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ABSTRACT 

Contract management, technical monitoring and in-house research conducted by 
Brookhaven National Laboratory for the U.S. Department of Energy, Division of 
Energy Storage as described. The status of each project within four major areas 
of investigation is summarized. Activities deal with: (1) Electrolytic Produc- 
tion of Hydrogen; (2) Hydrogen Storage Systems; (3) Hydrogen Storage Materials; 
and (4) Systems Studies/End-Use Applications. The BNL programmatic responsibili- 
ties encompass the direction of 17 contractors and a $3,200,000 budget. 
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ELECTROLYSIS-BASED HYDROGEN ENERGY STORAGE SYSTEMS 

1978 ANNUAL REPORT (JANUARY 1 ,  1978 - DECEMBER 31, 1978) ' 

EXECUTIVE SUMMARY 

Brookhaven Nat iona l  Laboratory c o n t r a c t  management, t e c h n i c a l  monitoring and 

in-house research  and development a c t i v i t i e s  f o r  1978 a r e  descr ibed f o r  the  four  

major a r ea s  of i n v e s t i g a t i o n .  

(1 )  E l e c t r o l y t i c  Hydrogen Product ion  

(2 )  Hydrogen Energy S torage  Systems 

(3)  Hydrogen Storage Ma te r i a l s  

( 4 )  Systems S tudies  and End-Use Appl ica t ions  

The o b j e c t i v e s  of the  Electrolysis-Based Hydrogen Energy Storage Systems 

Program a r e  to :  

. Develop, t e s t  and d e l i v e r  advanced water e l e c t r o l y s i s  systems capable of 

producing hydrogen a t  a  compet i t ive  p r i c e  i n  near-to-mid term chemical feeds tock  

and f u e l s  markets. 

. I d e n t i f y  and develop s a f e  and cos t - e f f ec t i ve  hydrogen s to rage  and d e l i v e r y  

systems. 

. I d e n t i f y  and develop s to rage  m a t e r i a l s  comprising metal  hydrides  and o t h e r  

abso rbe r s  with p r o p e r t i e s  pe rmi t t i ng  high capac i ty  s to rage  and long l i f e .  

. I d e n t i f y  b a r r i e r s  and i n c e n t i v e s  f o r  s e l e c t e d  renewable resource (hydro- 

power, ocean thermal energy conversion,  s o l a r ,  e t c . )  conversion t o  hydrogen. 

Contractor  and BNL in-house research  and development e f f o r t s  a r e  descr ibed  

a s  they r e l a t e  t o  each of the  major a r e a s  of i n v e s t i g a t i o n .  Accomplishments 

du r ing  1978 a r e :  

Area 1 - E l e c t r o l y t i c  Hydrogen Product ion 

. Reduction of c a t a l y s t  load ing  on SPE e l e c t r o l y z e r  e l e c t r o d e s  was achieved 

hy GE, from 4 gms/€t2 t o  .25 gms/ f t2  t hus  reducing c a t a l y s t  load ing  c o s t s  from 

$22/f t 2  t o  $1.75/f t2 .  

. GE completed a  SPE e l e c t r o l y z e r  2.5 f t 2  e l e c t r o d e  s i n g l e - c e l l  test and 

i n i t i a t e d  a  50 kW c e l l  module eva lua t ion  t e s t .  



. The mechanism of performance degradation of ruthenium (low cost) electro- 
catalysts was identified at BNL. 

. An advanced alkaline electrolyzer 5-cell test rig (ARIES) was completed 
and 320 operational hours test time at 100°C was accumulated at Teledyne Energy 

Systems characterizing improved electrode and separator materials. 

. The long term stabilities of materials for high temperature alkaline sys- 
tems was carried out at Teledyne Energy Systems (TES), BNL and the University of 

Virginia. 

Area 2 - Hydrogen Energy Storage Systems 
. Feasibility and cost assessment of underground storage of hydrogen was 

initiated at the Institute of Gas ~ e c h n o l o ~ ~  (IGT) based on current natural gas 

storage practices. 

. Conccptual design and cost/performance aaa ly s l s  of -microsphere/metal 

hydride hybrid storage system for automo'tive application was cornp1,eted by R. J. 

Teitel Associates, projecting 50% weight and cost reductions compared to FeTi/Mg 

hydride hybrids. 

. The experimental and analytical plan for heatlmass flow enhancement design 
evaluations was completed. 

Area 3 - Hydrogen Storage Materials 
. Continuous cycling absorption/desorption apparatus was fabricated at 

International Nickel Company (INCO) for the conduct of kinetic poisoning experi- 

ment S. 

. Equipment fabrication and alloy preparation was completed at Air Products 
& Chemicals, Inc. (APCI) and initial testing shows nickel powder to be an effec- 

tive catalyst for certain Mg-based alloys. 

. Hysteresis phenomena in alloy hydrogen absorption-desorption was explained 
and rationale developed at Denver Research Institute (DRI) associating molecular 

structure to hydriding capacity. 

Area 4 - Systems Studies and End-Use Applications 
. Falling water systems studies were completed by the Institure of Gas Tech- 

nology and actions were initiated for activity in hydrogen production and market- 

ing from small hydropower resources. These actions were based upon the identifi- 

cation of substantial small hydropower resources (especially in the Northeast) 

with potentially favorable cost for conversion to hydrogen production. 



. The f e a s i b i l i t y  of hydrogen a s  a  n a t u r a l  gas supplement i n  e x i s t i n g  

l ipel ine networks was e s t a b l i s h e d  f o r  moderate (up t o  20%) mixtures .  

Area 5 - P r o j e c t  Management 

The p r o j e c t  management a c t i v i t i e s  encompassed d i r e c t i n g  the e f f o r t s  of 17 

c o n t r a c t o r s  and a  budget of $3,200,000 inc lud ing  the  BNL r e sea rch  and development 

work. One major compet i t ive  procurement was i s sued  i n  the  a r ea  of hydrogen 

product ion from small  hydropower s i t e s  with two p o t e n t i a l  c o n t r a c t o r s  s e l e c t e d ,  

New York S t a t e  Energy Research and Development Authori ty  and A i r  Products and 

Chemicals, Inc. Other a c t i v i t i e s  included coord ina t ing  the  Annual Hydrogen 

Cont rac tors '  Review Meeting and conducting a  workshop on metal  hydride s to rage  

ves se l s .  



ANNUAL REPORT 

ELECTROLY SI  S-'BASED HYDROGEN ENERGY STORAGE SYSTEMS 

1 .0 INTRODUCTION 

Brookhaven Nat iona l  Laboratory (BNL) has served a s  the focus f o r  R&D i n  Hy- 

drogen Energy Storage Systems f o r  more than a decade based upon i t s  pioneering i n  

metal  hydrides  s to rage  m a t e r i a l s  and systems. This  has s t imula ted  a c t i v i t i e s  i n  

o t h e r  a spec t s  of hydrogen technology t h a t  range from hydrogen product ion v i a  

water e l e c t r o l y s i s  t o  a p p l i c a t i o n s  i n  mobile propuls ion  and urban energy systems 

a s  wel l  a s  i n  chemical feeds tock  markets. 

DOEISTOR assigned a major management r o l e  i n  Hydrogen Energy Systems devel- 

opment t o  BNL, aiming f o r  g r e a t e r  i n t e r a c t i o n  wi th  the  p r i v a t e  s e c t o r  and the 

academic community i n  order  t o  a c c e l e r a t e  the commercial izat ion prospec ts  f o r  hy- 

drogen technology. Ea r ly  pene t r a t i on  of the  energy i n f r a s t r u c t u r e  was seen a s  

being brought about through u t i l i t y  load l e v e l i n g  a p p l i c a t i o n s  a s  nuclear  base- 

load capac i ty  p r o j e c t i o n s  increased .  The a v a i l a b i l i t y  of low-cost, off-peak/ 

spinning r e se rve  e l e c t r i c i t y  l eads  t o  the cons ide ra t i on  of hydrogen product ion 

(and s to rage )  a s  a supplement t o  n a t u r a l  gas and a s  the  f u e l  f o r  high e f f i c i e n c y  

f u e l  c e l l s .  These prospec ts  have dimmed f o r  the near term due t o  the v i r t u a l  

d e f e r r a l  of the  nuc lear  op t ion  and marginal o v e r a l l  e l e c t r i c  e f f i c i e n c i e s  of 

e l e c t r o l y z e r / f u e l  c e l l  systems r e s u l t i n g  i n  r e l a t i v e l y  high hydrogen product ion 

cos t s .  The cu r r en t  program a t  BNL i s  s t r u c t u r e d  about hydrogen product ion a s  an 

e f f e c t i v e  long term renewable resource .  conversion op t ion ,  wi th  chemical feeds tock  

markets a s  the  primary target-of-opportuni  t y  , c l o s e l y  followed by development and 

promotion of s e l e c t e d  a p p l i c a t i o n s  t h a t  promise near term, but modest impacts on 

the  energy supply. 

1.1 Program Desc r ip t i on  

Brookhaven Nat iona l  Labora tory ' s  management and in-house research  and devel- 

opment e f f o r t s  address  complementary a r e a s  of i n v e s t i g a t i o n  in :  E l e c t r o l y t i c  

Hydrogen Product ion;  Hydrogen Storage Systems; Hydrogen Storage Ma te r i a l s ;  and,  

Systems S tudies  and End-Use Appl ica t ions .  The purpose of the  i n v e s t i g a t i o h s  i s  

t o  a s s e s s  and promote hydrogen product ion and s to rage  a s  a renewable resource 

conversion opt ion  f o r  supplementing our chemical feedstock i n  the  near term and 



as a fuel supplement in the mid-to-long term. The technical approach establishes 

priorities for in-house research and subcontractor management activities that 

strike a balance with near-term prospects for technology commercialization. Em- 

phasis is placed on Electrolytic Hydrogen Production via the development of low 

capital cost, high efficiency water electrolysis systems. These systems incor- 

porate advances in solid polymer and alkaline electrolytes, electrocatalysts and 

separator/collector materials capable of operation in higher temperature and 

pressure regimes. Hydrogen Storage Systems and Hydrogen Materials investigations 

have shifted emphasis from stationary bulk storage applications to mobile, short- 

term storage. Systems Studies and End-Use Applications deal with analyses of 

barriers and incentives associated with renewable resource conversion and product 

marketing 'supplemented by demonstration tests to provide "hands-on" experience 

with near-term technology commercialization opportunities. 

1.2 Program Purpose and Objectives 

Programmatic guidelines and criteria derive from the recognition that hydro- 

gen's entry into the energy infrastructure must consider the realities of the 

competitive marketplace for fuels. Therefore, in order to accelerate hydrogen's 

contribution to the U.S. energy stores, technology advances are pursued address- 

ing cost-effective and safe production, storage and use of hydrogen. Technologi- 

cal advances aim toward the conversion, storage and distribution of dispersed 

renewable resources, in the form of hydrogen, identified as a flexible commodity 

with excellent energy carrying and storage characteristics. 

Advanced water electrolysis systems development has been identified as the 

critical lead technology and retains the highest programmatic priority. 

Reduction in capital costs and high operating efficiencies are nrandatory for 

attaining competitive prices per unit energy of electrolytic hydrogen product. 

Application of these systems as renewable resource conversion options will mke 

hydrogen prices less susceptible to cost increases and inflationary pressures 

associated with current conventional fuels. 

Hydrogen Storage Systems and Hydrogen Storage Materials utilizing metal hy- 

drides and/or other absorbers provide safe and weight/volume effective storage 

and delivery of energy. Project priorities addressing systems development for . 



specific applications will be governed by cost effectiveness and market consi- 

derations. 

Systems Studies and End-Use Applications investigations aim to provide the 

technical and economic basis for identifying targets-of-opportunity where econom- 

ic and societal benefits can accrue followed by "hands-on" tests and demonstra- 

tions that can systematically introduce and transfer the technology to the pri- 

vate sector. 

1.3 Future Activities 

Future activities and accomplishments for FY 79 and beyond will depend 

largely on budget allocations and constraints. Expected accomplishments are 

delineated as follows: 

Area 1 - Electrolytic Hydrogen Production 
. Fabrication and testing of 200 kW SPE electrolyzer system (60-cell; 2.5 

ft2 electrodes) at GE. 

. Design and development of 10 ft2 electrode cells at GE. 

. Conduct of surface characterization of Ru, Ir and Ru-based alloys and 
mixed oxides at BNL as,well as crystallographic-electrochemical properties cor- 

relation of Ir02 and Ru02 single crystals at BNL and Brooklyn College. 

Area 2 - Hydrogen Storage Systems 
. IGT ,will identify underground storage sites and provide storage cost esti- 

mates. 

. Microsphere component of hybrid automotive storage system will be subjec- 
ted to performance and cost verification tests (regarding capacity, attrition, 

time constraints, etc.) and R. J. Teitel Associates. 

. Heat transfer enhancement apparatus will be designed and tested and 
applied to performance evaluation of six candidate configurations at BNL. 

. HYTACTS testing of VPTU-2 will be conducted for one internal assembly 
option at BNL. 

Area 3 - Hydrogen Storage Materials 
. Mechanisms of 02, CO and water vapor poisoning of TiFe, 

manganese-substituted TiFe and LaNi5 will be determined at INCO. 

. Evaluation of binary, ternary and quaternary Mg-based alloys as hydrogen 
storage media will be completed at Air Products and Chemicals, Inc. 



. A l l  thermal and capac i ty  s t u d i e s  of AB2, ABg, T i ,  and V-based s o l i d  

s o l u t i o n  a l l o y s  w i l l  be completed a t  Denver' Research I n s t i t u t e .  

. Cycling experiments with hydrogen/natural  gas mixtures w i l l  be completed 

and k i n e t i c  measurements f o r  gas s epa ra t ion  w i l l  be s t a r t e d  a t  BNL. 

Area 4 - Systems Studies  and End-Use Appl ica t ions  

. Contract award w i l l  be made t o  i n i t i a t e  i n v e s t i g a t i o n s  i n t o  hydrogen pro- 

duc t ion  from small  hydropower resources t o  NYSERDA and APCI. 

Successful  implementation of p r o j e c t s  formulated wi th in  the scope of DOE/ 

STOR-BNL a c t i v i t i e s ,  w i l l  aim toward expansion of hydrogen's i n i t i a l  r o l e  a s  a 

chemical feedstock t o  encompass i ts  use a s  a f u e l  supplement. Ul t imate ly ,  the  

long-term p o t e n t i a l  of hydrogen as a gene ra l l y  usefill, f1ie1 m y  h~ r p a l i z p r l .  

Inexhaus t ib le  resources  conve r t ib l e  t o  hydrogen product ion range from the modest 

c o n t r i b u t i o n s  of small hydropower t o  the s1lhstant.i a1 p n t ~ n t i  a1 a v e i l a b l c  from 

undeveloped remote hydro i n  Canada and r e a l l o c a b l e  hydro i n  t h e  U.S. Hydropower 

a lone  can provide up t o  4 Quadslyr of mid-term cost-competi t ive f u e l  supplements. 

The f u t u r e  prospec ts  f o r  i nexhaus t ib l e  resnlirce conversion only br ighten  the  

f u t u r e  energy horizons.  Low-cost water e l e c t r o l y z e r s  and e f f e c t i v e  hydrogen 

s to rage  and d i s t r i b u t i o n  systems can serve  t o  ensure hydrogen's place i n  our  

energy s t o r e s  and provide incen t ives  f o r  i d e n t i f i c a t i o n  and capture  of new energy 

markets. 

Budgetary a l l o c a t i o n s  t o  each of the major a r eas  of technology a s  wel l  a s  

p r o j e c t  management func t ions  a r e  shown i n  F igure  1.1. 



NOTES: ALL BUDGET FIGURES 
GIVEN IN $1,000 B/A 

0 FIGURES IN ( h~ 
APPROXIMTE FY 77s 

H SYSTEVS ANALYSIS 1 ENGINEERING STUDIES 

1 S T M N S  1 (45) 

40 (30) 

I 
RNL 5 0  

CONTR. 3 5  

USE 
TECHNOLOGY 

3 5 0  
(100) 

Figure 1.1. Hydrogen project budgetary breakdown for FY 78 



2.0 ELECTROLYTIC HYDROGEN PRODUCTION 

2.1 S o l i d  Polymer E l e c t r o l y t e  (SPE) Water E l e c t r o l y s i s  Technology 

Development 

2.1.1 Design, Development, and Tes t ing  of 50 and 200 kW SPE Water 

E l e c t r o l y z e r s  (General E l e c t r i c  Company) 

Under the  sponsorship of t h e  Department of Energy, Niagara Mohawk 

Power Corp., Empire S t a t e  E l e c t r i c  Energy Research Corp., New York S t a t e  Energy 

Research and Development Authori ty  and General E l e c t r i c  IR&D, General E l e c t r i c  i s  

developing a  h igh ly  e f f i c i e n t  water  e l e c t r o l y s i s  system using the  s o l i d  polymer 

e l e c t r o l y t e  technology. I n  t h i s  type of e lec t rochemica l  c e l l ,  a  s o l i d  shee t  of 

p e r f l u o r i n a t e d  s u l f o n i c  a c i d  (Nafion) membrane se rves  a s  the  e l e c t r o l y t e ,  and 

h ighly  p u r i f i e d  water  is the  only chemical feed i n t o  the  cel l .  Because the cel l  

environment is  a c i d i c  and ox ida t ive  i n  t he  anodic compartment, noble-metal  cata-  

l y s t s  and co r ros ion  r e s i s t a n t  m a t e r i a l s  a r e  required.  The i r  high cos t  is l a r g e l y  

o f f s e t  by t he  very h igh  c u r r e n t  dens i ty  ( ~ 1  amp cm-2) and low c e l l  p o t e n t i a l s  

(1.85 V)  f o r  water  e l e c t r o l y s i s .  

The aim of the  program f o r  1978 was the des ign ,  f a b r i c a t i o n  and t e s t -  

i ng  of a  50 kW (500 SCFH) system comprising 12 c e l l s  of t h e  2.5 f t 2  s i z e .  The 

d e s i g n  of t h e  scaled-up ce l l  ( a c t i v e  a r ea  increased  from 0.05 t o  2.5 f t 2 )  and 

module components was completed a t  the  beginning of  1978. The e f f o r t  centered 

l a r g e l y  on t h e  membrane and e l e c t r o d e  assembly, the  molded carbon cu r r en t  co l lec-  

t o r ,  and the e l e c t r o d e  suppor t s .  An i some t r i c  diagram of a  p o r t i o n  of t h e  2.5 

f  t2 module is presen ted  i n  Figure 2.1. 

Among va r ious  c a r b o n l r e s i n  mixtures ,  the  "wet" g raph i t e /pheno l i c  

(80120) mixture was s e l e c t e d  f o r  cu r r en t  c o l l e c t o r  m a t e r i a l  because it gave good 

adherence t o  metal  f o i l  ( f o r  anode ox ida t ion  p r o t e c t i o n )  and adequate dens i ty  and 

s t r e n g t h  c h a r a c t e r i s t i c s .  F igure  2.2 shows a  foil-backed molded ca rbon / r e s in  col- 

l e c t o r .  

Tho o l c c t r o c a t a l y o t o  a r c  bondcd on both aides sf the membrane by a new 

improved r o l l i n g  technique,  i n  which the membrane i s  r o l l e d  onto a  c a t a l y s t  deca l  

w i th  minimal c a t a l y s t  movements. A photograph of a  membrane and e l e c t r o d e  (M and 

E )  assembly is shown i n  F igure  2.3. 

A perf o r a t e d  t i t a n i u m  f o i l ,  produced by an  a c i d  e t ch ing  technique,  

s e rves  a s  the  anode suppor t  'whi le  a  commercially a v a i l a b l e  carbon f i b e r  paper is  

u t i l i z e d  a s  t he  cathode suppor t .  



