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14. HYDROGEN AS A FEEDSTOCK FOR SYNTHETIC FUEL PROCESSES-- 
.... T .  D.- Oon~l~owS1<[ and J .  C , "Gi ' l l i s  . . . . . . . . . . . . .  

From the conclusions presented in the previous sections, it should be clear 

that hydrogen will be an expensive commodity and as such will not find much 

use as a fuel in the hnmedlate future, but will be a valuable chemical feedstock. 

We have reviewed some of the ways present-day industries could use feedstock 

hydrogen, but have not yet commented on an industry, developing in the 

mid to long term, that has the potential to become a l a r g e  m a r k e t  fo r  

f e e d s t o c k  h y d r o g e n  -- t he  s y n t h e s i s  of  c l e a n  fue l s  f r o m  c o a l  and oi l  s h a l e .  

The fundamental objective of all coal-based synthetic fuels processes 

is to turn a low hydrogen-content fuel (coal) into high hydrogen-content fuels 

(oils, methanol, and methane). Hydrogen is currently produced from coal 

during these processes; in some processes, a great deal of the input coal 

(in the methanol process, about half) is used for hydrogen production. 

At present, or, site hydrogen production from coal is the cheapest process 

available. However, coal is an exhaustible resource, the price of which 

will surely rise in the long term. There are possible sources of hydrogen 

that are tied to renewable or extremely large energy sources (solar or 

nuclear), which are not likely to rise as much in cost as fossil fuels in the 

long term. Thus, it seems likely that at some point in the future it will be 

economically advantageous to reserve as much coal as possible for 

synthetic-fuels production and to utilize some "outside" source of hydrogen. 

We have investigated this possibility during the course of this study. 

Vie have focused our attention on "retrofitting" developed synthetic-fuels 

processes to accept outside hydrogen because the synthetic-fuels industry 

is likely to be well established, with great investments in process-plant 

equipment, before outside hydrogen becomes economically attractive. 

Coal Conversion to Substitute Natural Gas 
• . . L . ,  . . _ , . . . . . . . .  • , 

Coal has a m~lecular hydrogen-to-carbon ratio of about 0.8, but in 

methane the hydrogen-to-carbon ratio is 4. Thus, coal-to-substitute natural 

gas (SATG) processes are really "hydrogen-addition" processes. 
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M a n y  processes h a v e  b e e n  proposed f o r  the  c o n v e r s i o n  of  c o a l  to SNG. 
They employ a gasifier-reactor to produce a combination of carbon monoxide, 

hydrogen, and methane in one or more stages. The principal chemical 

reactions taking place in the gasifier are - 

C + H z O - ~ C O  ÷ H z 

C 4- gHz- ,  CH 4 

A p o r t i o n  of  t h e  c a r b o n  m o n o x i d e  in  t he  g a s i f i e r  p r o d u c t  s t r e a m  i s  o f t e n  u s e d  

to  p r o d u c e  h y d r o g e n  in a "shift" r e a c t o r  by t h e  r e a c t i o n  -- 

CO + HzO-~CO z + Hz 

T h e  c a r b o n  d i o x i d e  i s  t h e n  r e m o v e d ;  a n d  a f t e r  f i n a l  p u r i f i c a t i o n ,  the  r e m a i n i n g  

h y d r o g e n ,  c a r b o n  m o n o x i d e ,  a n d  m e t h a n e  i s  s e n t  t o  a " m e t h a n a t i o n "  r e a c t o r .  

T h e r e  the  c a r b o n  m o n o x i d e  a n d  h y d r o g e n  a r e  r e a c t e d  to  f o r m  m o r e  m e t h a n e :  

C O  + 3H z -* CH 4 + HzO 

a n d  the  p r o d u c t  g a s  h a s  a h i g h e r  h e a t i n g  v a l u e ,  a b o u t  950 B t u / S C F .  z5 

T h e  " g e n e r a l i z e d , , S N G  p r o c e s s  i s  s h o w n  in F i g u r e  1 4 - 1 .  
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Figure 14-I. GENERALIZED SING PROCESS 
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A l m o s t  all  o~ the  p r o p o s e d  SNG p r o c e s s e s  a r e  of the g e n e r a l  f o r m  p r e s e n t e d  

in F i g u r e  14-1. The d i f f e r e n c e s  in the p r o c e s s e s  a r e  to be found in the app roach  

to the J~irst s tep  -- the g a s i f l e r .  F o r  conven ience ,  we wil l  divide SNG p r o c e s s e s  

into g roups  a c c o r d i n g  to the type of g a s i f i e r s  they  u t i l ize :  s i n g l e - s t a g e  g a s i f i e r s ,  

m u l t i s t a g e  h y d r o g a s i f i e r s ,  and o the r  g a s i f i e r s .  

The Lurg t  and K o p p e r s - T o t z e k  SNG P r o c e s s e s  a r e  e x a m p l e s  those  that  

u t i l i ze  s l n g l e - s t a g e  gas i f i ca t ion .  However ,  the two g a s i f i e r s  involved a r e  of 

qui te  d i f f e r e n t  de s i gns  and o p e r a t e  at d i f f e r en t  condi t ions .  The L u r g i  g a s i f i e r  

t y p i c a l l y  r e q u i r e s  noncaking  coal  and o p e r a t e s  at f r o m  350 to 450 ps i  and at 

11500 to 1400 oF, p roduc ing  a s ign i f i can t  amount  of m e t h a n e  as wel l  as l ight  

h y d r o c a r b o n  b y p r o d u c t s ,  a The  K o p p e r s -  To tzek  g a s i f i e r  works  with both  

caking  and noncak ing  coa ls ,  but  o p e r a t e s  at n e a r - a t m o s p h e r i c  p r e s s u r e  and 

r e a c h e s  m u c h  h i g h e r  t e m p e r a t u r e s  (up to 3300 OF). The high t e m p e r a t u r e  

p r e c l u d e s  f o r m a t i o n  of any l ight  h y d r o c a r b o n s  and e n s u r e s  c o m p l e t e  gas i f i ca t ion  

of a l m o s t  all  of ~he c a r b o n  m a t t e r ,  v 

In both p r o c e s s e s  the syn thes i s  gas is f o r m e d  via  the s t e a m - c o a l  r eac t ion :  

