~ ~ ~ ~ - s T o R  



PROJECT SUMMARY 

Pro ject  T i t l e :  Hydrogen and Fatigue Propert ies o f  Steel 

Pr inc ipa l  Invest igator :  Professor Herbert H. Johnson 

Organization: Cornel 1  Unvi e r s i  t y  
Mater ia ls Science & ~ n ~ i n e e r i n ~ ,  Bard Ha l l  

\ I thaca, NY 14853 

Pro jec t  Goals: The goal of t h i s  program i s  ' to evaluate the fat igue propert ies 
o f  representat ive low and medium strength s tee ls  i n  high 
pressure hydrogen gas environments. Primary a t t en t i on  i n  t h i s  
p ro jec t  w i l l  be d i rected t o  the i n i t i a t i o n  o f  fa t igue  cracks 
under varying condi t ions o f  microstructure, stress and s t r a i n  
concentration, and hydrogen environment. 

Pro ject  Status: Mater ia l  acquis i t ion,  specimen design and preparation, 
t e s t  technique development, and environmental chamber design 
w i l l  begin i n  August. Fatigue tes ts  and base1 i ne  data w i l l  
be obtained on the parent base metal dur ing the f i r s t  quarter o f  
the program. I 

Contract Number: 778-61 -03-1 2-33-21 

Contract Period: August 15, 1979-August 14, 1980 

Funding Level : $45K 

Funding Source: Department o f  Energy - STOR 



PROJECT SUMMARY 

P r o j e c t  T i t l e :  An Assessment o f  Hydrogen Compressor Technology f o r  Energy Storage 
and Transmission Systems. 

P r i n c i p a l  I n v e s t i g a t o r ( s )  : Dr. T. N. Vez i rog lu  

Organ iza t ion :  U n i v e r s i t y  o f  Miami 
School o f  Engineer ing and A r c h i t e c t u r e  
Coral Gables, F l o r i d a  33124 
(305) 284-2404 

P r o j e c t  Goals: This  p r o j e c t  w i l l  survey t he  compressor i n d u s t r y  and assess t he  
capab i l  i t y  o f  e x i s t i n g  compressor technology t o  p rov ide  long- te rm 
s e r v i c e  f o r  t h e  s to rage and t ransmiss ion  o f  gaseous hydrogen. 
I nhe ren t  d e f i c i e n c i e s  i n  p resent  compressor technology w i l l  be 
i d e n t i f i e d  and recornendat ions f o r  t he  time-phased c o r r e c t i o n  of  
these d e f i c i e n c i e s  w i l l  be made. 

P r o j e c t  S ta tus :  Th is  p r o j e c t  has been completed and t h e  r e s u l t s  which show t h a t  
p resent  compressor technology i s  adequate f o r  near- term requi rements 
were pub l i shed i n  a f i n a l  r e p o r t  i n  January 1978. 

Cont rac t .  Number: EC-77-S-05-5598 

Cont rac t  Per iod:  September 1977 t o  January 1979 

Funding Level : S30K 

Funding Source : Department o f  Energy-STOR 



PROJECT SUMMARY 

Project  T i t l e :  Direct Tbermal Water Spl i t t i n g  

Principal 
Investigator:  P. Genequand 

Organization: Battell  e - Geneva Research Center 
Geneva, Switzerland 
(022) 439831 

. . 
Project  Goals: 

This e f f o r t  i s  t o  invest igate  the  f e a s i b i l i t y  of high temperature thermal decomposition 
of  water as a hydrogen production process. .The concept involves t he  high temperature 
thermal dissociation of  water vapor and the separation of  the  hydrogen and oxygen gases 

, by d i f fe ren t ia l  molecular diffusion t h r u  a porous refractory metal oxide membrane. 

Project  Sta tus  : 

In the  proof o f  concept experiments conducted a t  temperatures of 1900°K t o  2900°K, 
hydrogen was observed. The report  on t h i s  work will be avai lable  i n  the  f i r s t  
quar ter  o f  FY80. 

Contract Number: JPL Contract f 955277 

Contract Period: FY79 

Funding Level : $44K 

Funding ,Source: . Department of Energy - STOR 
J e t  Propul sion Laboratory 



P r o j e c t  T i t l e :  Assessment o f  Thermochemical Cycles 

P r i  nc,i pa l  I n v e s t i g a t o r :  James E. Funk 

O rgan i za t i on  : U n i v e r s i t y  o f  Kentucky 
Co l l ege  o f  Eng ineer ing  
Lex ington,  Kentucky 40506 
(606)  257-1 688 

P r o j e c t  Goals:  Th is  program prov ides  a broad-based panel f o r  t h e  e v a l u a t i o n  o f  t h e  
1 ead i  ng thermochemi c a l  processes f o r  t h e  p r o d u c t i o n  o f  hydrogen from 
wate r .  The processes a re  examined t o  dete,rmine t h e i r  e f f i c i e n c y  , 
cos t ,  and o v e r a l l  t e c h n i c a l  f e a s i  b i  1  i t y  . 

P r o j e c t  S ta tus :  The panel  completed i t s  e v a l u a t i o n  o f  t h e  Sul f u r  Cyc le  process o f  
Westinghouse E l e c t r i c  Corpora t ion .  The c o s t  and e f f i c i e n c y  was 
h i  g h l y  dependent on t h e  e l e c t r o l y t i c  c e l l  whi ch produces hydrogen . 
and s u l f u r i c  a c i d  f rom s u l f u r  d i o x i d e  and wate r .  The panel cons idered  
t h e  p r o j e c t e d  vo l t age  and c o s t s  o f  t h i s  c e l l  were low.  W i t h  r e v i s e d  
cos ts ,  t h e  c y c l e  s t i l l  appears c o m p e t i t i v e  w i t h  e l e c t r o l y s i s  as a 
method . t o  produce hydrogen'. Work began on e v a l u a t i o n  o f  t h e  S u l f u r /  
I o d i n e  c y c l e . o f  General Atomic Company'. The f lowshee ts  f o r ' t h i s  process 
a re  s t i l l  i n  a . s t a t e  o f  ,change, and agreements between t h e  panel and 
Genera l '  Atomic a r e  needed on t h e  s t a t e  o f  t h e  techno logy .  'Recent 
t e c h n i c a l  . improvements a re  now be ing  i nco rpo ra ted .  , 

Rev ised f lowshee ts  a r e  b e i n g  examined on t h e  b a s i s  o f  t e c h n i c a l  
f e a s i b i l i t y  and e f f i c i e n c y .  Th i s  work w i l l  be completed i n  December, 1979. 

Con t rac t  Number: EC-77-5-05-5522 

Con t rac t  Per iod :  October,  1978 - September, 1979 

Funding Leve l  : 660K 

Funding Source : Department o f  Energy-STOR 



PROJECT SUMIRY 

P r o j e c t  T i t l e :  So l id  Polymer E l e c t r o l y t e  Water E l e c t r o l y z e r  Technology 
Development 

P r i n c i p a l  I n v e s t i g a t o r :  J .  H .  Russe l l  

Organiza t ion:  General  E l e c t r i c  Company 
D i r e c t  Energy Conversion Programs 
50 Fordham Road 
Wilmington, MA 01887 
(617 j 657-5277 

P r o j e c t  Goals: The main o b j e c t i v e  of t h i s  program i s  t o  develop low c o s t  
(<$100/kw) hydrogen g e n e r a t i o n  p l a n t s  (100kw - 5MW) f o r  
e l e c t r i c  u t i l i t y l i n d u s t r i a l  chemical  a p p l i c a t i o n s  us ing  t h e  
s o l i d  polymer e l e c t r o l y t e  technology.  For t h e  purpose of 
minimizing c a p i t a l  and o p e r a t i n g  c o s t s ,  i t  is  necessa ry  t o  
g e n e r a t e  hydrogen under p r e s s u r e  (about  40 atmos) a t  h i g h  
c u r r e n t  d e n s i t i e s  ( 2  1 amp and c e l l  v o l t a g e s  c l o s e  
t o  t h e  thermo-neutral  p o t e n t i a l  (1.48 v o l t s ) .  

P r o j e c t  S t a t u s :  The t a s k s  i n  t h i s  program i n c l u d e  a n a l y t i c a l  d e s i g n ,  m a t e r i a l s  
e v a l u a t i o n ,  dynamic e v a l u a t i o n s ,  mechanical  s c a l e u p  and manu- 
f a c t u r i n g  p rocess  development necessa ry  t o  f a b r i c a t e  and 
o p e r a t i o n a l l y  t e s t  l a rge - s i zed  c e l l s .  Accomplishments t o  d a t e  
i n c l u d e  assembly and t e s t  of 2.5 f t 2  c e l l s  and 50kw module 
(12-ce l l  s t a c k ) ;  Design and f a b r i c a t i o n  of 200kw module; 
d e s i g n  and a n a l y s i s  of 10  f t 2  c e l l  components. Op t imiza t ion  
' s t u d i e s  on c a t a l y s t s ,  e l e c t r o d e  d e s i g n  and manufacturing 
p rocesses  have brought  t h e  technology t o  w i t h i n  20% of t h e  
p r o j e c t e d  c o s t  g o a l s .  

The t a s k s  f o r  FY 80 w i l l  be: 1 )  complet ion of f a b r i c a t i o n  of 
200kw system and i t s  performance;  2) d e s i g n  and f a b r i c a t i o n  of 
10  f t 2  c e l l ;  3 )  d e s i g n  of a  5MW system. 