A view of the  test a r ea  is  shown i n  Figure 2.4. P r i o r  t o  assembly of 

an ope ra t i ona l  module, the  end p l a t e s  and pneumatic diaphragms were s u c c e s s f u l l y  

proof- tes ted t o  1000 p s i  using a  manual water jack. .The s e a l  showed no s igns  of 

ex t ru s ion  o r  f a i l u r e  and gealed dead t i g h t  a t  the  high pressure .  Subsequent 

t e s t s  using pneumhtic p re s su re s  up t o  300 p s i  shbwed very l i t t l e  gas leakage. 

F igure  2.5 shows a  2.5 f  t2  c e l l  module i n s t a l l e d  i n  the  test a r ea .  

The i n i t i a l  tests of the 2.5 f t 2  c e l l  i nd i ca t ed  poorer performance a s  

compared t o  smal le r  c e l l  (0.05 f t 2 ) ,  a s  shown i n  F igure  2.6. Upon disassembly of 

t h e  c e l l ,  s e c t i o n s  of the  M and E assembly were cu t  out  and t e s t e d  i n  a  0.05 f t 2  

c e l l .  It was found t h a t  the  M and E assembly performance was normal with only 

about  20 mV l o s s  a t t r i b u t a b l e  t o  contaminat ion,  i n d i c a t i n g  t h a t  the performance 

l o s s  was most probably due t o  high contac t  r e s i s t a n c e ,  c o r r e c t a b l e  by proper 

assembly and q u a l i t y  con t ro l .  

Design s t u d i e s  i n i t i a t e d  i n  1978 f o r  t h e  200 kW module w i l l  c a l l  f o r  

60 c e l l s  with the  a c t i v e  a r ea  of the e l e c t r o d e s  of 2.5 f t 2 .  Figure 2.7 shows the 

schematic f o r  the  system. Heat and mass balance s t u d i e s  show t h a t ,  a t  300°F, 

some hea t  must be t r a n s f e r r e d  from the  cathode e f f l u e n t  water t o  t he  anode loop 

i n  order  t o  e l imina t e  the  need f o r  excess ive  s t ack  cool ing.  A r egene ra t i ve  hea t  

exchanger w i l l ,  t h e r e f o r e ,  be necessary t d  accomplish s teady  s t a t e  opera t ion  a t  

3000F. This hea t  exchanger, l oca t ed  i n  t he  feed water l i n e ,  t r a n s f e r s  hea t  from 

t h e  cathode r e t u r n  water t o  the  feed water supply, thereby prehea t ing  the feed 

water p r i o r  t o  de l ive ry  t o  the  c i r c u l a t i n g  water loop. 

The 200 kW system was configured a s  a  modular frame-mounted system, 

more r e p r e s e n t a t i v e  of an i n d u s t r i a l  hydrogen genera t ion  i n s t a l l a t i o n  than t h e  50 

kW system. The removal of waste hea t  by an a i r  coolant  cond i t i one r  was chosen 

r a t h e r  than water cool ing  due t o  i ts more un ive r sa l  a c c e p t a b i l i t y .  S ix  s e p a r a t e  

packages were planned a s  fol lows:  

( i )  ,The 60-cel l  e l e c t r o l y s i s  module u t i l i z i n g  2.5 f t 2  c e l l s .  

( i i )   he. 7500 amp, 90 V dc powei supply capable of d r iv ing  the  

c e l l s  a t  2000 amp/f t2. 

( i i i )  The combination r eve r se  osmosis-deionization water condi- 

tioner which processes  municipal water t o  feed water .  

( i v )  The waste hea t  management system which provides  l i q u i d  

cool ing  t o  the  system and d i scharges  waste hea t  t o  o u t s i d e  

a i r .  



( v )  The water  and gas management subsystem which conta ins  

t he  pumps, s e p a r a t o r s ,  de ion i ze r s ,  and o the r  f l u i d  c o n t r o l  

elements.  

( v i )  The c o n t r o l  panel  conta in ing  the  f l u i d  and e l e c t r i c a l  con- 

t r o l s  and ins t rumenta t ion .  

The achievements i n  t h e  General  E l e c t r i c  .Program i n  1978 may be summarized a s  

fo l lows  : 

( i )  Molded f o i l  backed carbon 2.5 f  t2  c o l l e c t o r  developed. 

( i i )  Membrane and e l e c t r o d e  assembly succes s fu l ly  sca led  up t o  

2.5 f t 2  a c t i v e  a r ea .  

( i i i )  E l ec t rode  suppor t s  developed. 

( i v )  Pv.eu.mat.ically loaded, 2.5 f  t2 module compreooion developed. 

( v )  50 kW (500 SCFH) test sys tem completed. 

( v i )  Opera t iona l  t e s t i n g  of 2.5 f t 2  c e l l s  s t a r t e d .  

( v i i )  200 kW (2200 SCFH) system defined.  

( v i i i )  200 kW (2200 SCFH) components ordered. 

( i x )  Tes t  f a c i l i t y  f o r  200 kW (2200 SCFH) system s t a r t e d .  . 

2.1.2 ~ 
(Brookhaven Nat iona l  Laboratory)  

The oxygen evo lu t ion  r e a c t i o n  is  a  h igh ly  i r r e v e r s i b l e  r e a c t i o n  com- 

pared t o  the hydrogen evo lu t ion  r e a c t i o n ,  and is the  predominant cause f o r  e f f i -  

c iency  l o s s e s  i n  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 s .  I r id ium is one 

o t  t he  best  e l e c t r o c a t a l y s t s  f o r  t he  oxygen evolu t ion  r eac t ion .  However, it is  

the  most expensive of t he  noble meta l s  ( P t ,  Ru and I r )  and the l e a s t  a v a i l a b l e .  

Ruthenium, about ten  times l e s s  expensive and cons iderab ly  more a v a i l a b i l e  than 

i r i d ium,  shows an i n i t i a l  e l e c t r o c a t a l y t i c  a c t i v i t y  comparable t o  i r i d ium;  how- 

e v e r ,  t he re  a r e  problems a s s o c i a t e d  with i t s  df lssolut ion a t  anodic  p o t e n t i a l s  and 

the  l o s s  i n  e l e c t r o c a t a l y t i c  a c t i v i t y  wi th  time. The l a t t e r  phenomenon is ob- 

se rved  on the  o the r  noble  metals as well. E f f o r t s  a r e  under way a t  the  General 

E l e c t r i c  Company and Brookhaven National. Laboratory t o  develop ruthenium-based 

c a t a l y s t s .  I n  order  t o  do s o ,  it is e s s e n t i a l  t o  e l u c i d a t e  the  mechanisms of the  

degrada t ion  processes .  The r e s u l t s  of the e lec t rochemica l  and e l l i p s o m e t r i c  

methods, used f o r  such i n v e s t i g a t i o n s  , a r e  summarized a s  fol lows : 

( i )  Op t i ca l  ana lyses  of ruthenium anodes r evea l  formation of Ru(OH)3 

f i l m s  a t  0.73 Volt  versus  the  p o t e n t i a l  of the  r e v e r s i b l e  hydrogen 



electrode (RHE). The Ru(OH)~ film is further oxidized to 

Ru02.YH20 at potentials above 0.94 V/RHE. 

(ii) The ellipsometric studies confirm that oxide films formed 

anodically can be reduced cathodically. 

(iii) The critical potential at which ruthenium corrodes rapidly 

in 25% trifluoromethane sulfonic acid is 1.45 Volts/RI-IE. 

(iv) The performance degradation for oxygen evolution on RuOx 

catalyst is presumably due to the gradual accumulation of 

Ru02 film on the surface of RuO, particles by a dissolution- 

precipitation process (Figure 2.8). 

Based upon the principles of solid solution and phase stability, a 

number of materials which appear promising as electrocatalysts for oxygen evolu- 

tion were prepared. These electrocatalysts, including RuO,, IrO,, MnRuO,, 

PbRuO,, and SrRuO,, were deposited by the thermal decomposition method on a 

titanium substrate. The electrodes were evaluated in 25% trifluoromethane sul- 

fonic acid (TFMSA) at 25OC. The results are summarized in Table 2.1. IrOx 

showed the best performance with respect to electrocatalytic activity and minimum 

time variation of performance. The performance of IrO, in this study is 

comparable to that of the General Electric baseline catalyst (E50). The 

materials costs of the ruthenium-based catalysts will be about ten times less 

than the iridium-based ones. Of the Ru-based systems, MnRuO, is most promising. 

SrRuO, is unstable in the acidic environment. Figure 2.9 shows the Tafel plots 

for oxygen evolution on RuO, and MnRuO, in trifluoromethane sulfonic acid 

(TFMSA). Each type of electrode exhibited a two-section Tafel plot. The elec- 

trode kinetic parameters for the oxygen evolution reaction are listed in Table 

2.2. It has been suggested that the change in the Tafel slope is due to the 

change in the mechanism of oxygen evolution. 

2.1.3 2 
(Brooklyn College) 

The fundamental ,electronic and vibrational properties of single crys- 

tals of 11-02 as well as in situ electrochemical and combined electrochemical- 

optical measurements were investigated. The aim is to develop a general micro- 

scopic understanding of the nature of the electrocatalyst/electrolyte interface. 

Single crystals of Ir02 were grown by the chemical vapor transport 

method. The reflectivity of this single crystal at room temperature in the range 

0.5-4.5 eV for light polarized parallel ( 1 1 )  and perpendicular (1) to the c-axis 
- 9 -  



was measured u t i l i z i n g  a  r o t a t i n g  l i g h t  pipe re f lec tometer .  These r e s u l t s  a r e  

shown i n  Figure 2.10. It was observed t h a t  t h ree  independent t z g  subbands a r e  

present  i n  t he  r u t i l e  I r 0 2  sugges t ing  t h a t  the Fermi su r f ace  topology w i l l  depend 

on t h e  p o s i t i o n  of each subband r e l a t i v e  t o  the Fermi l e v e l .  A s  a  r e s u l t ,  one 

may expect t he  c r y s t a l l o g r a p h i c  dependence i n  the e l e c t r o c a t a l y t i c  a c t i v i t y  of 

11-02 c r y s t a l .  

Figure 2.11 shows a  c y c l i c  voltammogram f o r  both [ I l l ]  and [I101 sur-  

f aces  of f r e s h l y  prepared I r 0 2  i n  1 N H2SO4 a t  a  scan r a t e  of 1 Vlmin. The vo l t -  

age f o r  oxygen evo lu t ion  on both o r i e n t a t i o n s  is  higher  than t h a t  on polycrys ta l -  

l i n e  Ir metal e l ec t rode .  However, t he re  is  a  s ign i f . i can t  d i f f e r ence  i n  a c t i v i t y  

between the two o r i e n t a t i o n s ,  Furthermore, there  i s  no sedox process a t  0.93 V 

which has been repor ted  f o r  t h e  Ir e l ec t rode .  Both these  f e a t u r e s  suggest t h a t  

the  I r 0 2  s i n g l e  c r y s t a l s  a r e  l e s s  e l e c t r o c a t a l y t i c a l l y  a c t i v e  than anodized Ir 

due t o  the s to i ch iome t r i c  composition of the  former. 

The p o t e n t i o s t a t i c  method was used t o  measure cu r r en t  vo l tage  curves 

on t h e  Ir e l e c t r o d e  sample and simutaneously the changes of r e f l e c t i v i t y  were 

recorded using the  r o t a t i n g  l i g h t  pipe re f lec tometer .  Figure 2.12 shows the 

r e f l e c t i v i t y ,  R, a t  4000 A of the  pol i shed  I r - m e t a l  e l e c t r o d e  i n  1.0 N H2SO4 a s  a  

func t ion  of time. The r e s u l t s  i n d i c a t e  t h a t  t he re  is  a  decrease of r e f l e c t i v i t y  

wi th  t i m e  a t  1.22 V due t o  the formation of the oxide l aye r .  On reducing the  

p o t e n t i a l  t o  zero ,  the  . r e f l e c t i v i t y  increases  due t o  the reduct ion  of the oxide. 

2.2 Development of Advanced Alka l ine  Water E l e c t r o l y z e r s  

2.2.1 Design, Cons t ruc t ion ,  and Tes t ing  of Five C e l l  Water E l e c t r o l y z e r s  

(Teledyne Energy Systems) 

The major t a sk  f o r  1978 was the  cons t ruc t ion  and demonstration of the 

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). This system w i l l  be 

used f o r  the long term eva lua t ion  of the  most promising c e l l  component ma te r i a l s ,  

under commercial type e l e c t r o l y z e r  condi t ions  a t  temperatures up t o  150°C. A 

photograph of the  t e s t  r i g  and a u x i l i a r i e s  and a  schematic of t h i s  system i l l u s -  

t r a t i n g  a l l  subsystems a r e  shown i n  F igures  2.13 and 2.14. F igure  2.15 shows t h e  

dependence of vo l tage  on temperature a t  450 mfI/cm2 i n  25% KOH. However, the 

u l t ima te  ope ra t ing  temperature is  l imi t ed  by the  increased  vapor pressure  of t h e  

e l e c t r o l y t e ,  e s p e c i a l l y  the  d i l u t e  e l e c t r o l y t e .  An o v e r a l l  module vol tage  



76% was observed a t  125% and 450 m ~ / c m ~ .  The DAUG Ni2B and TES C-110 cathodes 

were t e s t e d  i n  the  c e l l  module. The r e s u l t s  a r e  shown i n  F igure  2.16 along wi th  

those f o r  convent ional  n i c k e l  wire sc reen  cathode. Both types of novel cathodes 

e x h i b i t  improvement over the  commercial cathodes.  

A series of polymer samples were eva lua ted  a s  p o t e n t i a l  candida tes  f o r  

s epa ra to r s .  The major f i n d i n g s  a r e :  

( i )  Polyphenylene s u l f i d e  (PPS) is the most s t a b l e  polymer s tud i ed  

thus f a r  and has  withstood,  i n  f i b e r  form, exposure t o  

oxygenated KOH a t  150°C f o r  500 h. 

( i i )  Polysulfone (PS) is less s t a b l e  than PPS, but  wi ths tood  125OC 

oxygenated KOH i n  s i m i l a r  tests. 

( i i i )  PPS and PS w i l l  r e q u i r e  s p e c i a l i z e d  f i b r e  techniques and pos- 

s i b l e  su r f ace  modi f ica t ion  before  they can be u t i l i z e d  a s  high 

temperature s epa ra to r s .  

( i v )  Polybensimidazole (PBI) was capable of wi ths tanding  125OC oxygen- 

a t e d  KOH and 150°C KOH i n  a r e a s  where the  polymer was f u l l y  

wet ted.  PBI i s  a v a i l a b l e  i n  t h e .  requi red  form f o r  g a s l l i q u i d  . 

o r  i n t e r e l e c t r o d e  s epa ra to r  devices .  

( v )  The major e las tomer used i n  ARIES is ethylene-propylene terpoly-  

m e r  (EPT). It is  r ap id ly  degraded when f u l l y  exposed t o  oxygen- 

a t e d  KOH' a t  temperatures  up t o  125OC. 

The 316 SS used i n  KOH-wetted po r t i ons  of the  system has shown a mea- 

su rab l e  cor ros ion  r a t e .  Scanning e l e c t r o n  microscopy/energy d i s p e r s i v e  x-ray 

(SEM~EDAX) a n a l y s i s  i n d i c a t e s  no s e l e c t i v e  a t t a c k  of the  s t a i n l e s s  steel compon- 

e n t s  and showed a corroded l a y e r  of 5-10 p th ickness  i n  1000 h of exposure. There 

was a p i t t i ng - type  co r ros ion  seen i n  one anolyteloxygen ca r ry ing  tube s ec t ion .  

The p i t s  were a s soc i a t ed  wi th  a form of t i t an ium,  one of the  t r a c e  steel e le -  

ments, but the  mechanism of co r ros ion  is  unknown. The e f f e c t s  of a low steel 

co r ros ion  r a t e  were seen i n  a very high su r f ace  a r ea  component, a 316 SS s i n t e r e d  

powder e l e c t r o l y t e  f i l t e r .  The f i l t e r  l o s t  a s i g n i f i c a n t  p ropor t ion  of i ts  or ig-  

i n a l  w s s  and proceeded t o  co l l apse  under' i t s  own pressure  d i f f e r ence .  The cor- 

roding s t e e l  f i l t e r  con t r ibu t ed  a high concent ra t ion  of c a t i o n s  t o  the e l e c t r o -  

l y t e ,  most of which were e f f e c t i v e l y  reduced a t  the  cathode. No s i g n i f i c a n t  

i nc rease  i n  e l e c t r o d e  p o l a r i z a t i o n  was observed; however, a s i n t e r e d  Monel f i l t e r  

element has been s u b s t i t u t e d  f o r  eva lua t ion .  



2.2.2 Selection and Evaluation of Materials for Advanced Alkaline Water 

Electrolyzers (Brookhaven National Laboratory) 

Over fifty organic and inorganic materials (porous, non-woven, poly- 

propylene felts, ion exchange membranes, concretes, zeolites, etc.) have been 

tested as candidates for separators, first at below lOOOC and the more promising 

ones up to 1600C. Only a small number of materials are suitable for separators 

in alkaline water electrolyzers operating at above 100°C. Nafion and potassium 

titanate are the most promising as confirmed by long-term evaluation (over 5000 

hours) under water electrolysis operating conditions. 

The performance of nickel cobalt oxide anodes and nickel boride cath- 

ndps were determined in single cells operating at 120°C and 150% for periods 

over 2000 hours. The improvement in performance over nickel electrodes is very 

significant both from the point of view of higher electrocatalytic activity and 

minimal time variation of overpotential. Sintered nickel, impregnated with nick- 

el hydroxide also shows promise as an oxygen evolution electrocatalyst. 

The materials, screened for fabrication of cell containers, were poly- 

arylether , polysulfone , Tefzel and polypropylene. Polysulf one proved to be the 

best. Teflon or Teflon-lined materials appear most satisfactory for seals in 

water electrolysis cells operating at temperatures in the region 100-150°C. 

The following materials have been identified as the most attractive 

for advanced alkaline water electrolyzers operating at 120-150°C. 

(i) Anode Elcctrocatnlysts - High Surface Area Ni~.kel Cobalt Oxide 

(ii) Cathode Electrocatalyst - High Surface Area Nickel Boride 
(iii) Separator - Teflon Bonded Potassium Titanate or Nafion 
(iv) Cell Frame - Teflon or Teflon Based 
The tests on barrier materials, electrodes, and cell components have 

so far been carried out on a static basis in a pressure vessel. In a joint 

BNL-TES-University of Virginia program, the most promising materials will be 

tested for performance and/or life in the Teledyne Energy Systems ARIES test rig. 

Expvri~fiental d a t e  wnsi ~rr-llmulatcd for a six-month period nn a 2-c.elI 

self-circulating electrolyzer with nickel electrodes and polymethyl methacrylate 

(PMMA) cell frames, deriving its energy from a wind-driven generator. This study 

d~mnnstrated the feasibility of the concept of coupling electrolyzers with renew- 

able energy sources (wind, solar). In addition, performance gains were apparent 



v i t h  the  h igh ly  i n t e r m i t t e n t  e l e c t r i c  energy pulses .  During the  yea r ,  a  Hewlett- 

Packard Data Acqu i s i t i on  System was programmed f o r  record ing  and p l o t t i n g  of c e l l  

performance d a t a  i n  t he  s h o r t  and long-term water e l e c t r o l y s i s  experiments being 

c a r r i e d  out  t o  s c r een  and eva lua t e  c e l l  component m a t e r i a l s .  Prev ious ly  acqui red  

p e r t i n e n t  d a t a  a r e  being processed and recorded i n  t he  Data Bank f o r  f u t u r e  c ros s  

re fe rence .  