C + HzO + heat-*  CO + H z 

Wate r  ~s addedt in e x c e s s ,  to  both g a s i f i e r s  to p a r t i a l l y  oxidize  the c a r b o n  

in the coal ,  to s e r v e  as a s o u r c e  of h y d r o g e n  i tse l f ,  and to ac t  as a t e m p e r a -  

t u r e  m o d e r a t o r  fo r  the r e a c t o r .  Some of the w a t e r  is  even tua l ly  u s e d  to 

g e n e r a t e  rno~.e h y d r o g e n  in  the  shif t  r e a c t o r .  

Heat  fo r  the ~ t ea rn -coa [  r e a c t i o n  is p rov ided  by c o m b u s t i n g  p a r t  of the 

coal with oxygen. High-purity oxygen is used to prevent dilution of the pro- 

duct stream with the nitrogen present in air. 

As the name implies, multistage hydrogasifiers are those that involve 

two or mo~e stagfl$, in one or more vessels, in gasifying coal. (See Figure 

14-2.) In g e n e r a l ,  the ini t ia l  s tage  devo la t i I i zes  the c o a l  and f o r m s  m e t h a n e  

or  s y n t h e s i s  gag. G~¢ate r  hea t ing  e f f i c i e n c y  can  be ob ta ined  by  the d i r e c t  

f o r m a t i o n  of m~ha la¢  in the g a s i f i e r .  Hea t  f r o m  the m e t h a n e - f o r m l n g  r e a c t i o n s  

can  then  be m o r e  e f f e c t i ve l  7 abso rbed  in s i tu  to expedi te  the s t e a m - c o a l  

r e a c t i o n  and to devQlat i l ize  the coal .  z7 The m e t h a n e  r e a c t i o n s  a r e -  

C + ZH z ~  CH 4 + hea t  

CO + 3H z - * C H  4 + HzO + hea t  
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The steam-coa/ reation is -- 

C + 

896Z 

H20 + heat~CO + H z 

The hydrogen required for the hydrogasification step is produced in the 

final stage of the gasifier by the partial oxidation of char to form a hydrogen- 

rich synthesis gas. 

Having thus produced a raw gas, the stream is cooled; shifted, if necessary, 

to increase the hydrogen/carbon monoxide ratio to that required for methanation; 

purified of carbon dioxide and hydrogen sulfide; and, finally, rnethanated to 

reduce the carbon monoxide content and to yield the SNG product. 

The other gasification process schemes utilize novel features in their 

coal-gasification steps. The AT~3AS Process uses molten iron to gasify the 

coal and to produce a carbon monoxide-rich synthesis gas that contains no 

methane. Becal/se no methane is produced in the gasifier, a considerable 

amount of carbon monoxide must be shifted to obtain hydrogen for eventual 

synthesis to methane. The Kellogg Process uses a molten salt (sodium carbonate) 

as the medium for coal gasification. The salt catalyzes the steam-coal reaction 

and also acts as a good heat-transfer agent. The synthesis gas is shifted to produce 

the proper composition for methanation. Another special gasification method 

is the CO z Acceptor Process. Coal is gasified in a two stage reactor, ~vith 

the required process heat supplied by the exothermic reaction of carbon dioxide 

with calcium oxide, forming calcium carbonate. Enough hydrogen is produced 

in the gasif[er from the steam-coal reaction so that a shift reaction prior 

to methanation is not required. 3 Gasifier operating conditions and l%& D 

statuses for SING production are summarized in Table 14-I. 

The water-gas shift reaction is an important step in a/most all gasi- 

fication processes. The reaction is required t o  increase the hydrogen/ 

carbon monoxide ratio to that necessary for methanation, about 3.6:1. The 

shift reaction is -- 

CO + I-IzO-~ CO 2 + H z + heat 

It consumes water, reducing it to hydrogen and oxygen and oxidizing the 

carbon monoxide produced from coal to carbon dioxide. The carbon 

dioxide is more difficult to convert to methane and is scrubbed from the 

system, along with hydrogen sulfides prior to methanation. 22 The carbon 

in the carbon dioxide was originally present in the coal, so that by removing 
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Tab le  14-1, 

P r o c e s s  

Single-  s tage  g a s i f i e r s  

K o p p e r s - T o t z e k  4 

Lurgi 3, is, zz 

Mul t i s t age  h y d ro g a  s i f i e r  s 

B I_GAS 3 , 30 

Hydrane lS ,  3o 

HYGAS % 

SynthanelS, ~0 

Spec ia l  g a s i f i e r s  

ATGAS 1~ 

CO z AcceptortS, 3o 

Kel logg Mol ten  Salt  ts 

C O A L - T O - S U B S T I T U T E  NATURAL GAS PROCESSES 

G a s i f i e r  Condi t ions  R&D Sta tus  

Any type  coal ,  2700°F,  a t m o -  
s p h e r i c  p r e s s u r e  

Noncaking coa l ,  1300°F 400 ps i  

16 p lan ts  in o p e r a t i o n ,  methana t ion  
s tep  not d e m o n s t r a t e d  

58 p lan ts  have  been  c o n s t r u c t e d  
s ince  1936; me thana t ion  s tep  not 
d e m o n s t r a t e d ;  c o m m e r c i a l  des ign ,  
including lne thana t ion ,  c o m p l e t e d  
by F l u o r  Eng inee r ing  