Con t rac t  Number: ET-78-C-02-4689 

Con t rac t  Per iod:  October 1979 - September 1980 

Funding Level:  $1,500,000 

Funding Source: Department of Energy 



PROJECT STTMMARY 

Project Title: Selection and Evaluation of Materials for Advances Alkaline 
Water Electrolyzers 

Principal Investigators: G. Kissel, J. McBreen and S. Srinivasan 

Organization: Brookhaven National Laboratory 
Upton, NY 11973 

Project Goals: The main objectives of this program along with that at the 
University of Virginia are 'to find stable materials required 
for electrodes, separators and other cell components for 
advanced alkaline water electrolyzers operating at 120-150'~. 

Project Status: In FY 79, various conventional components and materials were 
tested for advanced alkaline water electrolyzers operating at 
120-100~~. Components/materials tested included beryllium- 
nickel, beryllium-copper, Ni whisker and high surface area 
Ni electrodes, treated asbestos, Mallory barrier material 
and PBI . 
Tasks in EY 80 are: 

1. Elucidation of role of hydrogen permeation in metals on 
mechanism of time variation of overpotential. 

2. Improvement of electrode configuration to lower over- 
potential losses 

3. Develop and test composite barrier materials as 
separators . 

Contract Number :' EY-76-C-02-0016 

Contract Period: October 1979 - September 1980 
Funding Level: $100,000 

Funding Source: Department of Energy 



PROJECT SUMMARY 

P r o j e c t  T i t l e :  Advanced A l k a l i n e  Water E l e c t r o l y z e r  Developnent 

P r i n c i p a l  I n v e s t i g a t o r :  J .  N .  Murray 

Organiza t ion:  Teledyne Energy Systems 
110 West Timonium Road 
Timonium, MD 21093 
(301) 252-8220 

P r o j e c t  Goals: The p r o j e c t  is d i r e c t e d  toward t h e  des ign ,  f a b r i c a t i o n  and 
t e s t i n g  of advanced a l k a l i n e  wa te r  e l e c t r o l y z e r s ,  o p e r a t i n g  
a t  100-150°C., a t  n e a r l y  100% energy e f f i c i e n c y  and a t  c u r r e n t  
d e n s i t i e s  of approximate ly  500 m~cm-*. 

P r o j e c t  S t a t u s :  I n  FY 1979, t h e  c o n s t r u c t i o n  and t e s t i n g  (wi th  s t anda rd  m a t e r i a l s )  
of t h e  f i v e  c e l l  Applied Research I n d u s t r i a l  E l e c t r o l y s i s  System 
(ARIES) w a s  completed. Some promising m a t e r i a l s  were t e s t e d  
a s  'component? (anode, ca thode ,  s e p a r a t o r )  i n  t h e  ARIES t e s t  
r i g  i n  t h e  tempera ture  range  of 100-125°C. These inc luded 
DAUG-Ni2B ca thode ,  TES-110-C (wi th  and wi thou t '  P t )  ca thode ,  
NiCo 0 anode ( supp led 'by  P ro f .  Tseung, England) and TES-A-010 
a n ~ d ; . ~  Tasks i n  N 80 a r e :  

1. Computerized Ass i s t ed  Hydrogen Product ion  Cost ,  Analys is  
and Op t imiza t ion  i n  Advanced E l e c t r o l y z e r s .  

2. ARIES t e s t i n g  of seven a d d i t i o n a l  .modules w i t h  emphasis on 
lower ohmic r e s i s t a n c e  and anode sc reen ing .  

Con t rac t  Number : BNL 480421-S 

Con t rac t  Pe r iod :  A p r i l  1979 - January  1980 

Funding Level :  $79,727 

Funding Source:  Brookhaven Na t iona l  Labora tory  



PROJECT SllNMARY 

Project Title: Selection ,and Evaluation of Materials for Advanced Alkaline 
Water Electrolyzers 

Principal Investigator: Glenn E. Stoner 

Organization: Applied Electrochemistry Laboratory 
Department of Materials Science 
University of Virginia 
Thorton Hall 
Charlottesville, Virginia 2'2901 
(804) 924-3277 ' ' 

Project Goals:  he aim of the work at UVA is to assist in the selection of 
stable materials for cell components in advanced alkaline 
water electrolyzers operating at 100-150°C. 

.eject Status: In 1979 the University of Virginiatfocused its efforts on the 
preparation of polycrystalline Ni whisker electrode and evalua- 
tion of the electrocatalytic activites for the hydrogen and 
oxygen electrode reactions. Preliminary investigation on the 
correlation of hydride (such as NiH,) formation with time 

I 

variation of cathode overpotential 6as made. The major task 
in FY 80 is the completion of the investigations on the mech- 
anism of the time variation of overpotential at the hydrogen 
cathode and methods for its inhibition. 

Contract-Number: BNL 451320-S 

Contract Period: July 1978 - July 1980 
Funding Level : $44,000 

Funding sburce: Brookhaven National Laboratory 



PROJECT SUMMARY 

P r o j e c t  T i t l e :  O p t i c a l  and E l e c t r o c a t a l y t i c  I n v e s t i g a t i o n s  of Oxides of Ruthenium 
and I r i d i u m  

P r i n c i p a l  I n v e s t i g a t o r :  Fred P o l l a k  

Organ iza t ion :  Brooklyn Co l l ege ,  CUNY 
Phys i c s  Department 
Bedford Avenue and Avenue H 
Brooklyn, NY 11210 
(212) 780-5818 

P r o j e c t  Goals: The o b j e c t i v e s  of t h i s  s t u d y  a r e  t o  (1)  c o r r e l a t e  o p t i c a l  meas- 
urements  of ox ide  f i l m  c h a r a c t e r i s t i c s  w i th  e l e c t r o c a t a l y t i c  
a c t i v i t y  and (2)  de t e rmine  t h e  dependence c f  e l e c t r o c a t a l y t i c  
a c t i v i t y  on c r y s t a l  o r e n t a t i o n .  

P r o j e c t  S t a t u s  : ( l a )  Three c r y s t a l l o g r a p h i c  o:r:$ertations of RuO have been 
2  

grown u s i n g  t h e  vapor  phase  oxygen t r a n s p o r t  t e chn ique .  'The  
( I l l ) ,  (100) and (110) Ru02 s u r f a c e s  have been examined u s i n g  
c y c l i c  v o l t m e t r y  and s t a n d a r d  p o t e n t i o s t a t i c  methods. The 
c y c l i c  voltammograms r e v e a l  t h a t  t h e  s u r f a c e  c h a r a c t e r i s t i c s  
a r e  q u i t e  d i f f e r e n t  f o r  t h e  t h r e e  o r i e n t a t i o n s .  The oxygen.  
e v o l u t i o n  e l e c t r o c a t a l y s i s  was a l s o  found t o  depend on c r y s t a l  
o r i e n t a t i o n .  These f i n d i n g s  w i l l  t h u s  have impor tan t  r ami f i ca -  
t i o n s  f o r  t h e  p r e p a r a t i o n  of anode e l e c t r o c a t a l y s i s  f o r  G.E.  
s o l i d  polymer e l e c t r o l y t e  wa te r  e l e c t r o l y z e r s .  

( l b )  Tasks f o r  EY 1980 

1. Growth of l a r g e r  c r y s t a l s  of RuO and 1 r O 2 .  
2  

2 .  D e t a i l e d  k i n e t i c  and mechan i s t i c  s t u d i e s  of oxygen 
e v o l u t i o n  on t h e s e  s i n g l e  c r y s t a l  s u r f a c e s  u s i n g  
r o t a t i n g  d i s c  t echn iques .  

3 .  combined e l e c t r o c h e m i c a l  o p t i c a l  s t u d i e s  on t h e s e  
' s i n g l e  c r y s t a l s  and on ox id i zed  me ta l s  t o  de- 

t e rmine  t h e  i n t r i n s i c  s o u r c e  of t h e  c a t a l y t i c  a c t i v i t y  
of t h e s e  m a t e r i a l s .  

C o n t r a c t  Nymber: EC-77-5-02-4590 

Con t r ac t  Pe r iod :  October  1979 - September 1980 

Funding Level  : $20,000 

Funding Source: Brookhaven N a t i o n a l  Labora to ry  



PKOJECT SUMMARY 

P r o j e c t  T i t l e :  S e l e c t i o n  and Evaluation of M a t e r i a l s  f o r  Sol id  Polymer 
. E l e c t r o l y t e  Water E l e c t r o l y z e r s  u 

P r i n c i p a l  I n v e s t i g a t o r s :  R.  S. Yeo and S. S r in ivasan  

organizat ion:  Brookhaven Nat ional  Laboratory 
Upton, N.Y. 11973 

P r o j e c t  Goals: The main o b j e c t i v e s  of t h e  p r o j e c t  a r e  t o  f i n d  highly  a c t i v e  
anode e l e c t r o c a t a l y s t s  and coa t ings  f o r  c u r r e n t  c o l l e c t o r  
m a t e r i a l s ,  which a r e  s t a b l e ,  f o r  t h e  s o l i d  polymer e l e c t r o l y t e  
water e l e c t r o l y z e r .  . 

P r o j e c t  S ta tus :  Mixed oxides  of ruthenium with  Ta, Z r ,  Hf, ,W, La, Ir, Mn, Pb 
and Sr  were prepared by t h e  thermal decomposition method on 
a  t i t an ium s u b s t r a t e  and were examined a s  oxygen evo lu t ion  
e l e c t r o c a t a l y s t s .  Anode c a t a l y s t s ,  E-50 and WE-3, prepared 
by General E l e c t r i c  were a l s o  evaluated.  Electrochemical-  
e l l i p s o m e t r i c  s t u d i e s  on ruthenium-based a l l o y s  t o  draw 
c o r r e l a t i o n s  between the  o p t i c a l  and e l e c t r o c a t a l y t i c ~  proper- 
t i e s  of t h e i r  oxides have been i n i t i a t e d .  