2.2.3 S e l e c t i o n  and Evalua t ion  of Ma te r i a l s  f o r  Advanced Alka l ine  Water 

E l e c t r o l y z e r s  (Univers i ty  of V i rg in i a )  

The continuous e f f i c i e n c y  l o s s  f o r  hydrogen product ion i n  a l k a l i n e  

e l e c t r o l y s i s  c e l l  i s  a t t r i b u t e d  t o  the  i nc reas ing  c e l l  vo l t age  with time. F igure  

2.17 shows the  v a r i a t i o n  of vo l tage  wi th  time. The r a t e  of change of c e l l  vo l t -  

age i s  h igher  f o r  h igher  temperatures  and h igher  c u r r e n t  d e n s i t i e s .  I n i t i a l  

overvol tage  changes a r e  observed f o r  both e l e c t r o d e s ,  however, the  cathode is 

found t o  be the dominant f a c t o r  i n  t he  c e l l  vo l tage  i nc reases  a s  i l l u s t r a t e d  i n  

F igure  2.18. The n i c k e l  cathode changes t o  a  b l ack i sh  co lo r  during e l e c t r o l y s i s  

except  a t  low c u r r e n t  dens i ty .  Scanning E lec t ron  Microscopy i n v e s t i g a t i o n  exhi-  

b i t e d  no major change i n  su r f ace  a r ea  a s  a  r e s u l t  of e l e c t r o l y s i s .  Also, energy 

d i s p e r s i v e  x-ray a n a l y s i s  of the  black co lo r  i nd i ca t ed  no heavy metal  i m p u r i t i e s  

and no gross  change i n  composition. Pre l iminary  s t u d i e s  suggest  t h a t  the  d i f fu -  

s i o n  of hydrogen i n t o  the  cathode accounts  f o r  the vo l t age  i nc rease .  

P o l y c r y s t a l l i n e  n i c k e l  whiskers were produced by chemical vapor depo- 

s i t i o n  of n i c k e l  t e t r aca rbony l  gas ( N ~ ( C O ) ~ )  i n  an e lec t romagnet ic  f i e l d .  These 

whiskers were f a b r i c a t e d  i n t o  a  whisker e l e c t r o d e  (ne twork) .by  s i n t e r i n g  a t  800 

t o  lOOOOC under pressure  i n  a  reducing atmosphere, f o r  approximately 112 hour. 

The r e s u l t a n t  e l e c t r o d e  is  porous and f i b rous .  The t r u e  su r f ace  a r e a  t o  volume 

r a t i o  i s  104 cm2/cm3 and the t r u e  s p e c i f i c  a r e a  i s  5 x 103 cm2/g .  The r e s u l t i n g  

h igh  su r f ace  a r e a  obtained causes  a  decrease  i n  e l e c t r o d e  vol tages .  Overvoltage 

decreases  of 60 t o  100 mV were observed f o r  t he  whisker e l e c t r o d e  a s  compared t o  

t h e  s c r een  e l e c t r o d e  f o r  both hydrogen and oxygen evo lu t ion ,  a s  i l l u s t r a t e d  i n  

F igure  2.19. This comparison is  made a t  equa l  t o t a l  c u r r e n t .  The corresponding 

apparen t  c u r r e n t  d e n s i t i e s  range from 0.1 t o  1 ~ / c m ~ .  Inco rpo ra t i on  of whiskers 

i n t o  e l e c t r o d e  des igus  Is a promising approach t o  minimize anodic  and ca thod ic  

o v e r p o t e n t i a l s .  



Table 2 . 1  

ELECTRODE KINETIC PARAMETERS FOR OXYGEN 
EVOLUTION REACTION I N  TFMSA AT 2 5 ' ~  

Elec trode  ( F i r e  Temp.) 
.. 

RvOr ( 4 0 0 ~ ~ )  

(500 '~)  

(615 '~)  

(700 '~)  

T a f e l  S lope  (mVId) 

F i r s t  Run Second Run Voltage at  1 0  mA(v) 

1.532 

1 . 5 5 i  

1 .600  

i. 654 



Table 2 . 2  

ELECTRODE KINETIC PARAMETERS FOR OXYGEN 
EVOLUTION REACTTON ON box, MtSuOx FROM TFMSA AT 2 5 ' ~  

Tafel Slope (mV/d) Exchange Current 

Electrode Low q High TI Density (A/cm ) 2 

RuOx 45 73 5.8 x 10'~ 

CENTER BUS PLATE 1 /"+$ ANODE FLOW FIELD 

ANODE SUPPORT 

WE 8i ELECTRODES 

CATMODE SUPPORT 

FLUID MANIFOLD 

- COPPER DIAPHRAGM 
(ELECTRIC BUS) 

FLUID MANIFOLD 

Figure 2.1. Single cell detail 



OXYGEN SIDE 
[ANODE) 

HYDROGEN SIDE 
(CATHODE) 

Figure 2.2. Foil-backed molded current collector (laboratory-size) 

2 
Figure 2.3. 2-112 Ft membrase and electrode assembly 



- - 

l.kh Sbgle module: 
~5 testing 

4 3 3  2 2-1/2 Ft module 
for leak Test 



I I I I I I I 1 I 
- 

IN  2 W r 2  HARDWARE 
- 

- PERFORMANCE COMPARISON 
- 

- 2% F T ~  CELL DOE - 5 - 
- CUTOUTS FROM DOE - 5 - 
- - 
- AFTER EXCHANGE - 
- - 
- - 
- - 
L I I I 1 I .  I I I I 

CURRENT DENSITY - ASF 

Figure 2.6. Performance comparison 
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Figure 2.7. Water electrolysis heat and mass computer model schematic 
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Figure 2.8 .  Proposed mechanism of performance degradation 
with time for oxygen evolution on RuO electrodes i n  SPE 
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Figure 2.10 Reflectivity of Ir02 in the range 0.5 - 4.5 eV 
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Figure 2.11. Current-voltage curve obtained during a single 
triangular cycle at a scan rate of 1 V/min applied to virgin 
Ir02 single crystals with [Ill] (solid lines) and [I101 (dashed 
lines) faces in a 1 N H2S04 solution at room temperature 
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Figure 2.12. Time dependence of the reflectivity of an Ir-metal 
electrode during oxide formation 
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Figure 2.13. ARIES mechanical schematic 
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Figure 2.15. Temperature-voltage behavior of time stabilized 
conventional components 
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Figure 2.16. Comparison of conventional and advanced cathodes 



A log t (minutes) 

Ni  200 Screen Electrodes 

200 mA/cm 
2 

30 w/o KOH 

25O C 

Figure 2.17. Efficiency loss for hydrogen production (voltage vs. time) 
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Figure 2.19. Performance characteristic comparison Nickel whisker 
vs, nickel screen 



3.0 HYDROGEN STORAGE SYSTEMS 

Brookhaven National Laboratory's management, technical monitoring and in- 

house research and development activities into hydrogen storage systems in 1978, 

have served to redirect programmatic emphasis from bulk hydridelhydrogen storage 

systems as conceived for utility load-leveling applications to stationary and 

mobile storage systems that would more closely relate to automotive require- 

ments. Long-term storage needs as perceived for potentially large user demands, 

focus on systems analogous to those used for natural gas underground storage sys- 

tems. 

3.1 Underground Storage of Hydrogen 

The Institute of Gas Technology was awarded a contract on August 14, 1978, 

as a result of evaluations of submissions by four major organizations in response 

to BNL RFP HYD-77-1. The objectives of the project are to: 

. Establish the engineering feasibility of using geologic or engineered 
underground sites for hydrogen storage. 

. Identify the research and development needs aimed toward cost reduction 
and safety considerations. 

. Identify possible sites for hydrogen storage. 

. Provide realistic cost estimates for the restoration or development of 
underground hydrogen storage systems. 

The project team comprises a mix of technical disciplines and project- 

related experience consistent with project needs, as follows: 

. Institute of Gas Technology 

. Dames & Moore 

. Texas Gas Transmission Company 

. Northern Illinois Gas Company 

. Transcontinental Gas Pipeline Corporation 

. Southern California Gas Company 
3.1.1 Characterization of Underground Storage Facilities 

The initial investigations seek to evaluate current practices and 

associated cost/economics of natural gas underground storage systems. These 

evaluations will serve to define the key elements to be considered as they impact 



cos t -of -serv ice  and s a f e t y  f a c t o r s  p e r t i n e n t  t o  the  conversion,  r e s t o r a t i o n  or  

newly engineered hydrogen s to rage  and d e l i v e r y  systems. 

Aquifer Storage 

F igure  3 . 1  i l l u s t r a t e s  the  concept of a q u i f e r  s t o r age .  The geo log ica l  re -  

quirement is e x i s t e n c e  of an a n t i c l i n e  (concave downward hump) i n  a water-satura- 

t e d  porous f o r m a t i o n , t h a t  i s  o v e r l a i n  by a h igh ly  impermeable caprock. S torage  

i s  accomplished by pumping gas i n t o  t he  top of t he  a n t i c l i n e  t o  d i sp l ace  the  

o r i g i n a l  water .  The i n j e c t i o n  p re s su re ,  and t h e r e f o r e  the  r a t e ,  must be l i m i t e d  

s o  t h a t  t he  c a p i l l a r y  f o r c e s  t h a t  provide t he  caprock s e a l  a r e  never exceeded. 

Withdrawal r a t e  from s t o r a g e  must be low enough t h a t  t he  p re s su re  s ink  a t  a with- 

drawal  w e l l  does no t  r e s u l t  i n  upward coning of underlying water which would 

block gas product ion.  A p r a c t i c a l  e f f e c t  of these  cons ide ra t i ons  is t h a t  s e v e r a l  

y e a r s  a r e  requi red  t o  reach  the  f u l l  s t o r age  capac i ty  of an a n t i c l i n e .  Also, 

even wi th  mu l t i p l e  w e l l s ,  the  maximum p r a c t i c a b l e  withdrawal r a t e  i s  l e s s  than' 1% 

of s t o r e d  gas per day. 

I n  the  case  of hydrogen s t o r a g e ,  "base" gas and "nonrecoverable" gas are 

c r i t i c a l l y  important  cons ide ra t i ons .  Base gas is the  f r a c t i o n  of t o t a l  i n j e c t e d  

gas  t h a t  i s  not  normally withdrawn dur ing  cyc l e s  of s t o r age  opera t ion .  For aqui-  

f e r s ,  t h i s  is roughly two-thirds of the  t o t a l  gas inventory.  The c o s t  of hydro- 

gen base gas w i l l  probably be s e v e r a l  t i m e s  g r e a t e r  than a l l  o the r  c o s t s  of t h e  

s t o r a g e  f a c i l i t y .  Nonrecoverable gas is  the  po r t i on  of gas t h a t  can never be re- 

covered due t o  economic cons ide ra t i ons ,  o r  because i t  w i l l  be bypassed by water  

and t rapped i n  place.  Es t imat ing  nonrecoverable  gas and de f in ing  the  economic 

i m p l i c a t i o n s  a r e  t he  key elements  of the  s tudy t o  be performed. 

Depleted F i e l d s  

Depleted n a t u r a l  gas f i e l d s  a r e  widely used f o r  n a t u r a l  gas s to rage .  The 

g e o l o g i c a l  environment is s i m i l a r  t o  t h a t  shown i n  Figure 3 . 1  f o r  a q u i f e r  

s t o r age .  The major d i f f e r e n c e s  are-- 

. A s u b s t a n t i a l  amount of n a t u r a l  gas remains when ope ra t i ng  c o s t s  exceed 

the  va lue  of product ion from a gas  f i e l d .  This  remaining n a t u r a l  gas  

w i l l  mix wi th  hydrogen dur ing  use f o r  hydrogen s to rage .  

. Permeabi l i ty  of t he  rock formation is gene ra l l y  lower than f o r  a q u i f e r s  s o  

s o  t h a t  p r e s su re  drop i n  t he  v i c i n i t y  of each w e l l ,  r a t h e r  than water 

coning, l i m i t s  withdrawal r a t e .  



. Many deple ted  f i e l d s  ' involve s u b s t a n t i a l l y  g r e a t e r  depths  and s to rage  

p re s su re s  than the  a q u i f e r s  t h a t  have been used f o r  s to r age  t o  da t e .  

Washed S a l t  Caverns 

I n  c o n t r a s t  t o  a q u i f e r  and deple ted  f i e l d  s t o r a g e ,  a  cavern washed i n  s a l t  

i s  l i t e r a l l y  a  l a r g e  hole.  I n j e c t i o n  and withdrawal r a t e s  a r e  not c o n t r o l l e d  by 

geo log ica l  c h a r a c t e r i s t i c s  such a s  permeabi l i ty  or  water  movement. With a v a i l -  

a b l e  technology, product ion of up t o  one-third of the  t o t a l  gas i n  s to rage  i n  a  

s i n g l e  day is s t r a igh t fo rward .  

The optimum depth f o r  s a l t  cavern s t o r a g e  is  less than about 5000 f e e t .  

This is  because s a l t  is  a p l a s t i c  m a t e r i a l  t h a t  c reeps  under s t r e s s .  A deep cav- 

e r n  would r e q u i r e  a  l a r g e  investment i n  base gas t o  avoid c lo su re  a t  the  end of 

the  withdrawal cyc le .  

Mined Caverns 

With t he  exception- of one unique, abandoned c o a l  mine, mined caverns a r e  n o t  

i n  use f o r  n a t u r a l  gas s torage '  i n  t he  United S t a t e s  a t  the  presen t  t i m e .  How- 

eve r ,  underground s to rage  of a  v a r i e t y  of l i q u i d  products ,  inc lud ing  propane, i n  

mined caverns i n  Europe and t h e  United S t a t e s  have proved technologies  t h a t  a r e  

be l ieved  a p p l i c a b l e  t o  s to rage  of gases .  Such s t o r a g e  of hydrogen w i l l  be evalu-  

a t e d  i n  t h i s  s tudy  because-- 

. The l o c a l  geology prec ludes  the  o the r  types of s t o r age  i n  many geograph- 

i c a l  a r e a s ,  such a s  New England. 

. Base gas and nonrecoverable  gas w i l l  be much l e s s  than f o r  a q u i f e r s  o r  

dep l e t ed  f i e l d s .  Therefore ,  t he  h igh  c o s t  of hydrogen may provide s t rong  

mot iva t ion  t o  pursue mined caverns.  

3.1.2 P r o j e c t  S t a t u s  

S p e c i f i c  examples of t he  t h r e e  types  of s t o r a g e  widely used by . t h e  gas  

i n d u s t r y  a r e  being sub jec t ed  t o  case  s t u d i e s .  These inc lude :  

1 )  Media Storage F i e l d  i n  Henderson County, I l l ino is - -an  a q u i f e r  

s t o r a g e  f a c i l i t y .  

2 )  Hanson Storage F i e l d  i n  Hopkins. County, Kentucky-a dep le t ed  

gas  r e s e r v o i r .  

3 )  Eminence S a l t  Dome i n  Covington County, M i s s i s s i p p i - a  s a l t  cavern. 

Pre l iminary  c o s t  eva lua t ions  w i l l  be performed f o r  conver t ing  t he se  f a c i l i t i e s  a s  

w e l l  a s  mined caverns t o  hydrogen s e r v i c e .  Key elements  of cos t  c o n s i d e r a t i o n s  



p e r t a i n  t o  the lower Btu va lue  of hydrogen per u n i t  volume ( ~ 3 - f o l d  l e s s  than 

n a t u r a l  gas ) ,  hydrogen embr i t t l ement ,  s a f e t y  and base gas requirements--espe- 

c i a l l y  i n  view of the  comparative high c o s t  of hydrogen versus n a t u r a l  gas. 

A mathematical model is being developed t h a t  w i l l  permit the conduct of 

cost-of-service s e n s i t i v i t y  ana lyses  over a  wide range of s to rage /de l ive ry  and 

system design scena r ios .  Findings t o  da t e  g ive  cause f o r  optimism regarding the 

t e c h n i c a l  and economic v i a b i l i t y  of underground s to rage  of hydrogen. 

3.2 Automotive S torage  Systems 

3.2.1 Metal-Hydride Storage 

The requirements of metal-hydride s to rage  systems s u i t a b l e  f o r  automo- 

b i l e  propulsion d i f f e r  from those f o r  bulk hydrogen s to rage  i n  t h a t  much higher 

hydrogen t r a n s f e r  r a t e s  a r e  r equ i r ed  and t h a t  t he re  i s  a  p r a c t i c a l  l i m i t a t i o n  on 

t h e  system weight. For bulk s to rage ,  hydrogen charging and d ischarg ing  times a r e  

t y p i c a l l y  5-10 hours;  whereas f o r  automobiles times of l e s s  than  15 minutes a r e  

e s s e n t i a l .  This  requirement is  based on the  sho r t  r e f u e l i n g  time of gasol ine-  

fue l ed  veh ic l e s  a s  we l l  a s  upon a  h igh  load condi t ion  such a s  the  flow surge 

r equ i r ed  f o r  more than a  b r i e f  a c c e l e r a t i o n .  Associated with the flow of hydro- 

gen is the  t r a n s f e r  of hea t  i n  order  t o  s u s t a i n  the flow; hea t  must be removed 

from the  hydride bed dur ing  charging,  and i t  must be suppl ied  during discharg-  

ing .  Thus the main design change requi red  f o r  the automotive a p p l i c a t i o n  is t o  

g r e a t l y  i nc rease  the  r a t e  of hea t  t r a n s f e r ;  t h e  o v e r a l l  hea t - t r ans fe r  c o e f f i c i e n t  

must be increased  a t  l e a s t  20-fold. Furthermore, the  s to rage  system weight i s  

much h igher  than  i t  is f o r  gaso l ine ;  hence the re  must be a  trade-off between 

v e h i c l e  range and system weight. The o b j e c t i v e  of t h i s  program is t o  develop a  

c o s t - e f f e c t i v e  hydrogen s to rage  system s u i t a b l e  f o r  automotive propulsion.  

The f a c t o r  having the  g r e a t e s t  e f f e c t  on heat-exchanger design f o r  a  hydride 

p a r t i c l e  bed is the  low thermal conduc t iv i ty  of the hydride. Reducing the bed 

th i ckness  and enhancing hea t  t r a n s f e r  i n  the bed w i l l  i nc rease  the  conduct iv i ty .  

Canning the  hydride i n  small-diameter tubes and inco rpora t ing  a  m a t e r i a l  of high 

thermal conduct iv i ty  i n  t he  bed a r e  expected t o  achieve the des i r ed  improvement. 

Aluminum o r  copper i n  t he  form of metal  foam, k n i t t e d  wire mesh, sho r t  f i b e r s ,  

and powder a r e  the candida te  i tems t o  be t e s t e d .  The var ious  con f igu ra t ions  w i l l  



be eva lua ted  on a r e l a t i v e  b a s i s  by observing the  r a t e  of a x i a l  temperature rise 

i n  t he  hydride bed. Formal des ign  and cons t ruc t ion  of the  test v e s s e l  w i l l  be 

completed i n  t he  f i r s t  q u a r t e r  of 1979. A copper con ta ine r  (2- t o  3-in. diam.) 

w i l l  be used i n  order  t o  minimize the  wa l l  r e s i s t a n c e  t o  hea t  flow. 

The procedure planned c o n s i s t s  of immersing the  test v e s s e l  i n  a water bath 

a t  300C, t o  s t a b i l i z e  i ts  temperature ,  and then r a p i d l y  r e l o c a t i n g  the v e s s e l  i n  

another  bath a t  80°C. For each con f igu ra t i on ,  t e s t s  w i l l  be made a t  var ious  

hydrogen p re s su re s  (0-200 p s i a )  and degrees  of bed compactness. Deact ivated 

TiFeH, w i l l  be used, r a t h e r  than TiFe a l l o y ,  i n  order  t o  inc lude  the  e f f e c t  of 

p a r t i c l e  f ragmentat ion which is c h a r a c t e r i s t i c  of the  hydride.  No thermal 

e f f e c t s  r e l a t e d  t o  a r e a c t i o n  wi th  hydrogen a r e  expected because t he  hydride w i l l  

not  be r eac t iva t ed .  

The r e s u l t s  of t he se  t e s t s  w i l l  be used i n  spec i fy ing  the  design of a s i n g l e  

hea t - t r ans fe r  ce l l  s u i t a b l e  f o r  ob ta in ing  abso lu t e  hea t -  and mass- t ransfer  r a t e s . .  