• First stage, 2700°F; second 
stage, 1700°F; I000 psi 

D i r e c t  r e ac t i on  with h y d r o g e n ,  
1650°F, 1000 ps i  

D i r e c t  r e a c t i o n  with hydrogen ;  
f i r s t  s tage ,  1Z50°F: second  
s tage ,  1750°F'; 1000 psi 

1800°F, 1000 ps i  

lZ0 tons of c o a l / d a y  pilot plant  
s chedu l ed  for  c o m p l e t i o n  fall 1975 

10 pounds of c o a l / h r  pilot  plant has 
been  o p e r a t e d ,  des ign  of 24 t o n s / d a y  
pitot  plant under  way  

75 tons  of c o a l / d a y  pilot  plant in 
ope ra t i on  s ince  1971 

75 tons  of c o a l / d a y  pilot  plant 
e s s e n t i a l l y  c o m p l e t e d  and ope ra t i ons  
s t a r t i ng  

R e a c t i o n  in ba th  of mo l t en  i ron ,  
2500°F,  n e a r  a t m o s p h e r i c  
p r e s s u r e  

No oxygen r e q u i r e d ,  1500°F, 
150 ps i  

Bath of mo l t en  sod ium c a r b o n a t e ,  
1700°F, lZO0 psi 

Bench-  sca le  s tud ies  c o m p l e t e d  

30 tons  of c o a l / d a y  pi lot  plant in 
o p e r a t i o n ,  me thana t ion  s tep in 
s t a r t - u p  

Bench-  s ca l e  t e s t ing  

- 4  

00 
,4D 
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and venting the carbon dioxide from the system, 

carbon is lost. 

896Z 

a g r e a t  deal  of r a w - m a t e r i a l  

The f inal  s tep in p roduc ing  the m e t h a n e  for  u se  as pipel ine gas is the 

ca ta ly t i c  combina t ion  of carbor~ monoxide  and h y d r o g e n  to f o r m  m e t h a n e  and 

w a t e r  by the m e t h a n a t i o n  r e a c t i o n  - 

CO + 3H z-~ CH 4 + HzO 

This  r e a c t i o n  has only  r e c e n t l y  been  t e s t e d  on a c o m m e r c i a l  s ca l e  with the 

c a r b o n  monoxide  c o n c e n t r a t i o n s  as high as is t yp i ca l ly  expec ted ,  is 

Methana t ion  is u s e d  in  some  c h e m i c a l  p r o c e s s e s  today (e. g . ,  in a m m o n i a  

syn thes i s ) ,  but only in appl ica t ions  in which the m e t h a n e - f o r m i n g  r e a c t a n t s  

( ca rbon  monoxide ,  c a r b o n  dioxide and hydrogen)  a r e  di luted with l a r g e  

c o n c e n t r a t i o n s  of nonpa r t i c ipa t ing  gase s .  3s Methana t ion  of gas  s t r e a m s  in 

which e s s e n t i a l l y  all  i ncoming  gases  p a r t i c i p a t e  in the r e a c t i o n s  is s t i l l  

u n d e r  deve lopment .  The m a i n  di f f icul ty  is the r e m o v a l  of the l a rge  quan t i t i e s  

of hea t  r e l e a s e d  in the ca t a ly t i c  r e a c t o r  by  me thane  f o r m a t i o n ,  z0 An a lumina -  

suppor t ed  n icke l  c a t a l y s t  is u s u a l l y  des igned  to  o p e r a t e  in a t e m p e r a t u r e  r ange  

of f r o m  500 °to 650 0 F,  so adequate  t e m p e r a t u r e  c o n t r o l  wi thin  the r e a c t o r  is 

essential. The catalyst is also sensitive to sulfur poisoning. Sulfur depositions 

of O. I5% (by weight) are detrimental, so adequate hydrogen sulfide removal 

upstream is mandatory. Although the methanation step is the least-proved 

commercial technology in SNG production from coal, excellent progress has 

been made in small-scale methanation catalysts for refineries; 6 and a total, 

conurnercial coal-to-SN~ plant should be fully realized in just a few ye'ars. 

The g e n e r a l i z e d  coa l - t o -SNG p r o c e s s  (F igu re  14- I) could  be m o d i f i e d  

in two p laces  to u t i l i ze  outs ide  h y d r o g e n  in the g a s i f i e r  and in the shif t  r e a c t o r .  

In p r o c e s s e s  us ing  s i n g l e - s t a g e  g a s i f i e r s ,  h y d r o g e n  is p r o d u c e d  in the 

g a s i f i e r  f r o m  s t e a m .  3 In o r d e r  to use  h y d r o g e n  in the g a s i f i e r  d i r e c t l y ,  an 

ent i re17  new r e a c t o r  de s ign  would m o s t  l i ke ly  be n e c e s s a r y  -- a p r o j e c t  ou ts ide  

the scope of this s tudy.  With h y d r o g a s i f i e r s ,  howeve r ,  a r e d u c i n g  gas 

c o m p o s e d  of h y d r o g e n  and c a r b o n  monox ide  is u s e d  as input to the g a s i f i e r .  

This  could be r e p l a c e d  with hydrogen .  The use  of r a t h e r  pu re  h y d r o g e n  

in the p r o c e s s  allows fo r  s m a l l e r  vo lume flows c o m p a r e d  with h y d r o g e n - r i c h  

s t r e a m s  conta in ing  s ign i f i can t  amounts  of c a r b o n  monoxide  and c a r b o n  dioxide.  