Tasks f o r  FY 80 included: 

. i n v e s t i g a t i o n  of a l t e r n a t i v e  membranes f o r  SPE 
c e l l s ,  a  c o l l a b o r a t i v e  e f f o r t  wi th  RAI Corp.'  

. complete t h e  s tudy on ruthenium-based mixed oxides.  

. cont inue the  combined e lec t rochemical -e l l ipsometr ic  
s t u d i e s  on ruthenium-based a l l o y s .  

I 

. LEED-Auger-ESCA s t u d i e s  on oxygen e l e c t r o d e s  f o r  SPE c e l l s .  

Contract  Number: EY-76-C-02-0016 

Contract  Period:  October 1979 - September 1980 
/ 

Funding Level : $100,000 

Funding Source: Department of Energy 



PROJECT SUMMARY 

Project Title: Hydrogen/Halogen Energy Storage System 

Principal Investigator: James McBreen and Supramaniam Srinivasan 

Organization: Brookhaven National Laboratory 
I Building 801 

Upton, NY 11973 
(516) 345-4513. and (516) 345-4494 

Project Goals: Application of hydrogen/halogen reversible electro- 
chemical systems to.large scale energy storage requires: 
(1) an assessment of the safety considerations associated 
with handling bulk quantities of hydrogen, hydro- 
chloric acid and halogens (chlorine) consistent with 
environmental and industrial procedures and regula- 
tions; (2) an assessment of costs associated with 
large scale ele'ctric storage for various siting alter- 
natives; and, (3) systems performance analyses 
(energy cost and efficiency). 

Project Status: Oronzio De Nora Co. of Milano, Italy conducted a safety 
and cost assessment of hypothetical 20 MW/200 
H2/C12 and H2/Br2 storage systems considered for dis- 
persed, utility and remote sites. It was concluded 
that current technology and equipment are applicable 
to systems designs and operations but safety con- 
siderations will preclude storage in dispersed urban 
sites. BNL activities and cell testing at General 
Electric have shown that round-trip electric efficiencies 
approaching 74% are achievable. System performance 
and cost is very dependent on operating pressure and 
temperature. System costs and efficiencies have been 
estimated based on presently available hardware. The 
cost figures are $457/kW and $73/kWh for the H2/C12 
system and $431/kW and $67/kWh for the H2/Br2system. 
The respective overall efficiencies for the H2/C12 
and H2/Br2 systems are 67% and 20%. 

Contract Number: EY-76-C-02-0016 

Contract Period: October 1977 - September 1978 
J 

Funding Level: $140,000 (including Battery Branch.funding) 

F'unding Source: Brookhaven National Laboratory 



PROJECT SUMMARY 

P r o j e c t  T i  t l e :  Hydrogen-Technology Advanced Component Test  System (HYTACTS) 

P r i n c i p a l  I n v e s t i g a t o r :  G. S t r i c k l a n d  and M. Rosso 

Organ iza t ion :  Brookhaven N a t i o n a l  Labora tory  
B u i l d i n g  8.35 
Upton, New York 11973 
(518) 345-4091 and (516) 345-4506 

P r o j e c t G o a l s :  T o u t i l i z e t h e H Y T A C T S a n d i t s a s ' s o c i a t e d d a t a a c q u i s i t i o n  
system f o r  t e s t i n g  o f  the Hydrogen Storage Devices. (VPTU-2) 
To eva lua te  requ i  rements and cos ts  f o r  upgrading HYTACTS f o r  
h i g h  pressure  ope ra t i on .  (6000 p s i  ) 

P r o j e c t  S ta tus :  The HYTACTS has been under c o n s t r u c t i o n  f o r  the  pas t  two 
years .  Complet ion o f  the system i s  scheduled f o r  September, 
1979. The HYTACTS f i r s t  a p p l i c a t i o n  w i l l  be i n  t e s t s  o f  
Va r iab le  Parameter Test  U n i t - 2  ( cons t ruc ted  by Fos te r -  
wheeler)  . The t e s t  program on VPTU-2 w i  I 1  c o n s i s t  o f  de te r -  
minimg b a s i c  performance c h a r a c t e r i s t i c s ;  t ime o f  sus ta ined 
hydrogen f lw .  r a t e s ,  h e a t - t r a n s f e r  r a t e s  f o r  U-tube heat  
exchanger, and bed loosen ing by b r i e f  f l u i d i z a t i o n .  I t  i 's 
expected t h a t  t h i s  work w i l l  be completed e a r l y  i n  EY '80 
(Oct ,-Nov. 1979) ; thus the  program on l a r g e  s i ze Peds w i  1 l 

. 

e s s e n t i a l  l y  be te rminated because o f  h i g h e r  p r i o r i t y  a c t i  v-  
i t i e s .  

A design and c o s t  a n a l y s i s  e f f o r t  w i l l  be i n i t i a t e d  i n  FY '80 
f o r  upgrading t h e  HYTACTS capabi 1 i t y  f o r  h igh-pressure  oper-  
a t i o n .  (Approximately 6000 p s i ) .  T h i s  capabi l- i , ty would be 
use fu l  i n  chemical-compressor work and i n  microsphere f i l l i n g  
and t e s t  ope ra t  ions .  The work i n  FY '80 would be 1 imi  ted  t o .  
de te rm in ing  the  modi f i c a t  ions/addi  t i o n s  needed'and assoc ia ted  
cos ts ,  b u t  no a c t u a l  c o n s t r u c t i o n  would be undertaken.  

Con t r a c t  Number: EY-76-C-02-0016 

Cont rac t  Per iod :  October 1977 t o  September 1979 

Funding Level : $350,000 FY 78 and FY 79 
' $ioo,ooo FY 80 

Fund i ng Source: Brookhaven Nat i onal  Labora tory  



PROJECT SUMMARY 

P r o j e c t  T i t l e :  Hydride-Bed Heat-Transfer  Mode,l.ing Study 

P r i n c i p a l  I n v e s t i g a t o r :  J. S.  Watson 

Organ iza t i on :  Oak R idge 'Na t i ona l  Labora tory  
Chemical Technology D i v i s i o n  
P.O. Box X 
Oak Ridge, Tennessee 37830 a 

(615) 483-861 1 ,  e x t .  36966 

P r o j e c t  Goals: To develop an a n a l y t i c a l  model t h a t  a c c u r a t e l y  descr ibes  t h e  
h e a t - t r a n s f e r  c h a r a c t e r i s t i c s  o f  beds o f  h y d r i d e  p a r t i c l e s .  
The model w i l l  c o r r e l a t e  t h e  data  taken a t  BNL on a  6" d iameter  
and a  Z t 'd iameter  bed. 

P r o j e c t  S ta tus :  Work was i n i t i a t e d  i n  l a t e  FY 78 a t  ORNL t o  scope the  model ing 
e f f o r t  and .to e s t a b l i s h  t h e  parameters,  boundary c o n d i t i o n s ,  
and data  base t o  be used. 

Tasks f o r  1979 a r e :  I )  Develop models f o r  h e a t - t r a n s f e r  c o n t r o l l e d  
systems. Review l i t e r a t u r e  f o r  a v a i l a b l e  models o r  modify o r  p ro-  
v i d e  new models as needed t o  produce r e s u l t s  which agree w i t h  BNL 
data .  The r e s u l t s  should be i n  forms s u i t a b l e  f o r  design purposes. 
2)  Generate s o l u t i o n s  f o r  t h e  s imp les t  cases (such as the  sma l l -  
s c a l e  BNL t e s t s )  a t  a  number o f  d i f f e r e n t  hydrogen f l o w - r a t e s .  

, 3) Generate s o l u t i o n s  f o r  the more complex geometr ies and organ ize  
the  r e s u l t s  i n t o  general  i zed  forms convenient  f o r  design engineers.  

The model, a f t e r  some c o r r e c t  ions, has been v e r i  f i e d  f o r  low 
hydrogen cha rg ing  r a t e  f o r  a  g i ven  bed c o n f i g u r a t i o n  and a  
s i n g l e  water  c o o l i n g  tube. Resu l ts  f rom s e n s i t i v i t y  s tud ies  
which a r e  a lmost  complete indi ,cate t h a t  t h e  s p e c i f i c  metal 
h y d r i d e  iso therm i s  t h e  most c r i t i c a l  parameter . i n  de te rm in ing  
bed heat  t r a n s f e r  r a t e s .  The n e x t  phase o f  t h e  work ex tend ing 
i n t o  FY 80 w i l l  i n v e s t i g a t e  h i g h e r  hydrogen cha rg ing  r a t e s ,  t h e  
e f f e c t s  o f  m u l t i p l e  c o o l i n g  tubes and e x t e r n a l  h e a t i n g / c o o l i n g  
on the  heat  t r a n s f e r  r a t e s .  

Cont rac t  Number : BNL 456367-5- 

Cont rac t  Per iod :  August 1978 - December 1979 
. . 

Funding Level : $50,000 

Funding Source: Brookhaven Nat iona 1 Labora tory  . 



PROJECT SUMMARY 
f 

Pro jec t  T i t l e :  Mod i f i ca t i on  and Operation o f  the Hydrogen Homestead Hydride 
Vessel Energy Storage System. 

Pro jec t  I nves t i ga to r :  R. Woolley 

Organizat ion:  B i l l i n g s  Energy Corporat ion 
P.O. Box 555 
Provo, Utah 84601 
(801) 375-0000 , 

P ro jec t  Goals: To provide operat iona l  experience w i t h  the hydrogen storage 
sect ion o f  the Hydrogen Homestead p ro j ec t ,  i nc lud ing  an 
eva lua t ion  o f  the sa fe ty  aspects o f  the system. 