Subsequently a f u l l - s i z e  s t o r a g e  v e s s e l  w i l l  be designed,  cons t ruc t ed ,  and t e s t e d  

using hot  water t o  s imula te  t he  engine coolant . .  Work wi th   ba based hydrides  i s  

expected t o  follow. 

3.2.2 Microcavi ty  S torage  

A study of a new concept f o r  s t o r i n g  hydrogen a t  high p re s su re  i n  hol- 

low g l a s s  microspheres was completed by Robert  J. T e i t e l  Assoc ia tes  of San Diego, 

ca1 i fo rn i a . l  Microcavi ty  s t o r a g e  (MCS), a s  i t  is c a l l e d ,  is based 03 the  high 

permeation r a t e  of hydrogen through c e r t a i n  g l a s se s  a t  temperatures  nea r  2000C 

(392OF), and very low r e l e a s e  r a t e s  a t  ambient temperatures.  The p ro j ec t ed  s t o r -  

age dens i ty  is about  11 w t  % hydrogen f o r  microspheres of 25-85 um diameter  

(0.8-1.5 pm w a l l )  and an i n t e r n a l  p ressure  of 400 atm, a t  room temperature.  I n  

this  study MCS was coupled wi th  TiFe-based metal-hydride s to rage  (MHS) t o  provide 

a system supe r io r  t o  e i t h e r  a lone.  The l a t t e r  MHS, fu rn i shes  hydrogen f o r  cold 

s t a r t i n g  and minimizes l o s s e s  by absorbing hydrogen a f t e r  shutdown; whereas MCS 

s u p p l i e s  hydrogen f o r  most of the  d r iv ing  range. 

A s  shown i n  F igure  3.2, the  permeabi l i ty  of hydrogen through g l a s s  i s  

h ighly  temperature dependent; i t  is  a l s o  a s t rong  func t ion  of the  g l a s s  composi- 

t i o n  and the percentage of "non-network formers" i n  the g l a s s .  Their  e f f e c t  on 

r e l e a s e  r a t e  room temperature  is  shown i n  Table 3.1. The numbers i n  paren theses  

r ep re sen t  the  weight of metal  hydride ( l b )  requi red  t o  absorb leakage 'from t h e  

MCS . 



For MCS only  s e n s i b l e  hea t  is involved i n  a d j u s t i n g  the system temper- 

a t u r e ;  whereas MHS involves  much higher  h e a t s  of r eac t ion .  I n  the conceptual  

des ign  s tud ied ,  t he  MHS system is i n i t i a l l y  charged (and cooled)  by an e x t e r n a l  

source  a t  500 p s i  and i s  subsequent ly p a r t i a l l y  recharged upon shutdown; pe r iod ic  

e x t e r n a l  recharg ing  w i l l  probably be requi red .  For the  MCS system, the micro- 

spheres  must be rep laced ,  the spent  supply being c o l l e c t e d  f o r  r ecy l ing  t o  t he  

f i l l i n g  p l an t  which would probably be loca t ed  a t  the  hydrogen production s i t e .  

D e t a i l s  of the f i l l i n g  procedure remain t o  be f u l l y  developed. 

The u t i l i t y  of the  hybr id  MCH system was evaluted by comparing i t  with 

a r e f e rence  MHS design based on the  dual-hydride system: TiFe0.85Mno.15Hx and 

MgHx ca t a lyzed  with 10 w t  % N i  (2 : l  w t  r a t i o ) .  The re ference  design is  f o r  a 

4-passenger car r a t e d  a t  0.02 HP/lb, based on a gross  veh ic l e  weight of 3300 Ib, 

and a range of 150 mi l e s ;  i t s  hydrogen content  is 17 l b .  I n  Table 3.2, the MHS 

and MCS systems a r e  compared on the b a s i s  of equal  weights of s to red  hydrogen. 

The p r o j e c t i o n  shows t h a t  the  MCH system weighs ha l f  a s  much, has twice the  

volume, and is expected t o  c o s t  ha l f  t h a t  of the MHS system. Thus the  MCH system 

warrants  f u r t h e r  examination. 

In ca lendar  yea r  1979, f u r t h e r  c o n t r a c t  work is planned i n  order  t o  

o b t a i n  experimental  da t a  on the behavior of g l a s s  microspheres and f u r t h e r  evalu- 

a t e  t he  f e a s i b i l i t y  of t h i s  new concept.  

TABLE 3.1 

HYDROGEN RELEASE' UNDER ROOM TEMPERATURE STORAGE CONDITIONS 

- - 
Hydrogen r e l e a s e d ,  W of stored hydrogen (weight of hydride, lb)* 

*Weight of t he  metal hydride TiFe.a5Mn. 15Hx per  l b  of' hydrogen i n i t i a l l y  s tored  

on microsphere bed. Weight % hydrogen f o r  TiFe.85Mn.15 assumed a s  1.333. 

M** denotes  mole percent  of non-network forming c o n s t i t u e n t s .  



TABLE 3 .2  

WEIGHT AND COST SUMMARY FOR REFERENCE METAL HYDRIDE SYSTEM (MHS) 

AND HYBRID MICROCAVITY SYSTEM (MCS) 

Weight of Stored Hydrogen ( lb )  

Total Weight of Storage System ( lb )  

Weight of H2/Weight of System 

Volume of Storage System ( f t 3 )  

Cost of Storage System (1975$) 

MHS MCS 

3.2.3 Energy S torage  System Study 

Lawrence Livermore Laboratory (LLL) i s  conducting a s tudy  on energy 

s t o r a g e  systems f o r  the  automobile,  i n  coopera t ion  wi th  Argo,nne Na t iona l  Labora- 

t o r y  f o r  b a t t e r y  systems and Brookhaven Nat iona l  Laboratory f o r  hydrogen sys- 

tems.2 The major Brookhaven e f f o r t  i n  1978 was p repa ra t i on  of the  pre l iminary  

des ign  f o r  a dual-hydride system, and e s t ima te s  of i t s  performance. A s i m i l a r  

system had been developed and t e s t e d  by Daimler-Benz AG of West ~ e r r n a n ~ . 3  Fea- 

t u r ed  i n  t h e  design i s  a s t o r a g e  v e s s e l  capable  of being charged wi th  hydrogen i n  

about  10 minutes.  A ske t ch  of t he  v e s s e l  is shown i n  F igure  3.3. The hydride i s  

conta ined  i n  1-in.-diam. tubes ,  and foamed-metal i n s e r t s  enhance hea t  t r a n s f e r .  

A t h i n  wrap nf k .n i t t ed  wire mesh is  used t o  main ta in  con tac t  wi th  the  con ta ine r  

wal l .  Each tube has an end f i l t e r  and connects  t o  t he  hydrogen plenum. 

The complementary p r o p e r t i e s  of t h e  Ti-based and Mg-based hydr ides  

used i n  t he  system provide performance supe r io r  t o  e i t h e r  a lone.  Cold-s ta r t ing  

c a p a b i l i t y  i s  provided by TiFeo.gMnO.lHx, and range ex t ens ion  i s  provided by MgHx 

ca t a lyzed  wi th  10 w t  % n i c k e l ;  t hey  a r e  used i n  a 2 : l  weight r a t i o  i n  aluminum 

a l l o y  (6061-T6) and s t a . i n 1 . e ~ ~  steel (Type 304)  v e s s e l s ,  r e s p e c t i v e l y .  The des ign  



i s  l i n e a r l y  s ca l ed  by changing the  number and/or length  of the tubes.  Data on 

the  pro jec ted  weight,  energy dens i ty  and power dens i ty  of the s to rage  systems is  

provided i n  the  LLL r e p o r t . 2  P ro j ec t ions  were a l s o  made f o r  a  liquid-hydrogen 

s t o r a g e  system. In  both cases ,  the  p ro j ec t ions  were higher  and more r e a l i s t i c  

than  they were i n  1977. 

The var ious  types of energy-storage veh ic l e s  modeled a t  LLL were eval-  

ua ted  a t  four  performance (HP/lb) ca t egor i e s  and four  we igh tS ( range )  ca t egor i e s .  

Vehicle  weights and i n i t i a l  c o s t s  were ca l cu la t ed  along wi th  t h e i r  l i f e - c y c l e  

c o s t s  (d /mi le )  based on the  amount of energy expended i n  t r ave r s ing  a  s tandard 

d r i v e  cycle .  A l l  va lues  were c a l c u l a t e d  a t  two confidence l e v e l s ,  50% C.L. 

r ep re sen t ing  the  most l i k e l y  va lue ,  and 10% C.L. r ep re sen t ing  an o p t i m i s t i c  or  

upper-limit va lue .  The conclusions derived from the work on hydrogen storage 

systems a r e  a s  fol lows.  
.- --. . Although l i q u i d  hydrogen can provide high-performance, low-cost 

v e h i c l e s ,  s a f e t y  cons ide ra t ions  may exclude t h i s  system from wide- 

spread v e h i c l e  use. 

. A dual-hydride hydrogen s to rage  system is comparable t o  advanced 

b a t t e r y  systems i n  s p e c i f i c  energy and is  considerably b e t t e r  i n  

s p e c i f i c  power. The present  high cos t  of producing and d i s t r i b u t i n g  

hydrogen for automobile use is  an o b s t a c l e  t o  be overcome. 

3.3 Bulk Hydride-Hydrogen Storage 

3,3,1 BNL Prograu 

The bulk s t o r a g e  of hydrogen was o r i g i n a l l y  concefved f o r  e l e c t r i c -  
/ 

u t i l i t y  load l e v e l i n g  us ing  off-peak power t o  produce e l e c t r o l y t i c  hydrogen f o r  

s t o r a g e  a s  a  decomposable metal hydride;  subsequent conversion t o  e l e c t r i c i t y  was 

t o  be accomplished i n  a  hydrogen-air f u e l  c e l l .  S iz ing  of the system would be a  

func t ion  of t he  amount of s to red  energy needed, the bas ic  c h a r a c t e r i s t i c  of the 

system being t h a t  hydrogen charging and d ischarg ing  times a r e  5-10 hours. A 

12.5-kW system of t h i s '  type was t e s t e d  a.t Pub l i c  Serv ice  E l e c t r i c  & Gas Cnmpan.y 

of New Je r sey ,  us ing  a  13-lb hydrogen s to rage  v e s s e l  designed and cons t ruc ted  a t  

B N L . ~ , ~ , ~  

Subsequently t h i s  shell-and-tube design was sca led  up t o  a  50-kW, 500- 

kwh s to rage  v e s s e l  t h a t  was designed and cons t ruc ted  by Fos ter  Wheeler Energy 



m d e r  con t r ac t  t o  BNL. A s  shown i n  Figure 3.4, the  ves se l  is f a b r i c a t e d  from 

'6-in. diam. carbon-steel  pipe (A-106 Grade B) and i s  10-ft long. It has a 

f langed head f o r  i n s t a l l a t i o n  of the  U-tube hea t  exchanger and has a pressure  . 

r a t i n g  of 500 psig.  The 33 tubes ,  made of Type 304 s t a i n l e s s  s t e e l  (0.75 in .  

O.D. x 0.065-in. w a l l ) ,  a r e  l oca t ed  on a 2.25-in. square p i t ch .  Because plans 

c a l l e d  f o r  t e s t i n g  s e v e r a l  hea t  exchanger con f igu ra t ions ,  the v e s s e l  w a s  named 

Variable-Parameter Tes t  Unit-2.(VPTU-2), VPTU-1 being a smal le r  u n i t  (24-in; 

diam. x 3-ft  long)  b u i l t  a t  BNL f o r  r e l a t e d  t e s t s .  

Featured i n  the  VPTU-2 des ign  a r e  two devices ,  descr ibed below, t h a t  

accommodate hydride expansion, which can r e s u l t  i n  excess ive  s t r a i n  of the v e s s e l  

i f  t he  hydride bed becomes compacted. The r e s u l t s  of a s p e c i f i c  t e s t ,  and exper- 

ience  with o the r  s to rage  v e s s e l s ,  have demonstrated t h a t  gradual  s e t t l i n g  of t he  

hydride bed occurs  and r e s t r i c t s  v e r t i c a l  expansion of the hydride during hydro- 

gen charging. A t  t h i s  po in t  the hydride expands the  v e s s e l  l a t e r a l l y ,  and i n ,  a 

few cyc les  excess ive  s t r a i n  can occur.' There is  no c o n s t r a i n t  i n  a hydride bed 

l e s s  than about  6 i n .  deep, provided the diameter is a t  l e a s t  1 in. ,  because the  

i n t e r p a r t i c l e  f r i c t i o n  is not g r e a t  enough t o  prevent upward expansion. The p r i -  

mary means of avoiding v e s s e l  s t r a i n  i n  VPTU-2 c o n s i s t s  of f l u i d i z i n g  the  bed f o r  

a few seconds p r i o r  t o  hydrogen charging. A group of s i x  tubes,  loca ted  along 

the v e s s e l  bottom and having porous-metal  segments on t h e i r  upper su r f ace ,  i s  

used f o r  hydrogen d i s t r i b u t i o n .  

The VPTU-2 t e s t  program w i l l  be l imi t ed  t o  t e s t i n g  t h e  U-tube heat-  

exchanger opt ion  i n  the  Hydrogen-Technology Advanced-Component Test  System 

(HYTACTS). D e t a i l s  of t h i s  system a r e  provided i n  Sec t ion  3.4. Heat- and mass- 

t r a n s f e r  r a t e s  w i l l  be determined, and the a b i l i t y  of the bed-loosening system t o  

avoid v e s s e l  s t r a i n  w i l l  be evaluated.  Upon d e l i v e r y  t o  BNL, VPTU-2 wfll. be 

checked ou t ,  loaded with 3000 l b  of TiFeo.gMn0.1 a l l o y ,  and then moved t o  i ts  

outdoor l o c a t i o n  f o r  connect ion t o  t h e  HYTACTS piping.  The a l l o y  is being pro- 

duced by MPD Technology Corp., a subs id i a ry  of I n t e r n a t i o n a l  Nickel Company. 

On a smal le r  s c a l e ,  two l imited-bed-depth-opt ions f o r  dea l ing  wi th  

hydride expansinn a r e  planned; both have l ~ y d r l d e  beds only 3-4 i n .  deep. I n  t he  

f i r s t  concept the  hydride is t o  be contained i n  a s t ack  of con ica l  mays  made of 

embossed hea t - t r ans fe r  panels.  It is intended t h a t  both the top and bottom t r a y  



s u r f a c e s  be used f o r  hea t ing  and cool ing  of the hydride. A 4-114-in. deep t r ay  

(17-114 i n .  x 28 in .)  made of carbon s t e e l  i s  being cons t ruc ted  f o r  t e s t i n g  the  

concept  i n  VPTU-1. There i s  provis ion  f o r  t i l t i n g  the t r a y  130 i n  order  t o  simu- 

l a t e  beha t ior  of t he  hydride i n  a con ica l  t r ay .  Hydrogen t r a n s f e r  r a t e s  w i l l  be 

determined f o r  both p o s i t i o n s  (00 and 130 i n c l i n a t i o n ) .  I n  the  second concept,  

t he  hydride is contained i n  4-in.-diam. tubes which a r e  arranged ho r i zon ta l ly  i n  

a water tank, each tube being a pressure  vesse l .  This  concept w i l l  be t e s t e d  

us ing  a s i n g l e  tube provided wi th  a removable water jacket .  The cons t ruc t ion  

m a t e r i a l  i s  carbon s t e e l ,  and the  u n i t  is being f a b r i c a t e d  by Fos ter  Wheeler 

Energy Corp. f o r  t e s t i n g  a t  BNL. Hydrogen t r a n s f e r  r a t e s  w i l l  be measured and 

t h e  tube diameter w i l l  be monitored f o r  expausion. 

3 .3 .2  DEC Staragc Vcccal 

B i l l i n g s  Energy Corp. cons t ruc ted  a hydride/hydrogen storage system, 

under con t r ac t  ro Blm, I u i  use with t h c i r  Hydropn Hnm~sLead which waa b u i l t  t o  

demonstrate and eva lua t e  t he  use of hydrogen f o r  domes t i c  a p p l i c a t i o n s .  Hydro- 

gen, produced by the  BEC-developed water e l e c t r o l y z e r  a t  the r a t e  of 2 lb/day,  i s  

s t o r e d  i n  a Ti-Fe-Mn hydride. The main ob jec t ive  of the p r o j e c t  was t o  dctermine 

the  s to rage  v e s s e l  performance. The t a s k s  were to :  

. design the  s t o r a g e  system and carbon-steel  ves se l ;  

. s e l e c t  and ob ta in  the  hydride;  

. ob ta in  and i n s t a l l  a l l  equipment and ins t rumenta t ion ;  
t 

. ope ra t e  the  system t o  ob ta in  da ta  on hydrogen t r a n s f e r  r a t e s ;  

. determine the liseful s to rage  capac i ty  of the  hydride;  and 

. monitor the  v e s s e l  f o r  s t r a i n  due t o  hydride expansion. 

Rather than design and cons t ruc t  a ves se l  matched t o  the  job, BEC 

e l e c t e d  t o  use a su rp lus ,  but unused, carbon-steel  ves se l  t h a t  had been b u i l t  f o r  

850-psi s e r v i c e  a s  a pressure  accumulator. The s u i t a b i l i t y  of the p a r t i c u l a r  

carbon s t e e l  f o r  t h i s  s e r v i c e  was v e r i f i e d  with the a s s i s t a n c e  of Sandia Labora- 

t o r i e s  ( ~ l b u q u e r q u e ) . ~  The v e s s e l  c o n s i s t s  of two hemispherical  s h e l l s  welded t o  

a s h o r t  c y l i n d r i c a l  s e c t i o n  (10-in. h igh) .  Pe r t i nen t  inforulation on thc v e s s e l  

i s  a s  fol lows:  

. Analysis  of carbon s t e e l  (wt %): 0.15% C,  1.1% Mn, 0.09% C r ,  

0.005% N 

. Vessel s i z e :  38.3-in. diam. x 48.5-in. height  x 0.937-in. wall 



. I n t e r n a l  volume: 21.08 f t 3  

. Pressures :  o r i g i n a l  des ign ,  850 ps ig ;  t e s t ,  1000 p s i g  H2 

. Heat exchanger: four  t u rns  of copper tubing bonded t o  the  

c y l i n d r i c a l  s e c t i o n ;  hea t - t ranspor t  f l u i d  is  water 

. Operating condi t ions :  1-500 p s i g ,  55OC (131°F) a t  hea t  

exchanger. 

I n s i d e  the bottom of the  v e s s e l  a c y l i n d r i c a l  hydrogen d i s t r i b u t o r  is provided 

f o r  use i n  loosening the bed i f  hydride expansion causes v e s s e l  s t r a i n .  Thermis- 

t o r s ,  p ressure  sensors  and g i r t h  measuring devices  a r e  provided f o r  monitoring 

v e s s e l  condi t ions .  The s to rage  v e s s e l ,  e l e c t r o l y z e r ,  hot-water tanks,  and the  

c o ~ p u t e r  monitoring system a r e  l oca t ed  i n  a detached garage a t  the  r e a r  of the 

Homestead. 

The fol lowing da t a  p e r t a i n s  t o  the  a l l o y  t h a t  BEC obtained and t e s t e d  

i n  t he  s torage  ves se l  dur ing  the  f i r s t  d i scharge  cyc le :  

. C ~ m p ~ ~ i t i ~ n  of a l l o y :  TiFe0.863Mn0.098 (Ti5iFe44Mn5). 

. Useful weight of H2: 55.2 l b  (1.4 w t  %). 

. Sustained flow r a t e  and time: 12 l b  maxlday f o r  76 min when f u l l y  

charged. 

. Expected d a i l y  r a t e :  3-6 l b  max. 