I N S T i T U T F n J: 
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T h e  r e a l i z a t i o n  o£ s m a l l e r  gas  volux~nes a l l ows  for  the u s e  of s m a l l e r  s c a l e  

r e a c t o r s  and a c c o m p a n y i n g  e q u i p m e n t .  A f low d i a g r a m  f o r  c o n v e n t i o n a l  

and m o d i f i e d  h y d r o g a s i f i e r s  is shown in F i g u r e  14-Z.  T h e  m a t e r i a l  b a l a n c e s  

a r o u n d  the g a s i f i e r s  f o r  a HYGAS® and a H y d r a n e  P r o c e s s ,  shown in 

T a b l e s  14-Z and  14 - 3 ,  i n d i c a t e  t ha t  the m o d i f i e d  h y d r o g a s i f i e r s  would  u se  

1.1 to  1 . 5  SCF  of o u t s i d e  h y d r o g e n  p e r  S C F  of  SNG p r o d u c e d .  S u f f i c i e n t  

i n f o r m a t i o n  fo r  c a l c u l a t i o n  on BI -GAS and  S y n t h a n e  P r o c e s s e s  was  not  

a v a i l a b l e ;  but,  due  to p r o c e s s  s i m i l a r i t y ,  h y d r o g e n  u s a g e  shou ld  fa l l  wi th in  

the s a m e  r a n g e  as  tha t  c a l c u l a t e d  fo r  the o t h e r  h y d r o g a s i f i e r s .  

In most coal-to-SNG processes a shift step is necessary before methana- 

tion. Here a stream of outside hydrogen could be directly added to accomplish 

the required increase in the hydrogen/carbon monoxide ratio; and, by so doing, 

the entire shift reactor and its catalyst could be eliminated. No carbon 

monoxide is shifted to produce hydrogen, so more is available for eventual 

conversion to methane, thereby increasing the product Field per amount 

of coal fed. With less carbon dioxide now in the process stream, the 

separation rcquirements are less severe. Process water requirements can 

also be reduced because water is not consumed by a shift rcaction. (This 

could be accomplished by small reductions in the amount of steam injected 

to the gasifier.) In general, the addition of outside hydrogen to perform the 

hydrogen enrichment now accomplished by a shift reaction results in a much 

simpler operation with more effective coal utilization in forming product 

SNG. 

The abovementioned modification was made to a Lurgi Process, which 

was then compared with the conventional scheme. (Figure 14-3 is the flow 

diagram). A material balance around the shift reactor is presented in 

Table 14-4 and shows that about I SCF of hydrogen can be used per SCF 

of SNG output from the modified process. A Koppers-Totzek Process 

was similarly modified to eliminate the shift step by using outside hydrogen. 

A material balance around the conventional shift step is presented in 

Table 14-5. Using a Koppers-Totzek gasification process the idealized 

hydrogen usage is about 2.4 times the volume of the SNG produced. This 

requirement is higher than that for a Lurgi process because virtually no 

methane is formed inside the Koppers-Totzek gasifier, but is produced 

indirectly by reacting the comparatively larger amount of carbon monoxide, 
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Table 14-2. TYPICAL INPUT AND OUTPUT OF GASEOUS STREAA4SIN 
FINAL STAGE OF THE HYDROGASIFIER-REACTOR, PIYGAS ® 

COAL- TO-SNG PROCESS 36 
(Hydrogen by Steam-lron Process, 250 Million SCF/Day) 

H y d r o g e n - R i c h  Gas  F e e d  G a s i f i e r  E f f l u e n t  

Ccnnponent Vol ~0 (Dry) 

Carbon Monoxide 0 12.6 

H y d r o g e n  i00 5 I. 6 

Ca r h o n  D i ox i de  0 9. 2 

M e t h a n e  0 23.7 

H y d r o g e n  Su l f ide  0 1 .7  

E t h a n e  0 0 . 8  

O t h e r  0 0 . 4  

T o t a l  100 1 0 0 . 0  

l0  s SOP/DAY 279 355 

A m o u n t  of E x t e r n a l l y  G e n e r a t e d  H y d r o g e n  U s e d  in  P r o c e s s  -- 

1.0 X 279 X 106 SCF = 279 X 106 SCF 

V o l u m e t r i c  R a t i o  of  O u t s i d e  H y d r o g e n  to  SNG -- 

279 X 10 6 
250 X i0 ~ = I. I, or Ii0% 
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Table 14,3, TYPICAL INPUT AND OUTPUT OF GASEOUS STREAMS IN 
GASIFIER-REACTOR, HYDRANE COAL-TO-SNG PROCESS 38 

(Z50 M{llion SCF/Day) 

H y d r o g e n - R i c h  Gas F e e d  

Corn.~onent _ Vol ~ (Dry) 

C a r b o n  .Monoxide 0 

Hydrogen I00 

Carbon 3Uiox-ldo 0 

Methane 0 

Total I00 

106 SCF/Day 365 

Gas ifie r Effluent 

3.9 

ZZ. 9 

0 

73. Z 

I00.0 

283 

Amount of Externally Generated Hydrogen Used in Process -- 

1.0 X 365 X 106 SCF/Da 7 = 365 

Volam~%rlC Rat{o of Outside Hydrogen to SNG - 

365  X 10 ~ = 1 . 5 ,  or 150% 
Z50 X 10 ° 

X 106 SCF/Day 

353 
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T a b l e  14-4 .  

C o m p o n e n t  

T Y P I C A L  I N P U T  AND O U T P U T  OF A C A R B O N  MONOXIDE 
S H I F T  R E A C T O R ,  L U R G I  C O A L - T O - S N G  P R O C E S S  zz 

(250 Mi l l i on  SCF/Day) 

R e a c t o r  F e e d  

Vol  y0 (Dry )  

R e a c t o r  E f f l u e n t  

C a r b o n  Monox ide  19 .6  3 .9  

H y d r o g e n  3 8 . 8  4 6 . 8  

C a r b o n  D i ox i de  2 8 . 9  38. Z 

M e t h a n e  ] 1. 1 9 .6  

H y d r o g e n  Su l f ide  0 . 3  0 . 3  

E t h y l e n e  0 . 4  0 . 4  

E t h a n e  0 . 6  0 .5  

N i t r o g e n  and A r g o n  0 . 3  0 . 3  

T o t a l  100 .0  100 .0  

106 S C F / D a y  430 490 

A m o u n t  of  C a r b o n  M o n o x i d e  Sh i f t ed  to  P r o d u c e  H y d r o g e n -  