Pro jec t  Status:  The i n i t i a l  phase o f  the Hydrogen Homestead p r o j e c t  addressed 
t e s t i n g  o f  the 4000 l b .  metal hydr ide r ese rvo i r  used t o  
s t o re  and supply the hydrogen f ue l  needs o f  the Homestead 
f o r  heat ing,  cooking, and vehicu lar  t r a c t i o n  purposes. 
One complete charge/d i scharge cyc le  has been evaluated. 

FY 79 ac t  i v i  t i e s  were planned t o  character ize suppl v/demand 
aspects o f  the Homestead consonant w i t h  sa fe ty  conside,rations. 
Tasks include: 1) determine the a b i l i t y  o f  the r ese rvo i r  t o  
susta in  var ious ra tes o f  f ue l  de l i ve r y  cons is tent  w i t h  demand 
p r o f i l e s  f o r  hydrogen-fueled systems and the reservo i r  
design and operat ing cons t ra in ts ;  2) perform a thorough 
and de ta i l ed  sa fe ty  eva lua t ion  o f  the Hydrogen Homestead, 
i d e n t i f y i n g  moni tor ing and con t ro l  ac t ions  o f  systems i n  
p lace o r  as requi  red. 

A new con t rac t  was w r i  t t e n  t o  cover t h i  s  phase o f  the work 
r e s u l t i n g  i n  a  delay i n  s t a r t i n g  the FY '79 a c t i v i t i e s .  As 
o f  mid-July 1979 a program p lan  had been submitted by B i l l i n g s  
and approved by BNL and the t e s t  work was j u s t  being i n i t i a t e d .  

Contract   umber ' BNL 481417-5 
Previous Contract No. 420501 -5 

Contract  Per iod:  August 1977 - January 1979 ( previous contract)  
June 1979 - A p r i l  1980 (Current  contract)  

' Funding Level : $123,000 FY 77-78 
$ 60,000 FY 78-79 

Funding Source: Brookhaven Nat ional  Laboratory 



PROJECT SUMMARY 

P r o j e c t  T i t l e :  Conversion o f  Hybr id  MERADCOM Fork L i f t  Truck from Gaseous 
Hydrogen Fuel Storage t o  a  Hydride Hydrogen Storage System 

P r i n c i p a l  I n v e s t i g a t o r :  Roger B i l l i n g s  

Organizat ion:  B i  11 ings Energy Corp. 
2000 East B i l l i n g s  Ave. 
Provo, UT 84601 
(801) 375-0000 

P r o j e c t  Goals: To i d e n t i f y  designlperformance cons iderat ions o f  storage 
systems f o r  hydrogen fue led  t r a c t i o n  systems t o  be used i n  
con junct ion w i t h  f u e l  c e l l s .  

P r o j e c t  Status:  Th is  i s  a  j o i n t  a c t i v i t y  i n v o l v i n g  the  B i l l i n g s  Energy 
Corporat ion,  the  U.S. Army M o b i l i t y  Equipment Research 
and Devel opment Command (MERADCOM) 1 ocated a t  F t  . Be1 vo i  r , 
and BNL, B i l l i n g s  w i l l  design, f a b r i c a t e  and i n s t a l l  a  
metal hydr ide hydrogen storage system f o r  f u e l  storage and 
supply i n  a  f u e l  c e l l l b a t t e r y  h y b r i d  f o r k  l i f t  t r u c k  provided 
by MERADCOM. B i l l i n g s  w i l l  perform a "shakedown" t e s t  p r i o r  
t o  d e l i v e r y  o f  the  v e h i c l e  t o  MERADCOM and w i l l  then prov ide 
a  r e p o r t  on t h e  design and t e s t  a c t i v i t i e s .  MERADCOM w i l l  
moni tor  the  opera t ing  performance of the  v e h i c l e  f o r  an 
undefined per iod  o f  t ime and w i  11 keep BNL informed on the  
p r o j e c t .  

The p r o j e c t  has been f u l l y  approved and i s  scheduled t o  begin i n  
September 1979. Vehic le  d e l i v e r y  t o  F t .  B e l v o i r  (MERADCOM) 
i s  scheduled f o r  th ree  months 1  a t e r  , o r  around January 1, 1980. 

Cont ract  Number: To be determined. 
..* . 

Cont ract  Per iod:  September 1979 - ~anuar; 1980 

Funding Level : $16,900 

Funding Source: Brookhaven Nat iona l  Laboratory 



PROJECT SUMMARY 

P r o j e c t  T i t l e :  Hydrogen Storage Using Glass Microspheres f o r  Automotive 
A p p l i c a t i o n s  

- P r i n c i p a l  I n v e s t i g a t o r :  R.J. T e i t e l  

Organ iza t ion :  Robert J. T e i t e l  Assoc ia tes '  
P.O. BOX 81921 I 

San Diego, CA 92138 
(71 4) 565-6441 

P r o j e c t  Goals: The goals 'OF the program i n  FY '79 were t o  o b t a i n  exper imental  
v e r i f i c a t i o n  o f  the  c h a r a c t e r i s t i c s  o f  microspheres f o r  the  
automot ive hydrogen a p p l i c a t i o n .  

P r o j e c t  S ta tus :  The work performed by T e i t e l  Associates i n  FY '78 i n d i c a t e d  
t h a t  microsphere s torage has p o t e n t i a l  advantages over metal 
hyd r ide  s torage p a r t i c u l a r y  f o r  the  automot ive a p p l i c a t i o n .  
Key assumptions made i n  the  a n a l y s i s  concerned permeabi l i . t y ,  

-microsphere  product ion ,  pressure f i l l  and usage c h a r a c t e r i s t i c s .  
The main areas o f ' w o r k  i n  FY . ' 79  were the  exper imental  v e r i -  
f i c a t i o n  o f  the  above parameters and a more d e t a i l e d  eng ineer ing  
e v a l u a t i o n  o f  the  f i l l i n g  opera t i on  and hydrogen d i s t r i b u t i o n  
system. 

Dur ing FY '79 the  exper imental  apparatus was assembled and 
t e s t i n g  conducte'd on small  samples . ( I 0  ml )  o f  commercia l ly  
a v a i l a b l e  microspheres. The p r e l i m i n a r y  r e s u l t s  i n d i c a t e  
t h a t  hydrogen can be enclosed i n  rnicrospheres a t  pressures 
up t o  400 ATM. s to red  f o r  a couple o f  weeks, recovered a t  
r a t e s  and a t  temperatures' compat ib le w i t h  ' t h e  automot ive hydo- 
gen s torage a p p l i c a t i o n .  Performance o f  the microspheres 
d u r i n g  t e s t i n g  i n d i c a t e  t h a t  assumptions made i n  the  a n a l y s i s  
were t o o  p e s s i m i s t i c  and. t h a t  lower cos t  cou ld  be expected 
fo r  p roduc t i on  and f i 1 1  i ng. 

The FY '79 program was acce lera ted somewhat based on the 
promis ing r e s u l t s  and w i l l  be completed by October 1 ,  1979. 
Plans f o r  FY '80 inc lude t e s t i n g  o f  l a r g e r  s i z e  samples and 
an expanded engineer i ng deve l opment. program. 

Cont rac t  Number: BNL 436153-s 

Cont rac t  Per iod  :' January 1978- January 1980 

Fund ingLeve l :  FY ' 78  65,000 
FY '79 .90,000 

Funding Source: Brookhaven Na t iona l  Laboratory 



PROJECT SUMMARY 

P r o j e c t  T i t l e :  FeTi Storage System f o r  Bulk Hydrogen Storage 

P r i n c i p a l  I n v e s t i g a t o r :  H.N. Frank1 i n  

Organ iza t ion :  Fos te r  Wheeler Energy Corpora t ion  
110 South Orange Ave. 
L i v i n g s t o n ,  NJ 07039 
(201 533-3609 

P r o j e c t  Goals: To design and f a b r i c a t e  an advanced 50-kw, 500-kwh FeTi- 
based h y d r i d e  r e s e r v o i r ,  r e f l e c t i n g  improvements t o  o v e r r i d e  
h y d r i d e  expansion c o n s i s t e n t  w i t h  sa fe  and c o s t - e f f e c t i v e  
performance cons ide ra t i ons .  

To develop a  r e a l i s t i c  c o s t  bas i s  f o r  r e s e r v o i r  designs 
a p p l i c a b l e  t o  s t a t i o n a r y  s torage systems. 

P r o j e c t  S ta tus :  A  26 - in .  d iameter  x  1 0 - f t .  long r e s e r v o i r  has been designed 
capable o f  s t o r i n g  35 l b .  o f  hydrogen i n  TiFe o,SMnO.lHx. 

Th i s  u n i t  i s  i d e n t i f i e d  as the  Va r iab le  Parameter Test  U n i t - 2  
and w i l l  p e r m i t  the  t e s t  and e v a l u a t i o n  o f  heat  and mass 
t r a n s f e r  da ta  assoc ia ted  w i t h  a l t e r n a t i v e  i n t e r n a l  assembly 
c0nf i g u r a t  ions t h a t  i nc lude :  (1)  bed- loosening by h igh-  
p ressure  p u l s i n g  o f  charg ing  gas, compat ib le  w i t h  U-tube 
heat-exchanger c o n f i g u r a t i o n ;  ( 2 )  1 imi  t e d  bed depth  
c o n f i g u r a t i o n  us ing  a  tube a r r a y ;  (3)  l i m i t e d  bed depth  
c o n f i g u r a t i o n  us ing  t r a y s .  