D e t a i l s  on temperature,  p ressure  and o ther  flow r a t e  measurements a r e  

provided i n  the  f i n a l  r e p o r t  which is being reviewed.lO BEC observed no g i r t h  

changes due t o  hydride expansion i n  the f i r s t  cyc le  of opera t ion .  

Also provided i n  the  f i n a l  r e p o r t ,  but not pa r t  of the con t r ac t  

e f f o r t ,  were the r e s u l t s  of a hydride expansion t e s t  made with a p a i r  of t h e i r  

commercial cy l inde r s  (AHT-5) conta in ing  the  same hydride. Hydrogen was cycled 

between the tanks by ' a l t e r n a t e l y  hea t ing  and cool ing each tank. The hydridc bed 

dimensions were 4-in. diam. x 20.2 i n .  deep a t  t he  conclusion of the  t e s t .  No 

inc reases  i n  cy l inde r  diameter were observed, o the r  than  2-3 x 10-3 in .  of corro-  

s i o n  product,  a f t e r  825 c y c l e s  of t e s t i n g ,  inc luding  358 cyc le s  with one tank 

p e r i o d i c a l l y  v ib ra t ed .  The absence of v e s s e l  expansion was a t t r i b u t e d  t o  a c t i v a -  

t i o n  of the hydride i n  another  con ta ine r ,  and use of a s to rage  ves se l  t h a t  i s  

s t rong  enough t o  r e s i s t  the expansive fo rce .  It might a l s o  be a t t r i b u t e d  t o  t h e  

f a c t  t h a t  the  change i n  hydride composition was r e s t r i c t e d  by condi t ions  of the  

experiment. 



BEC concluded t h a t  the  hydridelhydrogen s to rage  system is  technologi- 

c a l l y  f e a s i b l e .  A proposal  f o r  cont inued cyc l ing  of t he  system and s e v e r a l  

improvements is  being reviewed. Another t a sk  r equ i r ing  a t t e n t i o n  is  completion 

of a s a f e t y  review; BEC conducted an i n t e r n a l  review of t he  Hydrogen Homestead 

and s to rage  system, and l i s t e d  t he  i t e m s  required.  Release of a formal r e p o r t ,  

r eeva lua t ion  of t he  needs,  and i n s t a l l a t i o n  of the  remaining equipment need t o  be 

done. 

3.4 Hydrogen-Technology Advanced-component Tes t  System (HYTACTS) 

An engineer ing-sca le  system f o r  t e s t i n g  cnmpcrnents of a hydrogen s to rage  

system has been completed and is  ready tn begin ope ra t i on .  It esnsists ~ u d l u l y  uT 

a p ip ing  loop i n  which hydrogen, a t  p r e s su re s  of 15-600 p s i ,  .can be t r a n s f e r r e d  

a t  c a r e f u l l y  measured and c n n t s o l l e d  flow r s t e c .  The system cuuyrised nf 

t h r e e  major components : t he  hydrogen meter ing loop,  the  thermal t r a n s p o r t  loop, 

and the  c o n t r o l  panel  and da t a  a c q u i s i t i o n  s ec t ion .  I n i t i a l l y  t h e  HYTACTS w i l l  

be used f o r  t e s t i n g  VPTU-2, the  50-kW, 500-kwh s to rage  ves se l .  . Subsequently it 

w i l l  be used f o r  t e s t i n g  hydrogen s to rage  devices  f o r  automobiles,  o r  f o r  o t h e r  

a p p l i c a t i o n s  us ing  devices  f a b r i c a t e d  by BNL o r  o the r s .  

3.4.1 Hydrogen Metering Loop 

Hydrogen, a t  1000 p s i a ,  is admit ted from the  s to rage  tanks t o  a dome- 

loaded r e g u l a t o r  where t he  p re s su re  is reduced t o  500 p s i .  The gas is  then 

metered and c o n t r o l l e d  by two MICON d i g i t a l l y - c o n t r o l l e d  va lves  ( range 0-30 CFM) 

which have been preprogrammed t o  provide t he  app rop r i a t e  flow r a t e  f o r  e pa r t i cu -  

l a r  charging run. The va lves  may be used i n d i v i d u a l l y  o r  i n  p a r a l l e l  f o r  flow 

r a t e s  up t o  600 CFM. A t h i r d  d i g i t a l  va lve  (range 0-6000 CFM) is  a l s o  a v a i l a b l e  

f o r  t h e  h igher  charging flow r a t e s  which a r e  a n t i c i p a t e d  f o r  f l u i d i z i n g  the 

hydr ide  bed of t h e  VPTU-2 bulk-storage ves se l .  The VPTU-2 w i l l  be the  f i r s t  com- 

ponent t e s t e d  i n  t h e  HYTACTS. By manipulat ion of the  app rop r i a t e  va lves ,  the  

hydrogen d ischarge  r a t e  can be metered and c o n t r o l l e d ,  by the  same d i g i t a l  

val.vcs, ven t ing  t o  Clle atmosphere. A l l  o the r  normal ope ra t i ng  va lves  a r e  pneu- 

m a t i c a l l y  operated remotely from a c o n t r o l  room i n  which a l l  the  c o n t r o l  i n s t r u -  

menta t ion  and d a t a  a c q u i s i t i o n  equipment a r e  housed. Sensors ,  app rop r i a t e ly  

pos i t i oned  i n  t he  p ip ing ,  monitnr hydrogen tempersturco,  p r e s su re s ,  water vapor 

c o n t e n t  (down t o  -800F (-620C) dew p o i n t )  and oxygen conten t  (1-10 ppm). 



3.4.2 Thermal Transport  Loop 

The hea t  r e l ea sed  when the  hydrogen is chemically combined with the  

a l l o y  must be removed so t h a t  a d d i t i o n a l  hydrogen can be absorbed. And, con- 

ve r se ly ,  hea t  must be suppl ied  t o  the  bed when l i b e r a t i n g  the hydrogen t h a t  i s  

s t o r e d  i n  the  hydride. The thermal t r a n s p o r t  loop, which is a  closed hea t ing  and 

cool ing system, i s  designed t o  perform t h a t  func t ion  f o r  the s to rage  v e s s e l  

t e s t s .  The f l u i d  (50% water  - 50% e thy lene  g lyco l )  flow r a t e  is metered and con- 

t r o l l e d  by a  d i g i t a l l y - c o n t r o l l e d  va lve  having a  range of 1-100 gal lons/minute.  

The hea t  f o r  dehydriding is suppl ied  t o  the  f l u i d  by a  120-kW e l e c t r i c  hea t ing  

u n i t  and the cool ing  is provided by a  7.5-ton Dunham-Bush air-cooled c h i l l e r .  

The thermal t r a n s f e r  f o r  the  cool ing  system takes  place i n  a  shell-and-tube coun- 

ter-flow hea t  exchanger, t he  s h e l l  s i d e  of which forms a  c losed  system with t h e  

c h i l l e r ,  the f l u i d  being c i r c u l a t e d  by one of two 50-GPM c e n t r i f u g a l  pumps. The 

des i r ed  f l u i d  temperature i s  ad jus t ed  by blending the  hot  f l u i d ,  which f lows 

through the h e a t e r ,  and the  cold f l u i d ,  which flows through the  tube s i d e  of the 

hea t  exchanger, i n  a  Koch s t a t i o n a r y  mixer. The system is cons t ruc ted  of  2-inch 

schedule-10 p ipe  and is  r a t e d  f o r  150 p s i  so t h a t  temperatures above 100°C can be 

reached. As i n  the  hydrogen metering system, a l l  temperatures and pressures  a r e  

monitored by the da t a  a c q u i s i t i o n  system, and a l l  va lves ,  whether motorized o r  

pneumatically ac tua t ed ,  a r e  remotely operated a t  the c o n t r o l  panel.  

3.4.3 Data Acquis i t ion  Sec t ion  

The major components of the da t a  a c q u i s i t i o n  system inc lude  inc lude  a  

Model 240 Doric Dig i t rend  Data Scanner and a  Model 4051 Tektronix Graphics Compu- 

t e r .  

The da t a  scanner has the  c a p a b i l i t y  of monitoring 140 d a t a  poin ts  a t  

the  r a t e  of 10 per second. .Each po in t  i s  provided wf th  2 low and 2 high s e t -  

po in t  alarms. The func t ion  t o  be read and the  alarm po in t s  a r e  s e t  by software 

i n s t r u c t i o n s  e i t h e r  a t  the  instrument  face  o r  from the computer a c t i n g  a s  an 110 

terminal .  P r i o r i t i e s  f o r  each poin t  can be s e t  so the  c r i t i c a l  po in ts  can be 

monitored more f r equen t ly  than once each 14 seconds. To al low f o r  t r a n s i e n t  s i g -  

n a l s ,  the  scanner can be made t o  ignore  up t o  9 out-of-range i n d i c a t i o n s  before 

a c t i v a t i n g  the app ropr i a t e  alarm s i g n a l .  Each alarm, when t r i pped ,  energ izes  a  

reed de lay  which can take  c o r r e c t i v e  a c t i o n  by opening o r  c lo s ing  the app ropr i a t e  

valve. 



The Tekt ronix  4051 Graphics Computer is  equipped with a  number of 

p e r i p h e r a l  u n i t s  which g r e a t l y  expand the  c a p a b i l i t y  of the da ta  a c q u i s i t i o n  sys- 

tem. More than one m i l l i o n  b i t s  of da t a  can be taken from the  scanner and s to red  

on magnetic tape  or  on f loppy d i s c s .  The da t a  can then be used by the computer 

t o  do number crunching, and da t a  a n a l y s i s ,  by u t i l i z i n g  previous ly  prepared pro- 

grams. A hard copy of t he  r e s u l t s  can be t abu la t ed  on the l i n e  p r i n t e r  and 

graphs output  on the  p l o t t e r .  With the a d d i t i o n  of a  communications l i n k ,  the 

Tekt ronix  can a c t  a s  an inpu t lou tpu t  te rmina l  and communicate d i r e c t l y  with the  

l a r g e  CDC 7600 computer, which is time shared via the BNL FOCUS system. 

3.5 Heat-Transfer Modeling 

A model is being developed a t  Oak Ridge National  Laboratory to  p red ic t  the  

behavior  of metal-hydride beds used f o r  hydrogen s torage .  The model assumes t h a t  

hydrogen i s  always i n  equi l ibr ium with the metal hydride,  and t h a t  no pressure  

drop occurs  i n  the  bed. Under such condi t ions ,  hea t  t r a n s f e r  c o n t r o l s  perfor-  

mance. 

The model is  being t e s t e d  by comparing the  r e s u l t s  obtained f o r  i t  with d a t a  

r epo r t ed  by S t r i c k l a n d  and ~ u ~ f r o m  a c y l i n d r i c a l  bed conta in ing  84 l b  of iron- 

t i t an ium a l l o y .  Hydrogen was introduced and withdrawn a t  the cen te r  l i n e  of t he  

v e s s e l  through a  porous metal  tube ,  and hea t  was t r a n s f e r r e d  t o  and from the  sys- 

tem by water flowing i n  an  annual  s h e l l  around the  t e s t  bed. Each run cons i s t ed  

of a period during which the hydrogen feed (or  withdrawal) r a t e  was held cons tan t  

a t  some value between 10 and 40 s t d  l i t e r s l m i n .  Data f o r  a x i a l  and r a d i a l  temp- 

e r a t u r e  p r o f i l e s  show t h a t  hea t  t r a n s f e r  occurred pr imar i ly  i n  the r a d i a l  d i rec-  

t i o n ,  and no s i g n i f i c a n t  temperature d i f f e r e n c e  was de tec ted  between the e n t e r i n g  

and the  e x i t i n g  cool ing  water.  

This model assumes, as was measured i n  the experimental  r e s u l t s ,  that heat  

t r a n s f e r  occurs  only i n  t he  r a d i a l  d i r e c t i o n .  I n  the  i n i t i a l  phase of the model- 

i n g  work only the charging po r t ion  of the cyc le  was considered. Before each run,  

t h e  bed was brought t o  equ i l i b r ium ar 30% and 16 ps i a .  Tlle LuuaJa~y coudi t ions  
aT 

were taken t o  be: BC/1) - = 0 ,  r = 0; BC/2) TW = 3 0 ' ~  and BC/3) F = F t < t 
ar L '  - 

(P = 500 p s i a ) ,  PL = 500 p s i a ,  t > t 500', 
The i n i t i a l  cond i t i ons  were To ' 30 C and P $16 psis. The f i r s t  boundary 0 

cond i t i on  assumes no hea t  t r a n s f e r  ac ros s  the cen te r  of the bed. The l a s t  two 

boundary condi t ions  correspond t o  experimental  values f o r  the  water temperature 



T and the  flow r a t e  F o r  t he  bed p re s su re  P was maintained cons tan t  during w ' L L 
:he f i r s t  po r t i on  of the  run. Heat t r a n s p o r t  and thermodynamic p r o p e r t i e s  (equi-  

l i b r ium p re s su re ,  thermal conduc t iv i t y ,  hea t  of r e a c t i o n ,  etc. ) a r e  represen ted  

i n  the  model a s  func t ions  of temperature ,  p r e s su re  and composition whenever pos- 

s i b l e .  

I n  the  f i r s t  t e s t  of the  model, a  h y p o t h e t i c a l  6-in.-diameter bed was subdi- 

vided i n t o  20 nodes l oca t ed  on equa l  r a d i a l  increments ,  A r .  The f i r s t  node was 

s i t u a t e d  a t  t he  o u t s i d e  edge of t he  porous-metal  tube,  and the  l a s t  node was 

pos i t i oned  a t  t he  i n s i d e  edge of the  v e s s e l  wal l .  The nodal energy balance equa- 

t i o n s  a r e  summarized i n  Table  3.3. T l , i  and T 2 , i  de s igna t e  the  temperature  of 

node i before  and a f t e r  a t imes tep  of A t ;  C I , ~  and C2,i r e f e r  t o  composition. 

Only one of t he  boundary cond i t i ons ,  BC3, i s  used, depending on whether t h e  

experiment is i n  t he  cons tan t  flow or  t he  cons t an t  p ressure  regime. The 

equa t ions  a r e  solved s imultaneously by us ing  two nes t ed  Newton-Raphson (N-R) 

procedures f o r  t h e  cons tan t  flow cond i t i on ;  t h e  s o l u t i o n  f o r  cons tan t  p ressure  is 

s impler ,  only one N-R procedure is  requi red .  

A pre l iminary  set of p r ed i c t ed  temperature  p r o f i l e s  is i l l u s t r a t e d  i n  Figure 

3.5. The r e s u l t s  show the  same t rend  a s  t he  experimental  da t a .  They agree  q u i t e  

w e l l ,  q u a l i t a t i v e l y ,  a l though the  c a l c u l a t e d  temperatures  are lower than the  

experimental  va lues .  These r e s u l t s  a r e  encouraging s i n c e  the  model con ta in s  no 

e m p i r i c a l l y  der ived  parameters.  A s  more of the  phys ica l  p roper ty  da ta  become 

a v a i l a b l e ,  improvement i n  t he  q u a n t i t a t i v e  agreement i.s expected. 



INTERNAL NODES: 

TABLE 3 . 3  

SUMMARY OF EQUATIONS, n-Nodes 

E q u a t i o n s  Unknown 

- 

EQUILIBRIUM 

WHERE ,. 



Figure 3.1. Aquifer storage 
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Figure 3.2. Hydrogen release rate per ft3 of MCS microsphere bed 
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Figure 3.4. Sketch of VPTU-2 constructed by 
Foster Wheeler Energy Carp. 
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4.0 HYDROGEN STORAGE MATERIALS 

Metal hydrides offer a convenient, safe and attractive alternative to the 

conventional methods of hydrogen (energy) storage as a compressed gas or cryo- 

genic liquid. Hydrogen is absorbed by a metal or alloy with the release of heat 

and may be stored for short or indefinite periods of time and recovered 

(desorbed) by providing the necessary decomposition energy. The resulting solid 

hydride compounds, in general, are similar in appearance to the starting metals 

or alloys and those of practical importance are easily reversible or recharge- 

able. 

The evaluation of a hydride system for an energy storage application, 

whether mobile or stationary in nature, involves consideration of: (1) wt % 

hydrogen stored; (2) volumetric hydrogen density; (3) pressure-composition- 

temperature properties; (4) thermodynamics of absorption-desorption reactions; 

(5) raw alloy materials cost; (6) reaction kinetics; and (7) physical and chemi- 

cal stability. When one considers these criteria, the rather large number of 

available hydride systems is reduced to four general classes of alloy-hydrogen 

systems suitable for storage (long-term or short-term) applications. These sys- 

tems are: (1) ferrotitanium alloy hydrides; (2) lanthanum pentanickel (or AB5) 

type alloy-hydrogen systems; (3) magnesium and some of its alloy hydrides; and 

(4) vanadium hydride. This list will expand as new insights are gained by inves- 

tigators in the field of hydrogen storage materials development. 

A major effort in 1978 was devoted to identifying and characterizing alloys 

capable of storing >3 wt % hydrogen while increased attention in the candidate 

alloy selection process was also given to decreased raw materials cost (leading 

to a reduction in the dollarsllb stored hydrogen) and good thermal (thermody- 

namic) properties at or near ambient temperatures. 

Two new programs were initiated in the hydrogen storage materials area in 

1978. The first was a contracted program with the International Nickel Company 

(INCO) to investigate the mechanisms of surface poisoning in metal hydrides. The 

second program was a RNl ,  in-hcrnse effort directed at the separation or removal of 

hydrogen from mixed gas streams. The two new programs are closely related since, 

in the process of hydrogen removal from gas mixtures, contaminant gases such as 

02, H20(,), CO and H2S will likely be present to some degree. The removal of 



hydrogen from gas mixtures  ( s t reams)  u t i l i z i n g  metal hydrides  p laces  these  mater- 

ials i n  a  new r o l e  where emphasis is not  on s to rage  (long- or  short-term) but a s  

media f o r  r ap id  absorp t ion-desorp t ion  of hydrogen. The inventory  of metal 

hydride can be reduced i n  t h i s  a p p l i c a t i o n  and would be d i r e c t l y  r e l a t e d  t o  t he  

k i n e t i c s  of the  absorp t ion-desorp t ion  process.  

4.1 Hydrogen S torage  M a t e r i a l s  Development 

The o b j e c t i v e  of t he  Denver Research I n s t i t u t e  (DRI) r e sea rch  conducted 

du r ing  1978 was t o  expand the  number of m a t e r i a l s  wi th  s to rage  c a p a b i l i t i e s  and 

t o  i nc rease  t h e i r  s t o r a g e  capac i ty .  The u l t ima te  goal  of the D R I  program was t o  

develop hydrides  wi th  more t han  3 w t  % hydrogen s torage,  by u t i l i z i n g  a  D R I  

developed p r e d i c t i v e  technique.  This  hypothesis  r e l a t e s  the f r e e  energy of 

hydride.  formation ( A G ~ )  t o  t he  s t a r t i n g  al loy.  u n i t  cel l  volume of i n t e r s t i t i a l  

ho l e s .  Simply s t a t e d  t he  l a r g e r  t he  u n i t  c e l l  volume or  i n t e r s t i t i a l  ho les  in  a 

s t a r t i n g  a l l o y  o r  meta l ,  the  more thermally s t a b l e  w i l l  be the hydride formed 

from such ma te r i a l .  Add i t i ona l ly ,  p r e d i c t i v e  c r i t e r i a  developed i n  o the r  

l a b o r a t o r i e s ,  such a s  t he  " r u l e  of reversed  s t a b i l i t y m  l , 2  formulated i n  t h e  

P h i l i p s  Research Center and a  gene ra l  set of r e a c t i o n  r u l e s  developed a t  B N L , ~  

were a l s o  used i n  t he  m a t e r i a l s  s e l e c t i o n  process .  