0 . 1 9 6  X 430 (In) -- 0 , 0 3 9  X 490 X l06 {Out) = 

If No Shif t  Is P e r f o r m e d  -- 

A m o u n t  of H y d r o g e n  R e q u i r e d  to  R e p l a c e  Sh i f t ed  
C a r b o n  M o n o x i d e  

65 X 10 6 S C F / D a y  

= 65 X 106 S C F / D a y  

A d d i t i o n a l  H y d r o g e n  R e q u i r e d  to R e a c t  With 
A d d i t i o n a l  C a r b o n  M o n o x i d e  to F o r m  
M e t h a n e  = 3, 7 X 65 X 106 = Z40 X 106 S G F / D a y  

T o t a l  H y d r o g e n  R e q u i r e d  305 X l06 SCF/Day 

A d d i t i o n a l  M e t h a n e  P r o d u c e d  ( E q u a l s  C a r b o n  M o n o x i d e  Not  Sh i f t ed )  
= 65 X 106 S C F / D a y  

V o l u m e t r i c  R a t i o  of O u t s i d e  H y d r o g e n  to SNG 

305 X 10 6 
: (250 • 6~) X l0 ~ -- 0 . 9 7  
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Tab le  14-5. TYPICAL INPUT AND OUTPUT OF A CARBON MONOXIDE 
SHIFT REACTOR, KOPPERS-TOTZEK COAL-TO-SNG PROCESS z 

(ZS0 Million SCF/Day) 

Component 

R e a c t o r  F e e d  

Vol % (Dry) 

R e a c t o r  Effluent 

Ca rbon Monoxide 55.9 17.5 

Hydrogen 37.4 52.8 

Carbon Dioxide 6.0 29. I 

Methane 0.0 0.0 

Nitrogen 0 .____~? 0.6 

Tota l  I 00 .0  I 0 0 . 0  

106 SCF/Day 1030 1370 

A m o u n t  of C a r b o n  Monoxide Shifted to P r o d u c e  H y d r o g e n - -  

0. 559 X 1030 X 106 SCF/Day (In) -- 0. 175 X 1370 X 106 SCF/DaF (Out) 
= 336 X 106 SCF/Day 

if No Shift Is Performed - 

Amoun t  of H y d r o g e n  R e q u i r e d  to R e p l a c e  Shif ted 
Ca rbon Monoxide  = 336 X I0 & SCF/Day 

Addi t iona l  H y d r o g e n  R e q u i r e d  to R e a c t  With 
Addi t iona l  C a r b o n  Monoxide to  F o r m  
Methane  = 3.1 X 336 X 106 = 1040 X 106 S C F / D a y  

Total Hydrogen Required 1376 X 106 SCF/Day 

Additional Methane Produced (Equals Carbon Monoxide Not Shifted) 
= 336 X 106 SCF/Day 

Volumetric Ratio of Outside Hydrogen to SNG 

1376 X 106 
= (250 + 336) k 106 = 2.4 

I N S T I T U T F n I= 

355 
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w h i c h  m u s ~  be  p r e s e n t  in the  s y n t h e s i s  g a s ,  w i t h  the  m u c h  l a r g e r  a m o u n t s  of  

h y d r o g e n  in the  m e t h a n a t i o n  r e a c t o r .  

T h e  s p e c i a l  g a s i f i c a t i o n  p r o c e s s e s  c a n  s i m i l a r l y  be  m o d i f i e d  to  u s e  an  

o u t s i d e  s o u r c e  of  h y d r o g e n ,  t h u s  e l i m i n a t i n g  t h e  c a r b o n  m o n o x i d e  s h i f t  s t e p .  

T h e  A T G A S  M o l t e n - I r o n  P r o c e s s  p r o d u c e s  a c a r b o n  m o n o x i d e - r i c h  s y n t h e s i s  

g a s  t h a t  c o n t a i n s  no  m e t h a n e .  A c o n s i d e r a b l e  a m o u n t  o f  c a r b o n  m o n o x i d e  

m u s t  be  s h i f t e d  to  o b t a i n  t he  h y d r o g e n  r e q u i r e d  f o r  m e t h a n a t i o n .  W h e n  the  

s h i f t  r e a c t o r  is  r e m o v e d ,  t h e  p r o c e s s  h y d r o g e n  r e q ~ i r e m e n t  i s  h i g h ,  a b o u t  

Z . 7  t i m e s  t he  v o l u m e  o f  t he  S N G  p r o d l l c e d .  ( S e e  T a b l e  1 4 - 6 . )  T h e  C O  z 

A c c e p t o r  P r o c e s s  p r o d u c e s  s u f f i c i e n t  h y d r o g e n  i n t e r n a l l y ,  due  in  p a r t  to  

the  in s i t u  r e m o v a l  o f  c a r b o n  d i o x i d e  by  c h e m i c a l  r e a c t i o n ,  s o  t h a t  a s h i f t i n g  

s t e p  is  n o t  r e q u i r e d .  3 B e c a u s e  of the  b a s i c  d e s i g n ,  t h e n ,  t h i s  p r o c e s s  

c a n n o t  be  p r a c t i c a l l y  m o d i f i e d  to  the  u s e  of  a n  o u t s i d e  s o u r c e  o f  h y d r o g e n .  