The t e s t  vesse l  UPTU-2 was de l  i vered t o  BNL i n  February, 1979. 
A  second t e s t  u n i t  (onetube,water-on-shell-side design)  f o r  
h y d r i d e  expansion s tud ies  had d e l i v e r e d  e a r l i e r  i n  FY '79. 
The des ign  r e p o r t  was completed and submi t t e d  t o  BNL f o r  
rev iew i n  March, 1979. The r e p o r t  con ta ins  ex tens i ve  design 
a n a l y s i s  on vessel  s i z e ,  we igh t ,  design approach, h e a t - t r a n s f e r  
and f low data  and t h e  r e l a t i v e  m e r i t s  o f  t h ree  des ign  concepts 
address ing  heat  t r a n s f e r  and h y d r i d e  expansion. The r e p o r t  
concluded t h a t  the  wa te r -on -she l l - s i de  approach i s  t he  most 
c o s t - e f f e c t i v e  des ign  compared t o  a  water-on-tube s i d e  design 
and one i n v o l v i n g  c o n i c a l  t r a y s .  

T h i s  completed Foster-Wheeler 's  a c t i v i t i e s  under t h e  c u r r e n t  
c o n t r a c t .  Foster-Wheeler has expressed i n t e r e s t  i n  f o l  low ing 
t h e  t e s t  program and keeping abreast  o f  t h e  technology.  

Con t rac t  Number: BNL 418210-5 

Con t rac t  Per iod :  J u l y  1977 - J u l y  1979 

Funding Leve l :  T o t a l  Funding$144,000 

Funding Source: Brookhaven Na t i ona l  Labora tory  



PROJECT SUMMARY 

P r o j e c t  T i  t l e :  Energy Storage Systems f o r  Automob i l e  P ropu ls ion  

P r i n c i p a l  I n v e s t i g a t o r :  Hugh Forsberg, LLL and Gerald S t r i c k l a n d ,  BNL 

Organ iza t i on :  Lawrence Livermore Labora tory  Brookhaven Na t i ona l  Labora tory  
T r a n s p o r t a t i o n  Systems, L-387 . Bui l d i n g  120 
P. 0. Box 808 Upton, New York 11973 
L i  vermore, Cal i f o r n i  a  94550 (516) 345-4091 
(415) 422-6423 

P r o j e c t  Goals: To i d e n t i f y  s to rage systems t h a t  e x h i b i t  energy d e n s i t y  and 
' power d e n s i t y  c h a r a c t e r i s t i c s  s u i t e d  t o  automot ive p r o p u l s i o n  

use i n  t he  remaining years o f  t he  cen tu ry  and t o  ana lyze com- 
p a r a t i v e  cost-per formance t r a d e o f f s  among cand idate  systems 
t h a t  i nc lude  E lec t rochemica l ,  Mechanical,  Chemical, and 
Thermal Storage Systems. 

Th i s  p r o j e c t  i s  under the  d i  r e c t i o n  o f  Lawrence Livermore 
Labora tory  w i t h  a  number o f  the  Na t i ona l  Labo ra to r i es  p a r t i -  
c i p a t i n g  supported by i n d u s t r i a l  c o n t r a c t o r s .  The main 
product  i s  a  comprehensive study r e p o r t  on energy s torage 
devices and power systems f o r  automobi les.  

P r o j e c t  S ta tus :  The BNL a c t i v i t i e s  i n v o l v e  c h a r a c t e r i z a t i o n  o f  hydrogen ' 
storage r e s e r v o i r s  i n c l u d i n g  1 i q u i d  hydrogen s t o r e d  i n  c r y -  
ogenic con ta ine rs ,  metal hyd r ides ,  and g lass  m ic roba l  loons.  
I n  each case, t h e  hydrogen i s  d e l i v e r e d  t o  a m o d i f i e d  i n t e r n a l  
combustion engine. F ind ings  i n d i c a t e  t h a t  l i q u i d  hydrogen i s  
t h e  most f avo rab le  a l t e r n a t i v e ,  be ing  comparable i n  we igh t  t o  
convent iona l  automot ive systems a t  h i g h e r  c a p i t a l  and o p e r a t i n g  
cos t .  The main disadvantage o f  1 i q u i d  hydrogen concerns con- 
sumer hand l i ng  problems. The h y d r i d e  s torage systems compare 
favo rab l y  w i t h  b a t t e r y  systems and e x h i b i t  t h ree  t o  f o u r - f o l d  
improvement i n  energy d e n s i t y  (by we ight )  and o r d e r  o f  mag- 
n i  tude improvement i n  power d e n s i t y  over  N i c k e l - Z i n c  b a t t e r i e s ,  
w h i l e  o f f e r i n g  a  r a p i d  r e f u e l i n g  c a p a b i l i t y .  Sa fe ty  and 
cos t  f a c t o r s  r e q u i r e  f u r t h e r  e v a l u a t i o n .  

The tasks i n  FY 79 i nc luded  deve lop ing  t h e  performance charac- 
t e r i s t i c s  o f  a l k a l  i n e - f u e l - c e l  1 b a t t e r y  v e h i c l e s  (hydrogen 
from metal h y d r i d e s ) ,  upda t i ng  the  meta l -hydr ide  s torage i n -  
fo rmat ion ,  and p r o v i d i n g  c o s t  and eng inee r ing  data  f o r  micro-  
b a l l o o n  s torage systems. A  d r a f t  r e p o r t  wi  1 1  be completed 
by October 1979 w i t h  the  e n t i r e  p r o j e c t  expected t o  be com- 
p l e t e d  i n  e a r l y  FY 1980 a f t e r  the  p u b l i c a t i o n  o f  t he  f i n a l  
r e p o r t .  

Cont rac t  Number: SANL 622-001 

Cont rac t  Per iod :  October 1977 - September 1979 

Fund i ng Source : Lawrence L  i vermore Labora tory  



PROJECT SUMMARY 

P r o j e c t  T i t l e :  The Development o f  Metal Hydr ide Systems f o r  Hydrogen Compressor 
A p p l i c a t i o n s  

P r i n c i p a l  I n v e s t i g a t o r :  M r .  Frank Lynch - (DRI) , 

Organizat  ion(s)  : Ergenics--Denver Research l n s t i  t u t e  (DRI) 

P r o j e c t  Goals: The goal o f  t h i s  p r o j e c t  i s ,  t o  e v a l u a t e  the  performance o f  . 
a bench-sca l e  hydrogen cherni c a l  compressor based on decompos- 
a b l e  metal hydr ides .  Th is  i n f o r m a t i o n  w i l l  be the bas i s  o f  
the d e c i s i o n  t o  develop a commercial s i z e  u n i t .  

P r o j e c t  S ta tus :  Th is  work was i n i t i a t e d  a t  D R I  i n  1978 under fund ing f rom 
Ergeni'cs D i v i s i o n  o f  MPD Technology Corp. which i s  a sub- 
s i d i a r y  o f  INCO. Funding f rom Ergenics was exhausted, and 
the  c u r r e n t  work i s .  the r e s u l t  o f  an unsol i c i  ted  proposal- 
from EDRl t o  DOE STOR. The present  work ' cons i s t s  o f  com- 
p l e t i n g  the  design and f a b r i c a t i o n  o f  the  smal l -sca le  chem- 
i c a l  compressor and. o b t a i n i n g  b a s i c  performance and 1 i fe- 
c y c l e  t e s t  data on the. u n i t .  The f i r s t  phase i s  scheduled 
t o  beg in  on o r  about August 1, 1979 and requ i re .  about s i x  
months. I n fo rma t ion  w i  I 1  be -obtained on m a t e r i a l s ,  h e a t i n g  
technique, s a f e t y  aspects, h y d r i d e  expans ion,  p a r t i c l e  
a t t r i  t i o n ,  heat  tcans.fer, and compressor performance. 

Assuming the  t e s t  r e s u l t s  a r e  favo rab le ,  a second phase o f  
the  program w i  1 1  be au tho r i zed  f o r  the  development o f  a 
l a r g e r  s i z e  compressor. T h i s  second phase i s  expected t o  
l a s t  about a year  and would be funded a t  $130,000 w i t h  
Ergeni cs cos t  sha r ing  about 25%. 

Cont rac t  Number: 

Contract  Per iod:  Phase I--August 1979 - January 1980 
Phase I l - -January '  1980 - January 1981 ( i f  au thor ized)  

Fund i ng Level : FY '79 FY '80 ( i  f author ized)  

$41 K $98K 

Funding Source: BNL . ' .  



Project T i t l e  : Underground ,Storage of Hydrogen 

Principal Investigator: Philip L .  Randolph 

Organization: Ins t i tu te  of Gas Technology 
IIT Center . 
3424 South State Street 
Chicago; IL  60616 
(312) 567-3766 . . 

Project Goals: The purpose of th i s  program i s  to  make a technical and 
economic assessment of underground storage of hydrogen. 
Specific objectives are to  1 ) establish the engineerinq 
feasi bi 1 i ty of using geologic or engineered underground 
s i t e s  for hydrogen storage, 2 )  identify the Research 
and Development ( R & D )  needs related to  both cost reduction 
and safety problems, 3) identify possible s i t e s  where 
hydrogen may be stored, and 4) develop real i s t i c  cost 
estimates for underground hydrogen storage faci 1 i t i e s .  

Project Status: Dames & Moore ' i s  characterizing the 4 types of underground 
I storage faci 1 i t i e s .  Thei r complete report i s  expected 
by the end of the calendar year. IGT, with the cooperation 

, of Transco, Texas Gas Transmission Corp., and Northern 
I1 1 inois Gas, i s  performing prel iminary technical and 
economic assessments of hydrogen storage. Preliminary 
assessments wilj be followed by in-depth, s i te-specif ic 
analyses of the Hanson, Media and Eminence storage 
f a c i l i t i e s .  Analysis of depleted well storage systems 
suggests technical f eas ib i l i ty  i f  appropriate engineering and 
procedural controls are introduced. Cost-of-service wi 11 be 
greatly influenced by charqes associated with the requirement 
for  "non-del iverable" cushion gas (or  base-gas) inventories. 