Research a t  D R I  du r ing  1978, was c a r r i e d  nilt i n  f n ~ i r  major a r ea s .  Those 

a r e a s  of r e sea rch  were: ( 1 )  s t u d i e s  of t he  hydriding c h a r a c t e r i s t i c s  of AB2 (A 

and B = t r a n s i t i o n  me ta l s )  Laves phases; ( 2 )  s t u d i e s  of hydriding p r o p e r t i e s  of 

t i tanium-base B-solid s o l u t i o n  a l l o y s ;  (3 )  s t u d i e s  of the  hydriding p r o p e r t i e s  of 

r a r e  ear th-base qua t e rna ry  a l l o y s ;  and (4)  i n v e s t i g a t i o n s  of the r e l a t i o n s h i p  

between i n t e r m e t a l l i c  compound s t r u c t u r e  and hydride formation. The Laves phase 

AB2 a l l o y s  were chosen f o r  i n v e s t i g a t i o n  s ince  they r ep re sen t  r a t h e r  open s t ruc -  

t u r e s  ( s t r u c t u r e s  wi th  a  l a r g e  volume a v a i l a b l e  f o r  hydrogen occupancy) with a  

h i g h  t h e o r e t i c a l  maximum f o r  HIM (HIM(,,,) = 5.67 o r  AB2H17). Many such a l l o y s  

e x i s t .  The Ti-based B-solid s o l u t i o n  a l l o y s  were of i n t e r e s t  s i n c e  t i t anfum i s  

r a t h e r  cheap and abundant i n  comparison t o  o the r  t r a n s i t i o n  w ~ a l s ,  the  low 

atomic weight of t i t an ium enhances chances f o r  increased  hydrogen s to rage  capa- 

c i t y  and B-ti tanium e x i s t s  i n  many combinations of binary a l l o y s  whose hydride 

s t a b i l i t y  can be va r i ed  by ad jus t j Jng  the  conten t  of the  second t r a n s i t i o n  metal  

component or  by the  s u b s t i t u t i o n  of a  t h i r d  meta l ,  smal le r  i n  atomic s i z e  than 



t h e  metal  i t  is  rep lac ing .  The r a r e  ear th-base qua te rnary  alloy-hydrogen systems 

esearch  was undertaken t o  explore  the  p o t e n t i a l  of s u b s t i t u t i n g  less expensive 

elements such a s  Mn, Fe or  Cu f o r  t he  B elements i n  ABg a l l o y s  (B = N i ,  Co e t c . )  

and mischmetal f o r  La i n  the  ABg compound ( A  = La, Sm e t c .  ). F i n a l l y ,  the s t r u c -  

t u r a l  work was undertaken t o  s tudy  and r a t i o n a l i z e ,  i f  p o s s i b l e ,  those f a c t o r s  

t h a t  l i m i t  t o t a l  hydrogen abso rp t ion  from a geometric po in t  of view. It was 

hoped t h a t  t h i s  in format ion ,  i n  t u r n ,  would opt imize the  success  of the  a l l o y  

s e l e c t i o n  process  (an a d d i t i o n a l  t o o l  f o r  more r a t i o n a l  s e l e c t i o n  of candida te  

a l l o y s  t o  be i n v e s t i g a t e d ) .  

The Laves phase hydr id ing  i n v e s t i g a t i o n s  a t  D R I  cen te red  on the  AB2 systems 

ZrFe2, TiFe2 and the  pseudo-binary system TiCr2-TiMn2. None of the above paren t  

systems w i l l  absorb much hydrogen a t  room temperature  with high p re s su re  hydrogen 

because of unfavorable  thermodynamics. This  is ,  a l s o ,  a s  p red ic ted  by the  D R I  

hole  s i z e  versus  f r e e  energy hypothesis .  S u b s t i t u t e d  a l l o y s  such a s  (Zrl-,y,), 

Fe2, zr(Fe~-,M,)~ and Ti(Fel-xMx)2 where M = Mn or  V p l u s  Ti(Crl-,VX). Mn, how- 

eve r ,  should have more f avo rab l e  hydriding thermodynamics. This  r e s u l t s  from t h e  

f a c t  t h a t  a  l a r g e r  metal  atom (Mn, V o r  Y) i s  r ep l ac ing  a  smal le r  one (Zr ,  Fe o r  

Cr) and t h e r e f o r e  the  s u b s t i t u t e d  a l l o y  w i l l  have a  l a r g e r  volume than the  pa ren t  

i n t e r m e t a l l i c  g iv ing  rise t o  more s t a b l e  hydrides .  Severa l  s e r i e s  of s u b s t i t u t e d  

a l l o y s  wi th  t he  gene ra l  formulas noted above were prepared and t h e i r  hydr id ing  

( s t o r a g e )  p r o p e r t i e s  i n v e s t i g a t e d .  The a l l o y s  e x h i b i t i n g  t he  b e s t  hydriding 

p r o p e r t i e s  were found t o  be: Zr(Fe0.8gV0. 15)2, Zr(Fe0.7Mn0.3)2 and 

Ti(V0.2Cr0.8)Mn. Thei r  r e s p e c t i v e  s to rage  c a p a c i t i e s  a r e  1.6, 1.3 and 1.7 w t  % 

hydrogen. Although these  hydrides  do not reach the goal  o f  3  w t  % s to rage ,  they 

do supplement the  r a t h e r  l i m i t e d  l i s t  of metal-hydrogen systems a v a i l a b l e  f o r  

p r a c t i c a l  a p p l i c a t i o n s .  Add i t i ona l ly ,  they a l l  have good thermal and k i n e t i c .  

p r o p e r t i e s  a t  room temperature.  

Considerable time and e f f o r t  was a l s o  expended by D R I  on hydriding i n v e s t i -  

g a t i o n s  of 6-titanium based TiMo a l l o y s  and s u b s t i t u t e d  ABg(LaNi5) a l l o y s .  The 

D R I  s i z e - s t a b i l i t y  c o r r e l a t i o n  was u t i l i z e d  i n  s e l e c t i n g  a l l o y s  f o r  i nves t i ga -  

t i o n ;  however, i n  no case was an a l l o y  i r l c n t i f i e d  ~ l l a t  had b e t t e r  thermal and 

s to rage  p r o p e r t i e s  than the  paren t  systems. Ti0.7Mo0.3, which s t o r e s  ~ # 2 . 9  w t  % 

hydrogen but is  very s t a b l e ,  was the  s t a r t i n g  a l l o y  f o r  t he  s u b s t i t u t e d  

6-titanium s t a b i l i z e d  s o l i d  solution-hydrogen systems i n v e s t i g a t e d  whereas LaNi5 

uerved a s  the  pro to type  f o r  t he  s u b s t i t u t e d  r a r e  e a r t h  ABg systems. 



A low l e v e l  of e f f o r t  was d i r e c t e d  toward r a t i o n a l i z i n g  hydride c a p a c i t i e s  

(maximum ach ievab le  HIM r a t i o s )  i n  terms of s t a r t i n g  i n t e r m e t a l l i c  s t r u c t u r e .  

The s i z e ,  number and r e l a t i v e  p o s i t i o n s  of the var ious  types of t e t r a h e d r a l  

i n t e r s t i t i a l  ho l e s  i n  ABg (CaCug) hexagonal s t r u c t u r e )  and AB2 (C15 cubic  and C14 

hexagonal)  phases  have been tabula ted .  Maximum HIM va lues  were then ca l cu l a t ed  

based on occupancy of t he  l a r g e s t  i n t e r s t i t i a l  ho les  tak ing  i n t o  account t h a t  

hydrogen-hydrogen d i s t a n c e s  should not  be smal le r  than ~2 .I. Comparison between 

t h e  t h e o r e t i c a l  maximum HIM values  and those observed exper imenta l ly  have been 

good. 

One of t he  main a r e a s  off in-house BNL work i n  t he  hydrogen s to rage  m a t e r i a l s  

development p o r t i o n  of t he  app l i ed  hydrogen product ion and s to rage  program has 

a l s o  d c e l t  with  i n v e s t i g a t i o n s  of Ll~e physlo-chemical p r n p e r r i e s  ul: AD2 Lavcc 

phases.  This  r e s u l t e d  p a r t l y  from l i t e r a t u r e  r epo r t s4 ,6  on such systems ind l -  

c a t i n g  these  m a t e r i a l s  were capable  of nbsurbilig l n rgc  amounts nf hydrogen ( s cc  

above) and a l s o  from q u a l i t a t i v e  sc reen ing  i n v e s t i g a t i o n s  performed a t  BNL sever-  

a l  years  ago v e r i f y i n g  this Lact.  Of p a r t i c u l a r  i n t e r e s t  t o  BNL was the AB2 sys- 

tem TiCr2. Th i s  i n t e r m e t a l l i c  e x i s t s  a s  two temperature dependent a l l o t r o p e s .  

The low temperature  form is  of cubic  symmetry whereas the  high temperature phase 

i s  hexagonal. Both forms w i l l  r e a c t  wi th  hydrogen t o  form hydride phases which 

c o n t a i n  an app rec i ab l e  amount of hydrogen.7,8 The maximum hydrogen capac i ty  f o r  

t h e  cubic  phase,  t o  d a t e ,  has been 2.5 w t  X .  That For the  high temperatnre hexa- 

gonal  phase i s  2.4 w t  %. 

BNL has r epo r t ed  some of t hc  p r o p e r t i e s  of the cubic  (C15) TiCr2-H d iscus-  

s i n g  t h e  pressure-composition c h a r a c t e r i s t i c s  inc lud ing  h y s t e r e s i s  e f f e c t s ,  ther -  

modynamic c o n s i d e r a t i o n s ,  and the  method of p repa ra t i on  of the  s t a r t i n g  i n t e r -  

m e t a l l i c .  The most important  p o i n t s  were t h a t  two hydride phases e x i s t  i n  t he  

system a t  -780C (1950K), h y s t e r e s i s  i~ v i r t u a l l y  absen t ,  and the  hydrldes arc 

very  uns t ab l e  having d i s s o c i a t i o n  p re s su re s  of  2.2 atm and %50 atm a t  the  above 

temperature .  In  order  t o  more f u l l y  c h a r a c t e r i z e  t h i s  system, ex t ens ive  x-ray 

d i f f r a c t i o n  i n v e s t i g a t i o n s  on hydr ides  of varying composition were c a r r i e d  ou t .  

From t h i s  d a t a  and t h e  isotherm informat ion ,  a phase diagram f o r  t h f s  a l loy-  

hydrogen system has been cons t ruc ted .  F igure  4.1 shows t h i s  r e s u l t .  A paper was 

publ i shed  on t h e  low temperature-hydrogen system.7 

Work has  been i n i t i a t e d  on the  h igh  temperature  hexagonal TiCr2-H ~ y s t e m .  

To d a t e ,  BNL has been s u c c e s s f u l  i n  prepar ing  m e t a l l u r g i c a l l y  single-phase 



-amples and has found that this alloy also forms two hydride phases. Starting 

,ith the hydrogen saturated solid, the two reactions taking place at -78OC.may be 

written as follows: 

Figure 4.2 illustrates p-c-T .isotherms for the hexagonal TiCri.9-hydrogen 

system. The thermodynamic stability of these hydride phases is considerably 

higher than for those formed in the corresponding cubic TiCr2-hydrogen system. 

This is apparent from the plateau dissociation pressures for the hydrides, which 

are Q2 and 50 atm in the (C15) cubic system and 0.2 and 30 atm for the (C14) 

hexagonal sys tem. 

Whereas the "rule of reversed stability" would predict the formation of sta- 

ble hydrides from the low and high temperature forms of TiCr2 they are, in fact, 

very unstable, even to the point of limited utility for practical applications. 

However,. as we have seen previously for substituted ferrotitanium alloys (8-10) 

and a variety of other intermetallics it should be possible to modify their prop- 

erties by compositional changes. To this end, investigations of manganese and 

titanium substituted TiCr2 hydrides have been undertaken. The alloy systems 

which have been investigated are of the general formulas TixCr2,Mn and 

TiCr2-,MnX. Most emphasis, to date, has been directed toward the alloy-hydrogen 

systems of .composition TiXCr2,,Mn-Hy. Figure 4.3 demonstrates the variation in 

pressure-composition properties of these hydrides as a function of titanium con- 

tent at -20%. The notable features here are an increase in stability and 

decrease in usable hydrogen with increasing titaniun content. Additionally, we 

have investigated hysteresis for a few such systems and found it to he small as 

in the present system. 

Alloy systems of general composition TICr2-xMnx appear more promising than 

the TixCr2-,,Mn-hydrogen materials. Preliminary investigations performed on the 

hydride system TiCr0.75Mnl.25-Hx indicate that its hydrogen storage capacity 

(usable hydrogen content) is significantly greater than the corresponding 



Til.25Cr0.75Mn-hydrogen system, while it is only slightly less stable. Plateau 

pressures at -20°C being 3 atm for the TiCr0.75Mnl.25-H, system. At this time, 

it appears that for the TiCr2-,Mnx alloys a hydrogen storage capacity greater 

than 2.5 wt % may be achievable with good thermal properties (good dissociation 

pressures at ambient temperature). Significant alloy cost reductions over the 

parent TiCr2 and substituted TixCr2-xMn systems is also gained by utilizing the 

TiCr2-,MnX alloys (manganese is considerably cheaper than chromium or titanium; 
2, 

manganese = $0.50/lb). Work is therefore continuing on the manganese-substituted 

alloy-hydrogen systems. 

4,2 - Lightweight - Metal Hydrides Development 

Air Prnditcts & Chemicals, Iac. uf Allentown, Pennsy lv~nia, was arantcd a 

contract in February of 1978, in response to RFP from BNL for the development u1 

new hydrogen storage systems for automotive hydrogen fuel storage. The ultimate 

goal of this program is to identify and characterize alloy-hydrogen systems 

having two properties of primary importance. These properties are: (1) a hydro- 

gen storage capacity of 3 wt % or greater; and (2) a dissociation pressure of at 

least 1 atm at a temperature of 175OC. Other properties such as kinetics of the 

hydrogen absorption-desorption reaction, cost of alloy materials, etc., must also 

be considered. The alloys of prime importance to APCI are Mg-based materials and 

the research performed during this period of time rests on two ba~ic hypotheses. 

The f i r s t  hypothesis is that the stability of magnesium alloy hydri-des is affec- 

ted by the element(s) alloyed with the Ms. The lower the ntabil..lty of the 

hydride formed by the second metal, the lower will be the stability of the over- 

all alloy hydride (compared to MgH2). This is the chemical stability effect. 

The second hypothesis is that the stability of magnesium hydride may be decreased 

by alloying a second metal which contracts the magnesium lattice. This is equi- 

valent to the size-stability hypothesis put forward by the investigators at D R I ~ ~  

and the "rule of reversed stability." This is strictly a geometric effect. 

The major contributions made by APCI are summarized as follows: (1) several 

new Sievert-type apparatuses (p-c-T setups) were designed and put in use, includ- 

ing systems with the capabilities of simultaneously activating a multiple number 

of alloys, automatically and continuously generating a detailed isotherm for a 

given sample at a specific temperature, and automatically screening an alloy to 



nhtain an approximate p-c-T plot; (2) the size-stability (geometric effect) 

weloped by Lundin -- et al, at D R I ~ ~  was found to agree qualitatively but not 

quantitatively, for magnesium based alloy hydrides. As the unit cell volume of 

the starting magnesium alloy decreased, the stability of the resulting hydride 

decreased but always by considerably less than would quantitatively have been 

predicted; (3) nickel powder mixed with certain magnesium alloys acts as a cata- 

lyst in the activation process and in subsequent hydriding-dehydriding cycles 

(the nickel speeds up the reaction rates); (4) second metals which £om, hydrides 

less stable than magnesium lead to hydrides which are less stable than the parent 

system (chemical effect); and (5) smaller magnesium alloy particle sizes give 

rise to faster kinetics of hydriding. These results were obtained by investiga- 

tions of the physio-chemical properties of a large number of magnesium solid 

solution and intermetallic-hydrogen systems. The alloy identified as most prom- 

ising is Mg2AI.3 with 1 wt % nickel added as a catalyst to the melt. It will 

store 2.3 wt % hydrogen and has a dissociation pressure of 1 atm at 230°C. 

Improvements in other potentia1l.y attractive magnesium alloy systems such as 

Mg4AI.5 and MgA1, which are known to have 1 atm dissociation pressures at 210 and 

2300C, will result by improving reaction kinetics through the development of good 

catalysts for the hydriding-dehydriding reactions. Each of these alloys could 

have maximum storage capabilities in excess of 3 wt % with reasonable dissocia- 

tion pressures if reaction kinetics can be improved. 

4.3 Metallurgical Studies of Hydrogen Storage Alloys 

International Nickel Company (INCO) was awarded a contract in July, 1978, to 

investigate the mechanisms of surface poisoning of metal hydrides. The 

successful application of rechargeable hy.drides for hydrogen storage or gas 

separation applications depends on a number of interrelated technical and. 

economic factors. In previous DOE contract efforts, 12, l3 INCO concentrated on 

the metallurgy and production economics of FeTi, presently the lowest cost, room 

temperature hydrogen storage alloy. The cost and basic thermodynamic properties 

of the alloy, however, do not constbt.i,ite sufficient information to quantify the 

cost of the hydrogen storage system. Other properties, such as hydride powder 

particle dynamics, thermal conductivity, and surface poisoning response must be 

known. Of these, surface poisoning is probably the least understood phenomenon. 



Virtually all the experimental work done, to date, on rechargeable hydrides 

has used high purity hydrogen. A sample properly activated in high purity hydrc 

gen exhibits an extremely fast charging period that is for all practical purposes 

as fast as the heat of reaction can be removed. However, as the sample is cycled 

in impure hydrogen a reduction in performance is observed. Initially, there is a 

loss in kinetics but given enough time, 100% capacity is reached. With addi- 

tional cycling in impure hydrogen, a point is reached where there is a loss in 

ultimate capacity in addition to a continued loss in kinetics and the sample will 

become deactivated or totally poisoned. In mny cases, the sample may be reacti- 

vated. For example, oxygen poisoned FeTi can be heated to 300-400°C in high pur- 

ity hydrogen to achieve substantial recovery of original capacity and kinetics.14 

This rnntract will systematically study the poisoning problew Iur the firct: 

time, 

The main objective is to galn an ulldeistanding of the hasir. aiecl~anisms of 

surface poisoning leading to the development of improved (more resistant) alloy 

hydrides. Three common storage alloys will be studied. These are FeTi, 

TiFeo.gMn0.1 and LaNi5. Each of these alloys is known to activate differently8 

and the LaNi5 intermetallic is reputed to be much less sensitive to poisoning 

than either FeTi or the manganese-substituted ferrotitanium alloy. 

A major portion of contract effort will be devoted to generating quantita- 

tive poisoning data in which plots of percent hydzlding reaction versiis time for 

varying numbers of absorption-desorption cycles will be measured. Experiments 

will be performed in the presence of varying levels of 03, HZO(,) and CO. Reac- 

tivation also will be quantified in order to obtain information about the type of 

surface contamination. This will be accomplished by carrying out heating cycles 

at room temperature and 35O0C as well as hydrogen treatment at 3500C. Addition- 

ally, surface contantinatlull  reaction^ will he studied using a variety of surface 

analytical techniques. The objective of this work will be to study the kinetics 

of film formation, independent of the hydriding reaction. 

Major contract accomplishments attained in 1978 include: (1) a continuous 

cycling absorption-desorption apparatus was constructed. This unit is an auto- 

mated Sievert's apparatus which can operate in a constant pressure or constant 

mass flow mode. Kinetic hydriding or dehydriding plots in the presence of gas 

impurities will be obtained utilizing this instrumeneatioll; (2) a special thin 

layer specimen holder has been developed to better isolate true kinetics 



From thermal effects; (3) all alloy samples have been prepared for poisoning and . 

inetic studies; (4) baseline kinetic data for pure hydrogen absorption has been 

measured for TiFe,. TiFeo.gMno.1 and LaNi5; and (5) the kinetics of oxygen film 

growth on TiFe and TiFeo.gMn0.1 have been measured and the data is being ana- 

lyzed. It should also be pointed out that in the generation of kinetic poisoning 

data by INCO, information will result which is of a more immediate practical 

engineering nature. This information, which is a .natural off shoot of the inore 

fundamental work, will set practical limits on the levels of gaseous impurities 

which are tolerable for storage alloys of current interest. 