C o a l  C o n v e r s i o n  to  L o w - B t u  G a s  

C o a l  m a y  a l s o  be  c o n v e r t e d  to a c l e a n - b u r n i n g ,  l o w - h e a t - c o n t e n t  g a s  

(150 to  300 B t u / S C F ) .  B y  g a s i f y i n g  the  c o a l ,  s u l f u r  i s  m o r e  e a s i l y  r e m o v e d  

( a s  h y d r o g e n  s u l f i d e ) ;  a n d  the  f u e l  b u r n s  c l e a n e r .  L o w - B t u  g a s  i s  p r o d u c e d  

b y  u s i n g  a i r  i n s t e a d  of  o x y g e n  in  a n y  p r i m a r y  c o a l  g a s i f i e r .  T h i s  e l i m i n a t e s  

t h e  c o s t l y  p r o d u c t i o n  o f  o x y g e n  b y  a i r  s e p a r a t i o n .  T h e  p r o d u c t  s t r e a m  t h e n  

c o n t a i n s  n i t r o g e n ,  w h i c h  l o w e r s  i t s  h e a t i n g  v a l u e  a n d  m a k e s  l o n g - d i s t a n c e  

t r a n s p o r t a t i o n  of  t he  g a s  u n e c o n o m i c a l .  H y d r o g e n  i s  p r o d u c e d  w i t h i n  t h e  

p r o c e s s  s t r e a m ,  a l o n g  w i t h  c a r b o n  m o n o x i d e  a n d  s o m e  m e t h a n e .  W i t h  a 

l o w e r  h e a t i n g  v a l u e  p e r  v o l u m e  t h a n  S N G ,  c o m p r e s s i o n  a n d  t r a n s p o r t a t i o n ,  

b y  p i p e l i n e ,  of  t h e  l o w - B t u  g a s  i s  n o t  e c o n o m i c a l ;  s o  o n s i t e  u s e  i s  p r e f e r r e d .  

T h e  e l e c t r i c  p o w e r  i n d u s t r y  i s  e n v i s i o n e d  a s  the  p r i n c i p a l  c o n s u m e r  of  s u c h  

g a s .  15 M a n y  of  t h e  l o w - B t u  p r o c e s s e s ,  s u c h  a s  W e s t i n g h o u s e '  s C l e a n  
T, 

P o w e r  G a s  a n d  I G T '  s U - G A S ,  a r e  d e s i g n e d  to  be  p a r t  of  a c o m b i n e d  

g a s - s t e a m  t u r b i n e  c y c l e  f o r  an  e f f i c i e n t  a n d  l o w - p o l l u t i n g  e l e c t r i c  g e n e r a t i n g  

p l a n t ,  xa,al A b r i e f  d e s c r i p t i o n  a n d  the  s t a t u s  of  v a r i o u s  p r o c e s s e s  a r e  

p r e s e n t e d  in  T a b l e  1 4 - 7 .  

T h e  l o w - B t u  g a s  i s  p r o d u c e d  b y  u s i n g  a i r  to o x i d i z e  the  c o a l ,  p r o v i d i n g  

h e a t  a n d  f o r m i n g  t h e  s y n t h e s i s  g a s ,  w i t h  t h e  a c c o m p a n y i n g  i n e r t  n i t r o g e n  

a c t i n g  a s  a d i l u e n t  a n d  r e d u c i n g  the  h e a t  c o n t e n t .  T h e  s u l f u r  ( a s  h y d r o g e n  

s u l f i d e )  a n d  p a r t i c u l a t e s  a r e  r e m o v e d  to  o b t a i n  the  l o w - B t u  p r o d u c t .  A s h i f t  

r e a c t i o n  i s  n o t  p e r f o r m e d .  
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Table 14-6. TYPICAL INPUT AND OUTPUT OF A CARBON MONOXIDE 
SHIFT REACTOR, ATGAS COAL-TO-SNG PROCESS I~ 

(g50 Million SCF/Day) 

R e a c t o r  F e e d  R e a c t o r  Eff luent  

Component  Vol % (Dry) 

C a r b o n  Monoxide 65 16 

H y d r o g e n  35 54 

Carbon  Dioxide 0 30 

Methane  0 0 

H y d r o g e n  Sulfide 0 0 

Total  100 100 

l0 s SCF/Day 1030 1460 

A m o u n t  of C a r b o n  Monoxide Shifted to 

0.65 X 1030 X 106 SCF/Day (In) -- 
= 436 X 106 

P r o d u c e  H y d r o g e n -  

0. 16 X 1460 X 106 SCF/Day (Out) 
SCF/Day 

If No Shift Is P e r f o r m e d -  

A m o u n t  of H y d r o g e n  R e q u i r e d  to Rep l ace  Shif ted 
Ca rbon  Monoxide 

Additional Hydrogen Required to React With 
Additional Carbon Monoxide To Form 
~vle£hane = 3.3 X 436 X 106 

= 436 X 106 SCF/Day 

To£al H y d r o g e n  R e q u i r e d  

--!439 x I06 SCF/Day 

1875 X 106 SCF/Day 

Addi t ional  Methane  P r o d u c e d  (Equals Ca rbon  Monoxide Not Shifted) 
= 436 X 106 SCF/Day 

Volumetric Ratio of Outside Hydrogen to SNG 

1875 X 106 
= (250 + 436) X 106 =z'7 
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Table  14-7. 

Process 

Kopper s-Totzek 4 

Lurgi 3, *s 

ATGAS Is 

Synthane I0,3o 

U_GAS r"~ 

Westinghouse Clean 
Power Gas Iz 

Winkler Is 

PROCESSES FOR CONVERSION OF COAL TO LOW-BTU GAS 

Gas Lfier Conditions R ~D Sta tus  

Any type coal, 2700°I ;', atmo- 
spheric pressure 

Noncaking coal, 1300°F, 400 psi 

R e a c t i o n  in m o l t e n  i ron ,  Z500°F, 
n e a r  a t m o s p h e r i c  p r e s s u r e  

1800°F, 300 ps i  

1900oF, 300 psi 

Zl00°F,  150-225 ps i  

1500 °- 1800°F, a t m o s p h e r i c  
p r e s s u r e  

16 plants  in o p e r a t i o n  

58 plants  c o n s t r u c t e d  s ince  1936 

B e n c h - s c a l e  s t ud i e s  c o m p l e t e d  

75 tons of c o a l / d a y  pi lot  plant  to 
p r o d u c e  SNG c s s e n t i a l l y  c o m p l e t e d  
and o p e r a t i o n s  s t a r t ing  