Contract Number: BNL'  453439-S 

Contract Period: August 1978'- September 1979 

Funding Level : $144,000 

Fund ing  Source: Brookhaven National Laboratory 



PROJECT SUMMARY 

~ r o j e c  t T i t l e :  ' Hydrogen S t o r a g e  M a t e r i a l s  Developement 

P r i n c i p a l  I n v e s t i g a t o r :  John R. Johnson 
\ 

Organ iza t ion :  Brookhaven N a t i o n a l  Labora tory  
Bu i ld ing  815 DEE 
Upton, NY 11973 
(516) 345-4510 

P r o j e c t  'Goals: The development of new a p p l i c a t i o n s  f o r  me ta l  hyd r ide  m a t e r i s l s  
i nvo lv ing  t h e  s a f e  s t o r a g e  and s e p a r a t i o n  of hydrogen v h l c h  
would be u t i l i z e d  a s  an  energy c a r r i e r  i n  bo th  mobi le  and s t a -  
t i o n a r y  sys tems.  

P r o j e c t  S t a t u s :  The hydrogen s t o r a g e  m a t e r i a l s  development program h a s  i d e n t i -  
f  i ed  and c h a r a c t e r i z e d  s e v e r a l  new a l l o y  hydrogen sys tems s u i t -  
a b l e  f o r  a  v a r i e t y  of  near- term end u s e  a ,pp l i ca t i ons .  Emphasis 
i n  t h i s  p r o j e c t  du r ing  FY 79 has  been r e d i r e c t e d .  Areas of 
r e s e a r c h  which have a c t i v e l y  been pursued i n v o l v e  t h e  i d e n t i -  
f i c a t i o n  of hyd r ides  f o r  hydrogen s e p a r a t i o n  from i n d u s t r i a l  
g a s  s t r eams  and t h e  characterization/development of low c o s t .  
h i g h  c a p a c i t y  hyd r ides .  A lower l e v e l  of e f f o r t  t han  i n  p a s t  
y e a r s  was expended i n  t h e  l a t t e r  a r e a .  

S e v e r a l  h y d r i d e s  have  been found t o  b e  s u i t a b l e  f o r  hydrogen 
r ecove ry  from methane-10 volume p e r c e n t  hydrogen m i x t u r e s  and 
t h e s e  a r e :  T iFeOaB5  Mn 

0.15: 
LaCuNi&, LaNi and TiFe .  I n  t h e  

5 a r e a  of h i g h  hydrogen c a p a c i t y ,  low c o s t  hyd r ides , sys t ems  
based on Mn s u b s t i t u t e d  TiCr2 have been i d e n t i f i e d  a s  promising 
f o r  nonmechanical compression a p p l i c a t i o n s .  

T h i s  p r o j e c t  w i l l  n o t  c o n t i n u e  i n  EY 80  a s  t h e  .hydr ide  develop-  
ment program a t  BNL w i l l  come t o  an  end a s  of September 30. 
197 9. 

C o n t r a c t  Number: EY-76-C-02-0016 

c o n t r a c t  Per iod:  October  1978 - September 1979 

Funding Level  : $60,000 

.Funding Source: Brookhaven N a t i o n a l  Labora tory  



PROJECT SLPDfARY 

P r o j e c t T i t l e :  A d v a n c e d H y d r i d e s T e c h n i c a l S u p p o r t  

P r i n c i p a l  I n v e s t i g a t o r :  John R .  Johnson 

Organ i za t i on :  Brookhaven N a t i o n a l  Labo ra to ry  ,(BhT) 
Bu i ld ing  815 DEE 
Upton, NY 11973 
(516) 345-4510 

, 
P r o j e c t  Goals:  The pr ime o b j e c t i v e s  of t h i s  a c t i v i t y  w i l l  be  t o  p rov ide  t z chn i -  

c a l  s u p p o r t ,  of a l a b o r a t o r y  n a t u r e ,  f o r  bo th  in-house B?L 
a c t i v i t i e s  and s u b c o n t r a c t  wqrk l e a d i n g  t o  near- term a p p l i c a t i o n  
f o r  h y d r i d e s  and t o  p rov ide  manageinent c o o r d i n a t i o n  f o r  m a t e r i a l s  
s u b c o n t r a c t  r e s e a r c h .  

. . 
P r o j e c t  S t a t u s :  T h i s  h a s  been a  c o n t i n u t i n g  e f f o r t  w i t h  work performed i n  t h e  

a r e a s  of m a t e r i a l s  c h a r a c t e r i z a t i o n ,  po isonfng  and s a f e t y  
- s t u d i e s  and technica l /economic  e v a l u a t i o n s  f o r  proposed s t o r -  

. - a g e  m a t e r i a l s .  

~ i s k s '  f o r  FY '79 are.:  

1. s a m p l e , t e s t i n g  on a n  as-needed b a s i s  f o r  bo th  BNL in-house 
e n g i n e e r i n g  a c t i v i t i e s  and s u b c o n t r a c t o r  r e s e a r c h ;  and 

, . 

2 .  p r o v i d e  t e c h n o l o g i c a l  d i r e c t i o n  and c o o r d i n a t i o n  of con- 
" t r a c t o r  a c t i v i t i e s .  

T h i s  p r o j e c t  w i l l  n o t  c o n t i n u e  i n  FY 8 0  a s  t h e r e  w i l l  be no 
in-house hyd r ide  work a t  BNL a f t e r  FY 79.  

C o n t r a c t  NLimber: ,N-76-C-02-0016 . . 

C o n t r a c t  Pe r iod :  October  1978 - September 1979 

. Funding Level :  $30.000 

. . 
Funding Source:  . Brookhaven N a t i o n a l  Labora tory  

a 



PROJECT SUMMARY 

P r o j e c t  T i t l e :  Development of New Hydrogen S to rage  Systems f o r  Automotive 
Hydrogen Fuel  S to rage  . 

P r i n c i p a l  I n v e s t i g a t o r :  John J. s h e r i d a n . 1 1 1  

Organiza t ion:  A i r  P roduc t s  and Chemicals, Inc .  (APCI) 
P.O. Box 538 
Allentown, PA 18105 
(215) 398-6508 

\ 

P r o j e c t  Goals : The p r i n c i p a l  g o a l  of t h i s  program is  t h e  development and 
c h a r a c t e r i z a t i o n  of metal-hydrogen systems w i t h  >3 w t %  hydro- 
gen s t o r a g e  c a p a c i t y  and d i s s o c i a t i o n  p r e s s u r e s  of a t  l e a s t  
1 a t m .  a t  175OC. The o b j e c t i v e  i n  FY 79 is t h e  complet ion of 
c h a r a c t e r i z a t i o n  s t u d i e s  on b i n a r y ,  t e r n a r y  and qua te rna ry  
a l l o y s  of Mg. 

P r o j e c t  S t a t u s :  F a c i l i t i e s  and equipment were assembled t o  i n v e s t i g a t e  spec i -  
f i c a l l y  both  t h e  chemical  and s t r u c t u r a l / g e o m e t r i c  f a c t o r s  
i n  t h e  hydr id ing  of magnesium-based, l i g h t  weight  a l l o y s .  
S t u d i e s  of t h e  e f f e c t s  of geomet r i ca l  and chemical f a c t o r s  
on t h e  hydr id ing  p r o p e r t i e s  of t h e s e  a l l o y  types  were completed , 
and m a t e r i a l s  from t h e  b ina ry  Mg-A1 system were found t o  be 
most promising.  Work was i n i t i a t e d  t o  d e f i n e  t h e  k i n e t i c s  
and r e a c t i o n  p a t h s  of t h e  Mg-A1 a l l o y s  w i t h  hydrogen and t o  
i n v e s t i g a t e  t h e  use  of c a t a l y s t s  i n  such systems.  

Tasks f o r  1979 a r e :  

1. complet ion of t h e  e v a l u a t i o n  of b i n a r y , t e r n a r y  and 
qua te rna ry  a l l o y s - o f  Mg w i t h  r e s p e c t  t o  t h e i r  hydr id ing  
p r o p e r t i e s  ( s t o r a g e  c a p a c i t y  and thermodynamic c h a r a c t e r -  
i s t i c s )  ; 

2. s t u d i e s  of t h e  k i n e t i c s  of hydrogen abso rp t ion -deso rp t ion  
i n  the  most promising Mg-based a l l o y s  which were i d e n t i f i e d  
a s  Mg-A1 i n t e r m e t a l l i c s ;  

3. i n v e s t i g a t i o n s  of  t h e  r e a c t i o n  ,pathways f o r  t he  Mg-A1 
compounds upon hydr id ing  ; and 

4. s t u d i e s  of t h e  e f f e c t s  of c a t a l y s t s  on the  k i n e t i c s  and 
r e a c t i o n  p a t h s  f o r  t h e  Mg-A1 a l l o y s .  