4.4 Brookhaven National Laboratory (BNL) In-House Research 

In addition to the research described on Laves phase and substituted Laves 

phase compounds, BNL has also been involved in work on manganese-substituted fer- 

rotitanium alloys and the use of alloy hydrides as media for hydrogen separation 

from gas mixtures. The substituted ferrotitanium alloy research was completed in 

the first half of 1978 whereas the hydrogen separation work was initiated in 

October. Completion of the research on manganese-substituted iron titanium 

alloys has resulted in a more complete understanding of such systems; including: 

(1) substitution of manganese for iron in FeTi results in alloy hydrides of 

increased thermodynamic stability with increasing manganese content; (2) heat 

treatment of substituted alloys can drastically affect the characteristic 

pressure-composition properties for such alloy-hydrogen systems; and (3) activa- 

tion (hydriding for the first time) may be accomplished much more easily for the 

substituted alloys than for the parent FeTi intermetallic. The effect of mangan- 

ese substitution on the hydriding properties of FeTi is illustrated in Figure 4.4 

which shows that by addition of manganese one can "tailor make," to 3 high 

degree, an alloy-hydrogen system with properties appropriate for a particular 

application, at no loss of hydrogen storage capacity, up to an alloy composition 

of TiFe0.7Mno.3. The effect of heat treatment on the p-c-T properties of the 

alloy TiFe0.76Mno. 13 at 40% is illustrated in Figure 4.5. Generally, sloping 

plateaus as encountered in the "as cast"  ample are replaced by flat plateaus as 

a result of annealing. This phenomenon, however, is composition dependent. Ease 

of initial activation results are shown in Table 4.1. The " %  reaction" column is 

a measure of hydrogen content actually attained versus the maximum possible for a 



. totally activated sample under the conditions specified. As can be seen, all 

manganese-substituted samples activated much more easily than FeTi and many 

needed no heating whatsoever. This is an important advantage for the substituted 

alloys. 

The work performed at BNL dealing with the problem of hydrogen separation 

from gas mixtures (streams), utilizing metal hydrides, during the last three 

months of 1978 consisted of conducting a literature search to determine the most 

attractive alloys to initially investigate. This search was completed and the 

AB5 alloys were chosen (i.e., LaNi5 and copper-substituted materials of the gen- 

eral formula LaNi5-,Cu,). 



Table 4.1 

LOW TEMPERATURE ACTIVATION EXPERIMENTS FOR 
TiFexMny ALLOYS 

Maximum Outgassing 
Alloy Temperature Time a t  Final 

Composition (OC) 500 psia(hr)  H / T i  Reaction 

TiFe 200 72 0.0 0 

TiFe0-9Mn0-096 2 5 
( INCO) 

ATOM RATIO H /(Ti+Cr) 

Figure 4 . 1 .  Phase diagram for the TiCr 1 . 8  -H system derived 

from p-c-T and x-ray diffraction data 
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Yigure 4.2. Pressure-composition desorption isotherms for 
the high temperature (C14) TiCr -H system at various 
temperatures 1.9 
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Figure 4.3. Pressure-composition desorption isotherms for 
various TixCr Mn alloys at -20°C 2-x 



Figure 4.4. Pressure-composition desorption 
isotherms for FeTi all.oys of various Mn 
contents at 40°C 

Figure 4.5. A comparison of pressure- 
composition desorptionisotherms for 
annealed and "as cast" TiFe 0.76 Mn0.13 
at 40" 
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5.0 SYSTEMS STUDIES AND END-USE APPLICATIONS 

Hydrogen has been i d e n t i f i e d  a s  an e f f e c t i v e  energy c a r r i e r  and energy s t o  

age  medium. It is  a commodity t h a t  o f f e r s  the f l e x i b i l i t y  of s a t i s f y i n g  por t ions  

of t h e  c u r r e n t  chemical feeds tock  markets a s  we l l  a s  f o r  supplementing f u t u r e  

f u e l  needs a s  the  c o s t / a v a i l a b i l i t y  c o n s t r a i n t s  of convent iona l  f u e l s  become 

i n c r e a s i n g l y  apparen t .  BNL has con t r ac t ed  f o r  s e r v i c e s  address ing  key f a c t o r s  

t h a t  would enhance t h e  p r o b a b i l i t y  of hydrogen's e a r l y  pene t r a t i on  of the energy 

i n f r a s t r u c t u r e .  The i n t e r m i t t e n t  na tu re  of our s o l a r ,  wind and hydropower re -  

sou rces  s t r o n g l y  p o i n t s  t o  hydrogen product ion,  s t o r age  and use a s  a renewable 

resource  recovery op t ion .  Although the  i n i t i a l  uses  of hydrogen w i l l  f i nd  t h e i r  

p l a c e  wi th in  t he  chemical i n d u s t r i e s ,  opportunlLies  preacnt  themsel.ves f o r  t he  

near-to-mid term p o t e n t i a l  of hydrogen's app l l cac lun  as a n a t u r a l  gas  s ~ ~ g p l e m e n t .  

5.1 F e a s i b i l i t y  assess men^ uf Falling Water R P s n u r ~ e s  

The prospect  of d e l i v e r i n g  hydrogen cnergy from smal l  c apac i ty  hydropower 
1 

sites using water e l e c t r o l y s i s  was eva lua ted  i n  a 5-month s tudy (supported by the  

U.S. Department of Energy (DOE) and adminis te red  by Brookhaven Nat iona l  Labora- 

t o r y )  by a team c o n s i s t i n g  of the I n s t i t u t e  of Gas Technology (IGT) and the  

Pennsylvania  Gas and Water Company (PG&W). The premise of the s tudy  w a s  t h a t  t he  

combination of r i s i n g  f o s s i l  f u e l  p r i c e s  and expected near  term (approximately 

1980) developments i n  e l e c t r o l y z e r  tecllnology, r e c u l t i n g  i n  increased  e f f i c i e n -  

c i e s  and decreased c a p i t a l  c o s t s ,  can r e s u l t  i n  compet i t ive ly  pr iced  hydrogen 

from small  c a p a c i t y  hydropower f a c i l i t i e s .  Such sites a r e  r e f e r r e d  t o  a s  

" f a l l i ng -wa te r  hydrogen" f a c i l i t i e s  t o  d i s t i n g u i s h  t he  concept from h y d r o e l e c t r i c  

power. With hydrogen, r a t h e r  than e l e c t r i c i t y ,  a s  t he  f i n a l  product ,  t he  d i s -  

persed  small c a p a c i t y  fa l l ing-water  resource  could be more r e a d i l y  i n t e g r a t e d  

into the n a t i o n a l  "energy gr id ."  nepending on r e g i o n a l  r a i n f a l l  p a t t e r n s ,  t e r -  

r a i n ,  and water  requirements ,  l o c a l  a r e a s  may have cons t ruc ted  many small  d a m s  o r  

a few l a r g e  dams f o r  municipal  water  usage, r e c r e a t i o n ,  f lood  c o n t r o l ,  i r r i g a -  

t i o n ,  or other nonhydropower uses .  I n  a d d i t i o n ,  t h e r e  a r e  dame t h a t  were design- 

ed f o r  and equipped wi th  h y d r o e l e c t r i c  f a c i l i t i e s  t h a t  have s i n c e  bee11 decommja- 

s ioned  and/or dismantled due t o  economic cons ide ra t i ons .  These f a c i l i t i e s  a r e  of 

va r ious  v in t ages  and i n  varying s t a t e s  of r e p a i r .  S p e c i f i c  sites may r e q u i r e  

l i m i t e d  t o  ex t ens ive  excava t ion  and o the r  modi I ica t ions  / a d d i t i o n s  t o  the  c i v i l  



---orks. Many are equipped with piping and valving for reservoir level control, 

..hich may be readily adapted to energy extraction. 

Magnitude of the Resource as Hydrogen Energy 

The basic concept for adapting small existing dams to hydrogen produc- 

tion is presented in Figure 5.1. As can be seen, the concept entails three energy 

conversion steps: 

1) hydropower-to-shaftpower via a hydraulic turbine, 

2) shaftpower-to-electrical power via a generator, and 

3) electrical-power-to-hydrogen.(and oxygen) via a water electrolyqer 
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Figure 5.1. Technical approach to hydrogen from f alling-water concept 

One main task for the study was to quantify the undeveloped small capa- 

city (less than 500 kW) fa!.ling-wstcr hydrogen resource base for the United 

States, with an emphasis on the Northeastern United States. The resulto of three . 

separate surveys--1) a special state-by-state survey of nine Northeastern states 



(Maine, Massachuset ts ,  Vermont, Rhode I s l a n d ,  Connect icut ,  Pennsylvania,  New 
-2 York, New Hampshire, and New J e r s e y )  by PG&W; 2) a  New York Polytechnic  survey c 

t h e  same nine s t a t e s ;  and 3 )  a  U.S. Corps of Engineers  survey3 f o r  the  e n t i r e  

United S t a t e s  ( s epa ra t ed  i n t o  regions)--were u t i l i z e d  f o r  e s t ima t ing  the resource  

base.  

The hydrogen energy a v a i l a b l e  from the  smal l  c apac i ty  fa l l ing-water  s i t e s  

i n  t h e  Nor theas t  was es t imated  a t  0.05-0.75 Quads. This  energy output  r ep re sen t s  

about  one-third of t he  ou tput  from t h i s  ca tegory  of sites f o r  the e n t i r e  na t ion .  

Also,  almost two-thirds of the  resource  base i n  the  Northeast  f a l l s  i n t o  the  

"small  e x i s t i n g  dams" ca tegory ,  a s  compared t o  w n e - f i f t h  f o r  t h e  United S t a t e s  

a s  a whole. T t  appears  t h a t  t h e  Northeast  reg ion  is l i k e l y  t o  be t he  most f r i i i t -  

f u l  one tn e x p l o i t .  

The Economics . -- 
One of t he  most important  cona ideraLlu~is  In dctotminfng the feasibility 

of  fa l l ing-water  hydrogen f a c i l i t i e s  is  the  c o s t  of the  hydrogen. The cos t  t o  

t h e  p rospec t ive  hydrogen consumer w i l l  be l a r g e l y  dependent upon product ion ,  

s t o r a g e ,  and d e l i v e r y  cos t s .  

It i s  very d i f f i c u l t  t o  quan t i fy  s to rage  and d e l i v e r y  c o s t s  u n t i l  a  spe- 

c i f i c  market o r  demand is  i d e n t i f i e d  i n  d e t a i l .  Del ivery  c o s t s  are d i r e c t l y  de- 

pendent upon both the  q u a n t i t y  of hydrogen and the d i s t a n c e  de l ive red .  Storage 

c o s t s  a r e  a  func t ion  of the  amount and mode of s t o r a g e ,  which dcpond on hnw 

c l o s e l y  demand p r o f i l e s  match supply prof i les . .  Hydrogen product ion c o s t s  a r e  

more e a s i l y  q u a n t i f i e d ,  given some d c ~ i g n  s p e c t f l c a t l u u s  or r c o t r i c t i o n s .  

Hydrogen product ion c o s t s  from smal l  c apac i ty  fa l l ing-water  f a c i l i t i e s  

w i t h i n  the range of 250 t o  5000 kWe capac i ty  and 10 t o  150 f t  head have been 

es t imated .  Roth des ign  c a p a c i t y  and des ign  head were found t o  have a  s i g n i f i c a n t  

e f f e c t  on annual  hydrogen producLion c o s t  which is  a func t ion  of the  t o t a l  capi- 

t a l  investment ,  yea r ly  ope ra t i ng  e x p o n d i t ~ ~ r e s ,  an assumed f inanc ing  s t r u c t u r e ,  

and annual energy product ion.  (The s i n g l e  l a r g e s t  investment is  c a p i t a l  equip- 

mcnL.) A l l  t h r e e  main components ( t u r b i n e ,  gene ra to r ,  e l e c t r o l y z e r )  are techno- 

l o g i c a l l y  we l l  developed. The concept of us ing  h y d r o e l e c t r i c  power t o  produce 

hydrogen i s  no t  new. Seve ra l  l a rge-sca le  f a c i l i t i e s  e x i s t  throughout the world 

which produce hydrogen f o r  ammonia s y n t h e s i s  used i n  f e r t i l i z e r  production. 



A key p i ece  of equipment t h a t  w i l l  g r e a t l y  determine the  economic f ea s i -  

: l i t y  of t he  fa l l ing-water  hydrogen concept is  the  e l e c t r o l y z e r .  Current  e l ec -  

t r o l y z e r s ,  e s p e c i a l l y  small  c apac i ty  u n i t s ,  a r e  c o s t l y  and a r e  l i m i t e d  to .  a n  

energy e f f i c i e n c y  of about  0.60 (based on the  high hea t ing  va lue  of hydrogen). 

Two types of advanced i n d u s t r i a l  e l e c t r o l y z e r s  a r e  c u r r e n t l y  under development i n  

t h e  United S t a t e s  and a r e  p ro j ec t ed  t o  be a v a i l a b l e  i n  t he  near  term (around 

1980). An advanced b i p o l a r  a l k a l i n e  e l e c t r o l y t e  u n i t  (Teledyne Energy Systems) 

and a s o l i d  polymer e l e c t r o l y t e  (SPE) u n i t  (General E l e c t r i c  Company) both prom- 

i s e  e f f i c i e n c i e s ' u p  t o  0.85 a t  s u b s t a n t i a l l y  l e s s  cos t  than c u r r e n t  u n i t s .  

I n  an a n a l y s i s  employing a cons t an t  head of 85  f e e t  (26 meters ) ,  a u t i l i -  

zat ' ion f a c t o r  of 0.65, and d i f f e r e n t  types and combinations of equipment, hydro- 

gen c o s t s  va r i ed  from $14-$30/million Btu ( a t  250 kWe) t o  $5-$9/million Btu ( a t  

5000 kWe). A s e p a r a t e  a n a l y s i s  (based on General  E l e c t r i c ' s  SPE e l e c t r o l y z e r  

c o s t s )  of hydrogen c o s t s ,  a s  a func t ion  of c a p a c i t y  and head, is summarized i n  

F igure  5.2. This  a n a l y s i s  is based on s e v e r a l  i n p u t s ,  inc lud ing  a previous.  s tudy 4* \ 
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Figure 5.2. Hydrogen production cost estimates 

*A 1978 update  of t h e  r e f e r enced  s tudy  r e p o r t s  s i g n i f i c a n t l y  lower electrical 
energy c o s t s  ( e s p e c i a l l y  i n  t h e  lower head and c a p a c i t y  range) .  Th i s ,  of 
course ,  w o l ~ l  d result i n  lower hydrogen c o s t s .  
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t h a t  pa rame t r i ca l l y  analyzed e l e c t r i c a l  energy c o s t s  from small  c apac i ty  hy- 

d r o e l e c t r i c  f a c i l i t i e s .  

It should be noted t h a t  t he  c o s t  ana lyses  conducted were not based on a  

thoroughly optimized design.  Even when using convent iona l  equipment, i t  was 

observed t h a t  t h e r e  was ample oppor tun i ty  f o r  s i g n i f i c a n t  system improvements. 

Falling-Water Hydrogen For Regional Use 

I n  t h e  near  term, fa l l ing-water  hydrogen has the  p o t e n t i a s  t o  compete 

w i t h  i n d u s t r i a l  commodity (merchant) hydrogen product ion.  The small-scale  u se r  

( l e s s  than about  80,000 SCFImonth) c u r r e n t l y  pays w e l l  over $10/1000 SCF ($301 

m i l l i o n  ~ t u ) 5  f o r  commodity hydrogen. The p r i c e  t o  t he  small-scale  user  is h igh ,  

due t o  high s t o r a g e  ( u s u a l l y  c y l i n d e r  s t o r a g e )  and d e l i v e r y  c o s t s  from c e n t r a l  

prnrl~irer plants .  Since most of t h e  fa l l ing-water  1:esource i s  i n  t h c  Nor theas t ,  

where t h e r e  is  a l a r g e  i n d u s t r i a l  popula t ion ,  the  resource may be c l o s e r  t o  the  

market than the  merchant hydrogen i n d u s t r y ' s  product ion f a c i l l t l e s  111 Llic West 

and South. I n  an i d e a l  s i t u a t i o n ,  i f  a u se r  f a c i l i t y  is  very c l o s e  t o  an 

a p p r o p r i a t e  f a l l i ng -wa te r  s i te ,  a  s h o r t  p i p e l i n e  could be cons t ruc ted  t o  provide 

low d e l i v e r y  c o s t s  and l ead  t o  g r e a t l y  reduced s to rage  c o s t s  a t  the  same time. 

One f a c t o r  t h a t  must be taken i n t o  account is the  i nhe ren t  c h a r a c t e r i s t i c  of 

s ea sona l  and y e a r l y  f l u c t u a t i o n s  i n  d e l i v e r a b l e  hydrogen. Because t he  v a r i a b l e  

hydrogen supply r a t e  may not be colupatible wi th  some i n d u s t r i a l  needs, an ecunom- 

i c  t rade-off  must be made between such a s p e c t s  a s  implementation of on-si te  sLor- 

age and purchase of supplemental merchant hydrogen dur ing  low product ion per iods .  

An added i n c e n t i v e  t o  Che commodity uoc of fa l l ing-water  hydrogen is thal: 

most of t he  i n d u s t r i a l  hydrogen used i n  t h e  United S t a t e s  is  produced from cen- 

t r a l  p l an t  steam-reformed n a t u r a l  gas. The fa l l ing-water  hydrogen would d i sp l ace  

t h i s  feeds tock  use of n a t u r a l  gas 'and thus i n d i r e c t l y  supplement our n a t u r a l  gas  

supply.  



I n  the  mid-term period ahead the re  is a s t rong  i n d i c a t i o n  t h a t  some of 

le l a r g e r  capac i ty  higher  head s i t e s  could produce hydrogen t h a t  could be eco- 

nomic a s  an energy from i n  a d d i t i o n  t o  i ts commodity p o t e n t i a l .  Hydrogen can 

e a s i l y  be a s s imi l a t ed  i n t o  the  energy g r i d ,  a s  a supplement t o  n a t u r a l  gas ,  

through d i r e c t  mixing. There is  evidence6 ' t h a t  convent ional  natural-gas com- 

bus to r s  can be fue led  with a n a t u r a l  gas-hydrogen mixture with up t o  10% (by vol- 

ume) hydrogen without using device modi f ica t ions .  The hydrogen could conceivably 

be tapped i n t o  a nearby e x i s t i n g  gas d i s t r i b u t i o n  l i n e  t o  s e r v i c e  a l imi t ed  a rea .  

A s  a supplement, t h i s  hydrogen should only be compared on an economic 
. , 

b a s i s  with o the r  supplemental o r  a l t e r n a t i v e  f u e l s  or  l e s s  a c c e s s i b l e  sources of 

n a t u r a l  ga's (e.g., SNG, LNG, Arc t i c  p i p e l i n e  gas) .  The most favorable  hydrogen 

c o s t s  (about  $5 /mi l l ion  Btu) a r e  comparable wi th  those t h a t  gas u t i l i t i e s  occa- 

s i o n a l l y  pay f o r  natural-gas supplements when demand exceeds convent ional  sup- 

p l i e s .  Another v a l i d  comparison i s  with "new n a t u r a l  gas." For i n s t ance ,  the  

c o s t  of Arc t i c  gas '(via t he  proposed new p i p e l i n e )  a t  the  Canadian/U.S. border is  

pro jec ted  t o  be $3.65-$5.65/million ~ t u ' .  