High t e m p e r a t u r e  (800°F) su l fu r  
r e m o v a l  ( i . e . ,  h y d r o g e n  su l f ide  
and c a r b o n y l  su l f ide)  not  d e m o n -  
st r at ed 

1/2 ton of coa l /c lay  p r o c e s s  d e v e l o p -  
m e n t  unit c o n s t r u c t e d  and should 
have  s t a r t e d  o p e r a t i o n  e a r l y  th is  
yea  r 

16 p lan ts  c o n s t r u c t e d  s ince  1926 

CO 

O~ 
r ~  
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L o w - B t u - g a s [ f i c a t i o n  s c h e m e s ,  as  c u r r e n t l y  c o n c e i v e d  t h e n ,  a r e  n o t  a m e n a b l e  

to an  o u t s i d e  s o u r c e  of  h y d r o g e n  and  would  n a t  be ab le  to  u s e  any  d i r e c t l y  in  

the  p r o c e s s .  

C ua l  C o n v e r s i o n  to M e t h a n o l  

Coa l  c an  be c o n v e r t e d  to m e t h a n o l  by f'ir:',." f o r m i n g  a s y n t h e s i s  gas  ( c a r b o n  

m o n o x i d e  and  h y d r o g e n )  v i a  the c o a l - w a t e r  r e a c t i o n  -- 

C + H z O - ~ C O  + Hz 

T h e  gas  is t h e n  s h i f t e d  to  i n c r e a s e  the  r a t i o  of h y d r o g e n  to c a r b o n  m o n o x i d e .  

T h e  gas  s t r e a m  is p u r i f i e d ,  c o m p r e s s e d ,  and c o n v e r t e d  to a l c o h o l  in  a 

c a t a l y t i c  m e t h a n o l - s y n t h e s i s  r e a c t o r .  T h e  m e t h a n o l  c o n v e r s i o n  is  -- 

CO + 2Hz-~ CHjOH 

CO z + 3Hz-~ CH3OH + HzO 

All steps in the process involve current conl1~aercial technology, but nearly all 

synthesis gas for methanol conversion is nov; made by reforming natural gas 

because feedstock has been inexpensive. %'he r,:forming reaction is -- 

CH4 + HzO-~CO + 3H z 

In coal-based methanol synthesis, a convenient gasification is the Koppers- 

Totzek Process because minimal methane and tar byproducts are formed. 

The resulting synthesis gas is shifted to provide ~ molecular hydrogen/(carbon 

monoxide and i. 5 carbon dioxide) ratio of 2.05:1 z4 Table 14-8 summarizes 

the development status of methanol-synthesL~ p:rocesses. 

Outside hydrogen could be used to enrich the stream, thereby eliminating 

the shifting step and increasing the amount of carbon monoxide available for 

conversion to methanol. Figure 14-4 shows such a process. The increase in 

product is substantial and would more than double the amount of alcohol 

produced from a ton of coal. This modified process is capable of using 

42,000 SCF of outside hydrogen per ton of r~*ethanol produced. (See Table 14-9.) 

The hydrogen-rich synthesis gas stream is then sent to  a pressurized catalytic 

reactor for conversion to methanol. About 92%~ of the additional carbon 

monoxide can be converted to product methanol. (Losses occur because 

of purging of unreacted carbon monoxide and so~ae methanol.) 
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T a b l e  14-8 .  C O A L - T O - M E T I - I A N O L  P R O C E S S E S  

Process 

Gasification step 

Kopper s-Totzek 4 

L u r g i  3, 15 

M e t h a n o l  c o n v e r s i o n  step z4 

I m p e r i a l  C h e m i c a l  
I n d u s t r i e s  L td .  ( L o w  
P r e s s a r c )  

N i s s u i - T o p s o e  
( M e d i u m  P r e s s u r e }  

J a p a n  Gas C h e m i c a i  
Co.  (High P r e s s u r e )  

C ondi t i  on s 

A n y  t y p e  coa l ,  2 7 0 0 ° F ,  a t m o -  
s p h e r i c  p r e s s ~ l r e  

N o n c a k i n g  c o a l ,  1300°F ,  400 psi  

4 8 0 ° - 5 7 0 ° F ,  1500 p s i  

460°-450°F, 2300 psi 

4300 psi 

R &D S t a t u s  

5¢ 

16 p l a n t s  in o p e r a t i o n  

58 p l a n t s  c o n s t r u c t e d  s i n c e  1936 

Current comn~ercial process 

C u r r e n t  c o m m e r c i a l  p r o c e s s  

C u r r e n t  c o m m e r c i a l  p r o c e s s  

J,: 

None of t h e s e  p l an t s  c u r r e n t l y  m a n u f a c t u r e  m e t h a n o l .  

--4 
t ~  

(y-  
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Ice 
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AL l 

_ r GASIFI- 
--I CATION 

SYNTHESIS] H2+CO I GAS ~[." C LuEpA N- I--- -~ 

GAS 

CHAR 

3}_~I-HYDROGENATION 
---(" I OR 

| DI, SSOiUTION 

HYDROGEN 

i 
HYDROGEN 
SULFIDE 

HYDRO- 
TREATING 

HYDROGEN~ 

~ [  FILTRATION I , 
AND ! _ i 

SOLVENT r - l - - l  
REMOVAL I I ' 