Con t rac t  Number: BNL 435582-S 

Con t rac t  Per iod:  February 1978 - September 1979 ( e x p e c t  c o n t i n u a t i o n  proposa l  
f o r  FY 80  i n  September 1979) 

Funding Level  : $160,000 (FY 78 and FY 79) 

Funding Source: Brookhaven Natioflal  Labora tory  



PROJECT SUMMARY 

P r o j e c t  T i t l e :  Development of Hydrogen S to rage  M a t e r i a l s  f o r  A p p l i c a t i o n  t o  
Energy Needs 

P r i n c i p a l  I n v e s t i g a t o r :  Cha r l e s  E.  Lundin 

Organ iza t ion :  Denver Research I n s t i t u t e  (DRI) 
2450 South Gaylord S t r e e t  
Denver, CO. 80208 
(303) 753-2621 

P r o j e c t  Goals:  The primary g o a l  of D R I ' s  r e s e a r c h  e f f o r t  is  t o  develop  i m -  . 
proved hydr ides  f o r  energy  s t o r a g e  and conve r s ion  a p p l i c a t i o n s  
The s p e c i f i c  o b j e c t i v e  is t o  d e f i n e  t h e  p r o p e r t i e s  of a l l o y -  
hydrogen sys tems w i t h  '3 wt% s t o r a g e  c a p a c i t y ,  r e s o n a b l e  
thermal  p r o p e r t i e s ,  decreased  m a t e r i a l s  c o s t ,  contaminat ion  
r e s i s t a n c e ,  good k i n e t i c s ,  e t c . ,  u s i n g  t h e  D R I  developed pre-  
d i c t i v e  technique .  

P r o j e c t  S t a t u s :  Based on t h e  D R I  developed p r e d i c t i v e  t echn ique  which r e l a t e s  
i n t e r s t i t i a l  a l l o y  h o l e  s i z e  t o  t h e  thenaodyanmic s t a b i l i t y  
of t h e  r e s u l t i n g  a l l oy -hydr ide  s e v e r a l  d i f f e r e n t  a l l o y s  were 
chosen f o r  i n v e s t i g a t i o n  (hydr id ing  p r o p e r t i e s  were i n v e s t i g a t e d ) .  
Of a l l  t h e  a l l o y s  i nves t iga t ed ,nc inewas  found,  t o  d a t e ,  t o  have 
b e t t e r  g e n e r a l  p r o p e r t i e s  than  t h e  c l a s s i c  AB a l l o y  hydr ide  
TiFeH f o r  energy s t o r a g e  a p p l i c a t i o n s .  2  

Tasks  f o r  FY 79 a r e :  

1. complet ion of s t u d i e s  on AB t ype  Laves phases  and T i  and 
V-bas.ed s o l i d  s o l u t i o n s ;  

2 

2 .  s c r e e n i n g  i n v e s t i g a t i o n s  of s e l e c t e d  AB, AB and AB i n t e r -  
m e t a l l i c s  completed by 9130179; and 

3 9 

3 .  sc reen ing  s t u d i e s  of cdmplex a l l o y s  of t h e  form A B com- 
p l e t e d  by 9130179. . x Y 

A s  a r e s u l t  of t h e  FY 79 r e s e a r c h  i t  was expec ted  t h a t  a  s e r i e s  
of f u l l y  c h a r a c t e r i z e d  hydr ides  w i t h  2 3 w t X  hydrogen s t o r a g e  
c a p a c i t i e s  and good thermal  p r o p e r t i e s  would be made a v a i l a b l e  
f o r  a  v a r i e t y  of s t o r a g e  a p p l i c a t i o n s .  S ince  t h i s  goa l  is  no 
where nea r  be ing  r e a l i z a b l e  a s  of 8/1/79m t h e  program a t  t h e  
Denver Reasearch I n s t i t u t e  w i l l  no t  be  cont inued  i n  M 80.  

Con t r ac t  Number: Fi-78-5-02-5104-A000 

Con t r ac t  Pe r iod :  .September 1978 - September 1979 

Funding Level  : $100.000 

Funding Source:  Department of Energy. SRSA 



PROJECT SUMEA,ARY 

P r o j e c t  T i t l e :  M e t a l l u r g i c a l  S t u d i e s  of Hydrogen S to rage  Al loys  

P r i n c i p a l  I n v e s t i g a t o r :  Gary D .  Sandrock 

Organiza t ion:  The I n t e r n a t i o n a l  Nickel  Co., Inc .  (INCO) 
I N C O  Research and Development Center  
S t e r l i n g  F o r e s t  
S u f f e r n ,  NY 10901 
(914) 753-2761 

P r o j e c t  Goals: Experimental  s t u d i e s  w i l l  be performed and d a t a  c o l l e c t e d  and 
ana lyzed  t o  de termine  mechanisms of poisoning  of TiFe ,  TiFeO.  85 
Mn0.15 and LaNi compounds by common contaminants  s u c h  a s  0 

5 .  2' 

H 2 ° p ~  and CO. Also,  an  assessment of t h e  o v e r a l l  p r o b a b i l i t y  
o e  e lop ing  poison r e s i s t a n t  hydr ides  by a l l o y  m o d i f i c a t i o n ,  
u t i l i z i n g  t h e  r e s u l t s  of t he  mechan i s t i c  s t u d i e s ,  w i l l  be 
c a r r i e d  o u t .  

P r o j e c t  S t a t u s :  Poisoning  s t u d i e s  f o r  a l l  t h r e e  a l l o y s  w i t h  t h e  d i f f e r e n t  con- 
taminants  a r e  n e a r l y  complete.  A l l  exper imenta l  work w i l l  be 
f i n i s h e d  f o r  FY 79 on 9/1/79.  Data a n a l y s i s  ( i n t e r p r e t a t i o n )  . 

w i l l  be f i n i s h e d  a s  of 9/30/79 and t h e  c o n t r a c t  f i n a l  r e p o r t  
w i l l  be  submit ted no l a t e r  than  10/31/79 .  

Tasks f o r  FY 79 a r e :  

1. complet ion of poisoning  s tud ' ies  f o r  TiFe ,  TiFe 
0 . 3 5 y 0 . 1 5 '  and LaNi a l l o y s  i n c l u d i n g  t h e  developemnt of mo e  s 

5  f o r  t h e  mechanisms of poisoning  by t h e  d i f f e r e n t  contamin- 
a n t s ;  

2. me ta l log raph ic  examination of BNL exper imenta l  a l l o y s ;  and 

3.  p r e p a r a t i o n  of t e s t  a l l o y s  f o r  BNL on an  as-needed b a s i s .  

Tasks (2)  and ( 3 )  a r e  s imply low l e v e l  m e t a l l u r g i c a l  suppor t  
f o r  BNL. It is  l i k e l y  t h a t  I N C O f s  p a r t i c i p a t i o n  i n  t h i s  pro- 
program w i l l  con t inue  i n  FY 80. A s  of 8 /1 /79  i t  is u n c e r t a i n ,  
however, a s  t o  whether t h e i r  program w i l l  be a c o n t i n u a t i o n  
of work on unders tanding  mechanisms of a l l o y  hydr ide  poisoning  
l e a d i n g  t o  t h e  development of poison  r e s i s t a n t  hydr ides  o r  a  
new program concerned w i t h  near- term c o m e r i c a l i z a t i o n  of de- 
v i c e s  u t i l i z i n g  m e t a l  hydrogen s t o r a g e  systems.  

Con t rac t  Number: BNL 451117-S 

Contrac t  Per iod:  J u l y  1978 - September 1979 

Funding Level:  $90,000 

Funding Source: Brookhaven Na t iona l  Labora tory  



PROJECT SUMMARY 

Pro jec t  T i t l e :  Hydrogen Production from Small Hydropower Systems 

P r i nc i pa l  I nves t i ga to r :  E.L. W i  1  kinson 

Organization: A i r  Products & Chemicals Inc .  
Box 538 
Allentown, PA 18105 
(215) 398-8146 

Pro jec t  Goals: To conduct a n a l y t i c a l ,  design and engineer ing i nves t i ga t i ons  
lead ing t o  a  funding dec is ion regarding the f i e l d  demonstration 
of the commercial v i a b i l i t y  o f  hydrogen product ion from small 
hydropower s i t es .  The f o l  lowing tasks w i l l  be undertaken : 
Phase I - Program Analysis and Economic Evaluat ion ( spec i f i c  
program plan,. systems analys is ,  s e n s i t i v i t y  analys is) ;  
Phase I 1  - S i t e  'Se lect ion ( c r i t e r i a  se lec t ion ,  s i t e  recommendations) ; 
Phase I 1 1  - S i t e  Engineering, D e f i n i t i v e  Fac i l  i ty.Cost Estimate 
(hydropower s i t e  res to ra  t i on l deve l  opment design , hydrogen 
product ion/storage d i spos i t i on ,  hydrogen product ion cos t  est imates) .  

P ro jec t  Status : APCI has. submi t t e d  i t s  program p lan and cur ren t  e f fo r t s  
concentrate on s i t e  se lec t ion .  C r i t e r i a  f o r  s i t e  se l ec t i on  
has been broadened t o  extend beyond "over-the-fence" app l i ca t ions  
t o  merchant hydrogen markets. Cost t radeof fs  are being conducted 
deal ing w i t h  p i p i ng  vs. t r uck i ng  o f  hydrogen from a  hydropower 
s i t e  t o  the use o r  d i s t r i b u t i o n  s i t e .  

Contract  Number: BNL 478647-5 

Contract  Period: J u l y  1979 t o  March 1980 

Funding Level : $168,087 

Funding Source : Bnookhaven Nat ional  Laboratory 



PROJECT SUMMARY 

P ro jec t  T i  tl e : Hydrogen Product ion from Small Hydropower S i tes  

P r i nc i pa l  I nves t i ga to r :  D r .  Rudolph W i  l e y  

Organizat ion:  New York State  Energy Research and Development Au tho r i t y  (NYSERDA) 
Empire State  Plaza 
Albany, NY 12223 
(518) 465-6251 ., . 