5.2 Natural  Gas Supplementation wi th  Hydrogen 

Under con t r ac t '  wi th  t h e  U.S. DOE and wi th  funding support  from Pub l i c  

S e r v i c e . E l e c t r i c  and Gas Company (PSE&G), va r ious  a spec t s  concerning the d e l i v e r y  

of blends of hydrogen wi th  n a t u r a l  gas ,  v i a  e x i s t i n g  u t i l i t y  systems, have been 

s tudied .  The s tudy focused on the  following: ( 1 )  t h e  l i m i t a t i o n s  which the  use 

of hydrogen blends br ing  about i n  customer appl iances  and equipment, (2 )  t he  

ope ra t ion  of a u t i l i t y  g r i d  d i s t r i b u t i n g  hydrogen blends,  ( 3 )  the  s e l e c t i o n  of 

s u i t a b l e  po in t s  f o r  i n j e c t i n g  hydrogen i n t o  the  d i s t r i b u t i o n  systems, (4 )  t h e  

e f f e c t i v e n e s s  i n  hydrogen containment by t y p i c a l  components of a u t i l i t y  g r id  and 

(5 )  c e r t a i n  nontechnica l  a s p e c t s  r e l a t e d  t o  s a f e t y  and r egu la to ry  requirements.  

Combustion T e s t s  of Blends i n  Burners and Appliances 

The ob jec t ive  of t h i s  i n v e s t i g a t i o n  was t o  determine the maximum amount of 

hydrogen t h a t  could be blended i n  n a t u r a l  gas ,  main ta in ing  the  r e l i a b i l i t y  and 

e f f i c i e n c y  of t y p i c a l  u t i l i z a t i o n  devices  wi th  minimal o r  no adjustment o r  con- 

vers ion .  



Although i n t e r c h a n g e a b i l i t y  c r i t e r i a ,  which may be c a l c u l a t e d  from the  gas 

a n a l y s i s ,  a r e  a v a i l a b l e ,  these  methods a r e  not  mutually c o n s i s t e n t  and were 

developed over  20 y e a r s  ago. S ince  t h a t  t i m e ,  new v a r i e t i e s  of burners  have been 

developed, and o t h e r s  have been modified, and burners  which were c r i t i c a l  a r e  no 

longe r  used. I n  a d d i t i o n ,  use of these  c r i t e r i a  t o  p r e d i c t  i g n i t i o n  or ex t inc-  

t i o n  no i se ;  f l ashback  on r ap id  turn-down o r  shor t -cyc l ing ;  f a u l t y  i g n i t i o n  per- 

formance, wi th  e i t h e r  thermal e lements  o r  f l a s h  tubes;  and unfami l ia r  gas odors 

have not  been succes s fu l .  The p r e f e r r e d  method of a s s e s s i n g  i n t e r c h a n g e a b i l i t y ,  

is  t o  (1) determine the  pos s ib l e  in te rchangeable  mixtures  using e s t a b l i s h e d  c r i -  

t e r i a ,  ( 2 )  set up i n  a  l a b o r a t o r y  s e l e c t e d  burners /appl iances  r e p r e s e n t a t i v e  of 

the  most c r i t i c a l  types  served and ( 3 )  ope ra t e  t he  proposed mixtures  on the cri- 

t i c a l  burners /appl iances .  

A p re l iminary  s tudy ,  us ing  Weaver Indexes of I n t e r c h a n g e a b i l i t y ,  i nd i ca t ed  

t h a t  mixtures  con ta in ing  up t o  approximately 20% hydrogen should be i n t e r -  

changeable wi th  n a t u r a l  gas. Of the  f i v e  cond i t i ons  which must be m e t  f o r  s a t i s -  

f a c t o r y  i n t e r c h a n g e a b i l i t y , [ ( l )  l i t t l e  change i n  burner Lnput, (2 )  no l i f t i n g  of 

f lames ,  ( 3 )  no f lashback  of f lames,  ( 4 )  no exces s ive  yellow t i p p i n g  of f lames,  

(5)  no incomplete combustion] it Appeared t h a t  these  mixtures  would be c r i t i c a l  

w i t h  r e s p e c t  t o  f lashback .  Laboratory t e s t s  were undertaken t o  s u b s t a n t i a t e  t he  

pre l iminary  f i nd ing .  

Determinat ion of Gas D i s t r i b u t i o n  System Flows 

This s tudy examined the  a b i l i t y  of a  t y p i c a l  u t i l i t y  d i s t r i b u t i o n  system t o  

d e l i v e r  hydrogen while  conforming t o  t he  p re s su re  1imltaLious of a system 

designed f o r  n a t u r a l  gas.  Natura l  gas is d i s t r i b u t e d  i n  t h e  U.S. today by means 

of  a  w e l l  i n t e g r a t e d  network of t ransmiss ion  l i n e s  operated by p i p e l i n e  companies 

and by the d i s t r i b u t i o n  systems of hudnreds of u t i l i t i e s  which c a r r y  the gas t o  

t h e  u l t i m a t e  user .  ,The moving f o r c e  which causes  the  gas t o  flow from wellhead 

t o  customer is the  d i f f e r e n c e  i n  the  p re s su re  ol: the gas from one poin t  i n  t he  

system tn another, D i f f e r e n t  gases ,  s i nce  they have d i f f e r e n t  c h a r a c t e r i s t i c s  

such as hea t tng  va lue  and s p e c i f i c  a r a v i t y ,  r e q u i r e  d i f f e r e n t  p r e s su re  d i f  fe ren-  

t i a l s  fo r  the  d e l i v e r y  of an equ iva l en t  amount of energy. 

Tahle 5.1 l i s t s  t h e  p r i n c i p a l  e lements  of the  n a t u r a l  gas T&D system from 

the wellhead t o  t h e  customer 's  appl iance .  I n .  t he  network s t u d i e s ,  two subsystems 

of primary concern wi th  regard  t o  t h e  flow of gas blends were examined i n  d e t a i l :  



(1)  A d i s t r i b u t i o n  p re s su re  subsystem involv ing  a l a r g e  PSE&G feede r  

main network; 

(2 )  a u t i l i z a t i o n  p re s su re  subsystem involving a medium s i zed  PSE&G 

gr id .  

Network ana lyses  were c a r r i e d  out f o r  100% n a t u r a l  gas a t  peak load con- 

d i t i o n s  and f o r  blends con ta in ing  10% and 20% hydrogen a t  peak load condi t ions .  

Comparisons of t he  r e s u l t s  were made t o  determine the  system modi f ica t ions  needed 

t o  ca r ry  the  d i f f e r e n t  gas blends.  The s e r v i c e  p re s su re  subsystem was only 

b r i e f l y  examined because it is  expected t h a t  excess  capac i ty  is  a v a i l a b l e  t o  

accommodate t he  flow of gas blends.  

Table 5.1 

PRINCIPAL ELEMENTS OF THE NATURAL GAS T&D NETWORK 

Gas Well 

Pumping S t a t i o n  

Underground Storage 

Transmission Line 

Metering S t a t i o n  

High o r  Medium Pressure  Feeder Main 

D i s t r i b u t i o n  Reguxator 

U t i l i z a t i o n  Pressure  Main 

Se rv i ce  Main 

Serv ice  Regulator  

Customer Meter 

C i ~ s t n m ~ r  TAne 

Customer Appliance or  Equipment 

Po in t s  of P o t e n t i a l  Hydrogen Admission 

The s e l e c t i o n  of t he  po in t s  a t  which hydrogen should be admit ted t o  a 

d i s t r i b u t i o n  system t o  supplement na tu ra l  gas is c l o s e l y  r e l a t e d  t o  the  requi re -  

ments of t hc  S t a t e  U t i l i t y  Commissi..nn. Aside from s a f e t y  cons ide ra t i ons ,  the  

u t i l i t y  commission's ch ie f  concern w i l l  most l i k e l y  be t h a t  customers r ece iv ing  



t h e  lower hea t ing  va lue  blend a r e  b i l l e d  accordingly.  To t h i s  end, the commis- 

s i o n  w i l l  probably r e q u i r e  t h a t  the l i m i t s  of the a r ea  rece iv ing  the blend a r e  

c l e a r l y  def ined  so t h a t  these  customers can be e a s i l y  i d e n t i f i e d .  From the u t i l -  

i t y ' s  s t andpo in t ,  the  s imp les t  way t o  de f ine  these  l i m i t s  would be t o  supply the  

blend t o  an  e n t i r e  d i s t r i b u t i o n  system, or  i f  t h i s  cannot be done, a t  l e a s t  t o  

some e a s i l y  def ined  subsec t ion  of the d i s t r i b u t i o n  system. This can be done most 

e a s i l y  i f  the  u t i l i t y  blends hydrogen with n a t u r a l  gas a t  the meter s t a t i o n s  sup- 

p ly ing  a p a r t i c u l a r  d i s t r i b u t i o n  system. 

Leakage Performance of Gas D i s t r i b u t i o n  Equipment 

Gas leakage through p i p e l i n e  j o i n t s  r a i s e s  concern when considering the  

d i s t r i b u t i o n  of hydrogen blended with n a t u r a l  gas which is p r imar i ly  methane, 

Ce r t a in  d i f f e r e n c e s  i n  gas c h a r a c t e r i s t i c s  a r e  expected tn  pffect  j o in t  leakage 

and a s soc i a t ed  hazards.  Hydrogen is much l i g h t e r  than methane, having a spe r i  f i r  

g r a v i t y  of 0.0695 compared t o  methane's 0.555. This c h a r a c t e r i s t i c  would make 

hydrogen r i s e ,  or  t r a v e l ,  much f a s t e r  than methane. Hydrogen, having a d i f f u s i o n  

c o e f f i c i e n t  of 0.63 CM2/sec. compared t o  methane's 0.2 CM2/sec., would a l s o  es- 

cape more r e a d i l y  than methane through a crack,  micropores or pervious ma te r i a l ,  

a l l  o ther  cond i t i ons  being equal .  The range of f lammabil i ty  f o r  hydrogen (4.1%- 

74% i n  a i r )  i s  much broader than t h a t  f o r  methane (5.3%-15% i n  a i r )  and thus a 

hydrogen l e a k  could be more e a s i l y  i g n i t e d  than a methane leak.  Fur ther  hydrogen 

needs only about 1/15 t h e  amount of energy requi red  t o  i g n i t e  methane (20 J vs .  

300 J). Because of these  d i f f e r e n c e s ,  i t  was thought important t o  detcrminc i f  

leakage from j o i n t s  used i n  n a t u r a l  gas d i s t r i b u t i o n  systems would increase  with 

hydrogen blends. 

Summary of Resul t s  and Conclusions 

The r e s u l t s  show t h a t  main burners  can b u m  blends with up t a  20-252 

hydrogen i n  n a t u r a l  gas ,  but t a r g e t  p i l o t s  l i m i t  the  hydrogen concent ra t ion  t o  

6-11%. Af ter  modi f ica t ion  of p i l o t  o r i f i c e  o r  i nc rease  i n  gas supply p re s su re ,  

b lends  with up t o  20% hydrogen were found s a t i s f a c t o r y  f o r  use i n  most burners 

and appl iances .  The flow s t ~ t d l e s  i n d i c a t e  t h a t  n a t u r a l  goe with np f n  30% hydro- 

gen could be r e a d i l y  adapted t o  u t i l i t y  opera t ions  a t  the  gas pressure  and flows 

used i n  the d i s t r i b u t i o n ,  u t i l i z a t i o n  and s e r v i c e  subsystems of the g r id .  The 

meter ing s t a t i o n  appears  t o  be the  yos t  s u i t a b l e  s i t e  f o r  in t roducing  hydrogen 



i r l to  the  di .s t r i .but ion system. Blends of n a t u r a l  gas with up to  40% hydrogen by 

~ l u m e  do not  r e s u l t  i n  increased  r a t e s  of gas leakage through p i p e l i n e  j o i n t s  

when compared wi th  leakage r a t e s  f o r  s t r a i g h t  n a t u r a l  gas.  

Impact of Regulatory Standards 

An a n a l y s i s  of the  Regulatory Commission r u l e s  i n  one s t a t e  (New J e r s e y )  

r e v e a l s  few problems wi th  regard  t o  d i s t r i b u t i n g  hydrogen blends,  but  c e r t a i n  

t o p i c s  need f u r t h e r  study. 

1. Poss ib l e  c o n f l i c t s  wi th  a v a r i e t y  of e x i s t i n g  codes,  inc lud ing  p ip ing  

and plumbing codes,  welding codes,  e l e c t r i c a l  codes,  and compressor 

s t a t i o n  codes. 

2. Gas d e t e c t o r  c a l i b r a t i o n  could be d i f f i c u l t  when the  percentage of 

hydrogen i n  the  blend is  cons t an t ly  varying.  

3 .  Odorizing hydrogen-natural gas blends could p re sen t  problems. 

4. Purging mains f o r  hydrogen-natural gas blends may need development 

of s p e c i a l  procedures; 

5. Heating va lue  c a l c u l a t i o n s  f o r  b i l l i n g  purposes w i l l  be more com- 

p l i c a t e d .  

Regulatory s tandards  regard ing  gas d i s t r i b u t i o n  and hydrogen handling may 

vary  s i g n i f i c a n t l y  among s t a t e s  and l o c a l i t i e s  and f u r t h e r  s t u d i e s  should be made 

i n  t h i s  regard. 
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6.0 PROJECT MANAGEMENT 

6.1 P r o j e c t  Planning and L ia i son  wi th  Indus t ry  

The bulk of the  a c t i v i t i e s  descr ibed  i n  t h i s  r epo r t  were implemented i n  

accordance with the  FY 1978 Hydrogen Program Operat ing Plan prepared i n  l a t e  1977 

by BNL f o r  the  DOE Divis ion  of Energy Storage Systems. Two planning documents 

were prepared t h i s  year f o r  DOE approval .  These are a Summary Plan submitted i n  

September 1978, which provides  t he  program r a t i o n a l e  and funding requirements ,  

and an Annual Operat ing Plan,  which provides  d e t a i l s  on t he  i n d i v i d u a l  c o n t r a c t s  

and p ro j ec t s .  These p l ans ,  which se rve  a s  working documents f o r  the  program, a r e  

sub jec t  t o  pe r iod i c  r e v i s i o n  and, t h e r e f o r e ,  a r e  not publ ished formally.  F igure  

6.1, which was a b s t r a c t e d  from these  documents, g ives  an overview of the program 

by funding and t e c h n i c a l  a r ea .  

The major l i a i s o n  a c t i v i t y  during the  per iod was t he  conduct of the  Annual 

Cont rac tors '  Review Meeting, held i n  November 19.78 i n  t he  Washington, D.C. a r e a  

(Dulles  Marr io t t  Hote l ) .  Over 40 c o n t r a c t o r s  and P r i n c i p a l  I n v e s t i g a t o r s  pre- 

sented papers ,  which a r e  a v a i l a b l e  a s  publ ished proceedings through e i t h e r  BNL o r  

DOE / STOR. 

One major procurement a c t i v i t y  was undertaken with the  i s s u e  of a  Request 

f o r  Proposal  (RFP) f o r  work i n  "Hydrogen Product ion from Small Hydropower S i tes . "  

Proposals  were rece ived  and eva lua ted  by BNL supported by reviewers  from o u t s i d e  

o rgan iza t ions  and the  s o l i c i t a t i o n  r e s u l t e d  i n  two p o t e n t i a l  c o n t r a c t o r s ,  New 

York S t a t e  ERDA and A i r  Products ,  wi th  c o n t r a c t  awards scheduled f o r  f i r s t  quar- 

t e r  1979. 

A workshop was planned and coordinated by BNL on the  sub jec t  of "Metal 

Hydride Hydrogen Storage Vessel Design." Approximately 40 r e p r e s e n t a t i v e s  of 

Government, Nat iona l  Labora to r i e s ,  and indus t ry  p a r t i c i p a t e d  i n  the two-day ses- 

s i o n  t o  d i s cus s  c u r r e n t  problems, design approaches and ope ra t i ng  experience f o r  

var ious  a p p l i c a t i o n s .  A summary of the  d i s cus s ions  and responses  t o  prepared 

ques t i ons  is  a v a i l a b l e  i n  t h e  form of BNL i n t e r n a l  r e p o r t s .  A t o t a l  of 10 un- 

s o l i c i t e d  proposa ls /preproposa ls  were eva lua ted  by the BNL s t a f f  and s e l e c t e d  

reviewers  from o u t s i d e  o rgan iza t ions .  Of these  proposa ls ,  f i v e  were r e j e c t e d  f o r  

e i t h e r  t e chn ica l  o r  programmatic reasons and the  dec i s ion  on the remaining f i v e  

i s  pending wi th  two t e n t a t i v e l y  accepted f o r  funding support  when it becomes 

a v a i l a b l e .  



6.2 Contract Management and Technical  Monitoring 

BNL managed and provided t echn ica l  monitoring f o r  a t o t a l  of 18 c o n t r a c t s  

amounting t o  a funding l e v e l  of about $ 3 . 2  mil l ion .  The l a r g e s t  of these 

c o n t r a c t s  was w i t h  General E l e c t r i c  ( 9 1  m i l l i o n )  f o r  work i n  la rge-sca le  water 

e l e c t r o l y s i s  technology development. The t echn ica l  monitoring cons is ted  of 

eva lua t ing  the  c o n t r a c t o r ' s  p rogress ,  conducting con t r ac t  reviews, v i s i t s  and 

in spec t ion  of development f a c i l i t i e s  and approval of f i n a l  r epo r t s .  A l i s t i n g  of 

the  con t r ac t  a c t i o n s  i n  1978 i s  provided i n  F igure  6.2. 



FY 78' 
Budget $3,20OK $K 

FY 79 ( f o r  planning only) 
Budget $3,80OK ' $K 

GE--1,055 
H Production Teledyne--125 , H Production 

1,400 Univ. of Va.--20 1,800 
BNL--200 . 

H Storage Systems 
600 

H Storage Materials 
480 

End Use/Applications 
330 

Systems Studies 
200 

Foster-Wheeler--70 
BNL--365 H2 .Storage Systems 
Teledyne Motors--15 370 
ORNL-- 10 
IGP--140 

DRI--120 
INCO--35 H Storage Materials 
Air Products--92 430 
BNL--150 

PSE&G-70 
GE--45 End Use/Applications 
BNL--60 835 
Billings--125 
1Gl'--30 

PSE&G--20 
systems Science/ Sys tem Studies . 

Chem Systems--30 90 
Teitel--60 
BNL--85 

GE--1,500 
Teledyne--100 
Univ. of Va7-20 
BNL--180 

DRI--100 
INCO--75 
Air Products--120 
BNL--140 

Low Head Hydro--TBD* 
Fork Lift--100 
BNL (ERG) --60 
TED* 

Remote Hydro--60 
OTEC/WECS--TBD* 
TBD* 

Project  Managemnt BNL--200 
200 

Project  Management . BNL--300 . 
300 

*To Be Determined 

Figure  6.1. Hydrogen p r o j e c t  budgetary breakdown 



Contractor  Work Area 

Systems, Science, Software Underground Storage 
(Consultat ion Support) 

Air Products Hydride Storage (Automotive 
(Cont. from RFP award) Appl ica t ions)  

Clarkson College Storage (Hydrogen-Halogen) 

Foster-Wheeler S f  orage 

Teledyne Energy Systems Alkaline E l e c t r o l y s i s  

R. J. T e i t e l  Storage (Microspheres) 

General E l e c t r i c  SPE Water E l e c t r o l y s i s  

I n t e r n a t i o n a l  Nickel  Co. Hydride Metallurgy 

I n s t i t u t e  of Gas Technology Underground Hydrogen Storage 

Oak Ridge National  Laboratory Heat/Mass Transfer  Hydride Beds 

Oronzio De Nora Hydrogen-Halogen 

Denver Research I n s t i t u t e  Hydrides Research 
(SRSA) 

Chem Systems RFP Evaluation Support 

Unsol ic i ted  Proposals  (Contract  Renewals not included) 

10 received 
5 r e j e c t e d  
5 pending (2 accepted pending a v a i l a b i l i t y  of funds) 

Approx. $ Value 

30K 

F i g u r e  6.2.  C o n t r a c t  a c t i v i t i e s  for calendar year 1970 