P ro jec t  Goals: To v e r i f y  the  commercial prospects f o r  merchant hydrogen 
product ion from a hydropower s i t e  i n  Potsdam, New York, 
lead ing t o  f i e l d  demonstration. The f o l l ow ing  tasks w i l l  be 
undertaken: Phase I - Planning and Analysis (program plan, 
systems analys is ,  cos t  s e n s i t i v i t y  analys is) ;  Phase I 1  - S i t e  
Se lec t ion  ( c r i t e r i a  development, s i t e  recommendation) ; 
Phase I I I - S i t e  Engineering (hydropower s i t e  r es to ra t i on /  
development design, hydrogen production/storage/dis~osi ti on, 
hydrogen product ion cos t  est imate) .  

P ro j ec t  Status:  F ina l  negot ia t ions w i t h  NYSERDA have been v i r t u a l l y  completed 
and p r o j e c t  s t a r t - up  t a r g e t  date has been se t  as 9-1-79. The 
p r o j e c t  w i l l  be cos t  shared by: 

DOE/STOR - DOE/HRD 
( D i v i s i o n  o f  Energy Storage systems and 
D i v i s i o n  of Hydroe lec t r i c  Resource Development) 

e NYSERDA 

City o f  Potsdam 

Contract  Number: BNL 479955-5 . 

Contract  Period: September 1979 - May 1980. ( an t i c i pa ted )  

Funding Level : $174,900 (an t i c i pa ted )  

Funding Source: Brookhaven Nat ional  Laboratory 



PROJECT SUWARY 

P ro jec t  T i t l e :  Methanol-Based Heat Punp f o r  Storage o f  So la r  Them.al 
Energy 

P r i nc i pa l  I nves t i ga to r :  Dr. Peter  Offenhartz 

Organizat ion:  EIC Corporat ion 
55 Chapel S t ree t  
Kewton, l?A 021 58 
(61 7) 965-2710 

P ro j ec t  Goals: The purpose o f  t h i s  program i s  t o  t e s t  a 100,000 BTU 
thermal storage capac i ty  CaC12 - CH30H system and 
evaluate the  data obtained. Under the  previous phase 
o f  t h i s  cont ract ,  t he  system was constructed. Spec i f i ed  

' program ob jec t i ves  a re  t o :  1 )  i n i t i a t e  u n i t  t es t i ng ,  
2)  complete a stage of hardware debuggina, 3) complete 
a f i r s t  se r ies  o f  thermal storage t e s t  cycles and i n i t i a t e  
any' needed redesi  gn, 4) compl e t e  any needed redesign , 
5) i n i t i a t e  and complete o f f -des ign  cyc le  t e s t s  inc lud-  
i n g  s imulated process upsets and con t ro l  f a i l u r e ,  6 )  i n i -  
t i a t e  and 'complete long-term (> 1000 cyc les)  t es t i ng ,  
7)  evaluate s a l t  bed heat exchanger performance, 8) com- 
p l e t e  p re l im inary  heat and mass balance, 9 )  evaluate the r -  
mal loss  terms, 10) ca l cu l a te  t he  system COP, i nc l ud ing  
a1 1 paras i  t i c s ,  11 ) eval  uate cyc le  performance and i'ssue 
performance claims and spec i f i ca t i ons ,  and 12) issue a 
f i n a l  r epo r t  i n c l ud ing  a rev ised  development plan. 

p r o j e c t  Status: 5 EIC Corporation has completed cons t ruc t ion  o f  t h e  10 BTU 
- thermal storage capac i ty  CaC12 - CH OH un i t .  Th is  f o l -  

lowed the  labora to ry  screening o f  twenty candidate i no r -  
ganic s a l t s  before choosing CaC12 - CH30H system k i ne t i c s ,  
and o the r  chemical behavior has been c a r r i e d  out. A 1000 
BTU bench-top u n i t  was then b u i l t  t o  prov ide data fo r  the 
con t inua t ion  i n t o  the  present phase o f  work. 

Contract  Number: 6NL 490105-5 

Contract Per iod:  August 1979 - September 1980 

Funding Level : $1 93,398 

Funding Source: Brookhaven Nat ional  Laboratory 



PROJECT SUMMARY 

P r o j e c t  T i t l e :  S u l f u r i c  AcidIWater  Chemical Heat Pump 

P r i n c i p a l  I n v e s t i g a t o r :  Mr. E.C. C la rk  

Organ iza t i on  : Rocket Research Company 
Redmond , WA 
(206) 885-5000 

P r o j e c t  Goals: The p r o j e c t  i s  s t r u c t u r e d  ' t o  v e r i f y  t h e  c a p a b i l i t y  o f  t h e  
s u l f u r i c  ac id -water  system and t o  enhance near - te rm commercial- 
i z a t i o n .  The p r imary  o b j e c t i v e  i s  t o  design,  c o n s t r u c t  and 
t e s t  a s u l f u r i c  a c i d  CHPICES v e r i f i c a t i o n  t e s t  u n i t  which 
i nco rpo ra tes  as many commercial, mass p r o d u c i b l e  des ign  fea tu res  
as necessary t o  demonstrate system economic and t e c h n i c a l  
f e a s i b i l i t y .  The u n i t  s h a l l ,  as a minimum, be designed w i t h  low 
c o s t  chemical s to rage  tanks,  and s h a l l  be capable o f  o p e r a t i o n  
i n  t h e  COP > 1 mode as w e l l  as p r o v i d e  space c o o l i n g  w i t h  s imul -  
taneous charge and d ischarge capab i l  i t y  (abso rp t i on  c y c l e  r e f r i -  
g e r a t i o n  mode). For purposes o f  g a i n i n g  sca l  'ng c r i t e r i a ,  t h e  k nominal s to rage des ign  c a p a c i t y  s h a l l  be % 10 B tu  w i t h  a 
nominal de l  i v e r e d  heat r a t e  o f  Q 150,000 B tu lhou r .  

P r o j e c t  S ta tus :  The i n i t i a l  Phase I e f f o r t  w i t h  s u l f u r i c  ac id -water  was a 
9-month conceptual  des ign  and 1 a b o r a t o r y  demonst ra t ion  o f  t h e  
p r imary  components, which proved t h e  f e a s i b i l i t y  o f  t h e  thermal 
s to rage  concept and demonstrated t h e  sepa ra t i on  and recombinat ion  
o f  t h e  chemicals.  Dur ing  t h e  Phase I 1  program, t h e  chemical heat  
pump concept  was i d e n t i f i e d ;  and an eng inee r ing  model was 
designed, constr.ucted, and demonstrated. The Phase 11-A 
program extended t h e  system a n a l y s i s  t o  s tudy  economics. Also 
completed d u r i n g  Phase 11-A was component o p t i m i z a t i o n  t e s t i n g  
w i t h  t h e  Phase I 1  eng inee r ing  system and an assessment o f  the. 
i n s t i t u t i o n a l  b a r r i e r s  t o  commerc ia l i za t i on  o f  t h e  s u l f u r i c  
acid/solar/CHP/CES. F i n a l  r e p o r t s  on a1 1 phases have been 
completed. The proposed f o l  low-on program i s  under rev iew  by RNL. 

Con t rac t  Number: TBD 

Con t rac t  Pe r iod  : 24 months ( t o t a l  proposed program) 
* 

Funding Level  : Phase I, Requirements Ana lys i s  $ 94,470 
Phase 11, V e r i f i c a t i o n  Test  U n i t  Design 285,439 
Phase 111, " F a b r i c a t i o n  & Assembly 182,792 
Phase I V ,  " Performance T e s t i n g  142,460 

TOTAL PROPOSED PROGRAY $705,159 

Funding Source: Brookhaven Na t i ona l  Labora tory  

* As requested i n  RRC proposal  t o  BNL dated J u l y  23, 1979 



PROJECT SUMMARY 

P r o j e c t  T i t l e :  HYCSOS: A Two Metal Hydride System f o r  Energy Storage 
and Conversion 

P r i n c i p a l  Inves t iga to rs :  J .  G .  Asbury, C. A. Blomquist, and D. M. Gruen 

Organizat ion : Argonne Nat iona l  Laboratory 
9703 South Cass Avenue 
Argonne, I L  60439 
(31 2) 972-351 3  

P r o j e c t  Goals : To .develop and charac te r i ze  an eng ineer ing t e s t  u n i t  of a  
chemical heat pump u t i l i z i n g  metal hydr ides and e x h i b i t i n g  
r a p i d  c y c l i n g  t imes. Such a  system would be d i r e c t e d  t o -  
wards a p p l i c a t i o n s  u t i l i z i n g  low grade waste heat o r  s o l a r .  

P r o j e c t  Status:  Proof o f  concept has been demonstrated. Several hydr ide 
systems have been character ized w i t h  regard t o  t h e i r  appl i - 
c a t i o n  t o  chemical heat pumps. Pa i rs  o f  hydr ides w i t h  
k i n e t i c s  favorab le  t o  r a p i d  c y c l i n g  have been i d e n t i f i e d ,  
and CaNi 5 hydr ides have been i d e n t i f i e d  as being unsui tab1 e  
due t o  d i  sp ropor t i  o n a t i  on under a  hydrogen atmosphere. Sys- 
tem s tud ies  are i n  the  process o f  d e f i n i n q  t h e  l e a s t  expen- . 
s i v e  and most e f f i c i e n t  system con f igu ra t ions .  Extensive 
heat exchanger design and ana lys is  i s  be ing c a r r i e d  o u t  t o  
f a c i l i t a t e  removal o f  sens ib le  heat from the  hydr ide beds i n  
t imes cons is ten t  w i t h  minimal c y c l e  t imes. 

Cont ract    umber: C8-03-02-01-3 (DOE) ; 49405 (ANL) 

Contract  Per iod:  . ,  . October 1978. - September 1979 

Funding Level : $24'0,030 

Funding source: Uni ted Sta tes Department o f  Energy 
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