ASH I I 
PYRITIC 
SULFUR 

METHANA-L.. 
TION J - 

SUBSTITUTE 
NATURAL 
GAS (SNG) 

q CATALYTIC 
SYNTHESIS F METHANOL 

~-1 CATALYTIC F SYNTHESIS SYNCRUDE 

-~- SYNCRUDE 
HYDROGEN 
SULFIDE 

Hy DRO' TREATING F SYNCRUDE 

'*HYDROGEN 
snlln,- I SOLVENT- 
"~"~" REFINED FICATION ~- COAL 

A 7 5 0 7 1 7 3  

GO 

- 4  

• F i g u r e  14-4,  M E T H A N O L  P R O D U C T I O N  
( K o p p e r s - T o t z e k  G a s i f i c a t i o n  and  I n a p e r l a l  C h e m i c a l  I n d u s t r i e s  L td .  C o n v e r s i o n  P r o c e s s e s )  

(30 
,,D 
O', 
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Tab le  14-9.  T Y P I C A L  INPUT AND OUTPUT OF A CARBON MONOXIDE 
S H I F T  R E A C T O R ,  K O P P E R S - T C T Z E K  AND I M P E R I A L  C H E M I C A L  

INDUSTRIES C O A L - T O - M E T H A N C L  P R O C E S S E S  24 
(5000 T o n s / D a y )  

R e a c t o r  F e e d  R e a c t o r  E f f l uen t  

C o m p o n e n t  Vol % (Dry) 

C a r b o n  Monoxide  56. 1 17. 1 

H y d r o g e n  33 .2  50 .0  

C a r b o n  Dioxide  8. 3 31 .3  

M e t h a n e  0. 1 0.1 

H y d r o g e n  Sul f ide  1.2 0 .9  

O t h e r  i .  1 0 .6  

T o t a l  100.0  100.0 

106 S C F / D a y  446 598 

A m o u n t  of C a r b o n  Monoxide  Shi f ted  to P r o d u c e  H y d r o g e n -  

0 .561  X 446 X 106 S C F / D a y  (In) -- 0. 171 X 698 X 106 S C F / D a y  (Cut) 
= 148 X 106 S C F / D a y  

If  No Shift  Is P e r f o r m e d  -- 

A m o u n t  of H y d r o g e n  R e q u i r e d  to R e p l a c e  
Shi f ted  C a r b o n  Monoxide  = 148 X 106 S C F / D a y  

A d d i t i o n a l  H y d r o g e n  R e q u i r e d  to R e a c t  With  
A d d i t i o n a l  C a r b o n  Monox ide  to F o r m  
Me thano l  = 2 .05  X 148 X 106 S C F / D a y  = 303 X 10 s S C F / D a y  

T o t a l  H y d r o g e n  R e q u i r e d  451 X 106 S C F / D a y  

A d d i t i o n a l  M e t h a n o l  P r o d u c e d  = 148 X 106 SCF of C a r b o n  M o n o x i d e / D a y - b  
380 S C F / l b - m o l X  32 lb of M e t h a n o l / l b - m o l -  2000 l b / T o n  X 0 .9Z  
C o n v e r s i o n  F a c t o r  = 5700 T o n s / D a y  

V o l u m e t r i c  R a t i o  of Ou t s ide  H y d r o g e n  to M e t h a n o l  
= 451 X 106 S C F / D a y - -  (5000 * 5700) T o n s / D a y  
= 42 ,000  S C F / T o n  

36Z 
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_Coal Convers ion  to Liquid Hydrocarbons  

896Z 

Coal can be t r a n s f o r m e d  to convent ional  liquid products ,  such as gaso l ine ,  

d i s t i l la te  fue l s ,  and fuel  oi l ,  by many p r o c e s s e s .  Substantial  re s truc tur ing  

o3 coal takes place, and most of the pyritic sulfur and mineral matter is 

removed. Is The three routes by which coal may be liquified as shown in 

Figure 14-5. 
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SCF HZ'] j F PUR' 
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~PURGE 

METHANOL | CONVERSION I-- 1 

10,700TONS METHANOL A?~O?I~'GO 

F i g u r e  14-5. PRODUCTION ROUTES: CLEAN FUELS FROM COAL 

Coal  l iquids can be made  indirec t ly  by gas i fy ing  the coal ,  convert ing  the 

gas to a r ich  synthes i s  gas (carbon monox ide  and hydrogen) ,  and cata ly t i ca l ly  

recombin ing  the carbon ox ides  and hydrogen to f o r m  light o i l s .  R e a c t o r s  

are  operated at p r e s s u r e s  f r o m  ZOO to 400 psi  and at t e m p e r a t u r e s  f r o m  

430 o to 6250F. Various amounts of gas and light liquids can be generated 

by operating under different conditions of conversion severity (e. g., varying 

catalyst activity or t~ilgas recycle rate). 13 This was the first technology 

(Fischer-Tropsch) developed for making liquid hydrocarbons from coal, and 

it was used in Germany during World War II. 15 
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In p y r o l y s i s  p r o c e s s e s ,  c o a l  is h e a t e d  to b r e a k  up p o l y m e r i c  c a r b o n  

r i n g s  in the c o a l  and to d r i v e  out  a l l  vo l a t i l e  c o m p o n e n t s ,  which  a r e  c o l l e c t e d ,  

c o n d e n s e d ,  and s e p a r a t e d  into gas  and oi l .  The r a w  o i l  is  f u r t h e r  h y d r o -  

t r e a t e d  to p r o d u c e  a s y n t h e t i c  c r u d e  oi l  p r o d u c t .  V a r i o u s  a m o u n t s  of fue l  

gas  and c h a r  s u b s t a n c e  a r e  u s u a l l y  p r o d u c e d .  34 

Coa l  can  a l so  be c o n v e r t e d  to l iqu id  h y d r o c a r b o n s  by us ing  a h y d r o -  

gena t i on ,  o r  d i s s o l u t i o n ,  p r o c e s s .  Coa l  is  s l u r r i e d  wi th  a p r o c e s s - d e r i v e d  

oi l ,  h e a t e d  to t e m p e r a t u r e s  f r o m  700 o to 9 0 0 ° F ,  and a l l owed  to r e a c t .  A 

h y d r o g e n  m a k e u p  a t m o s p h e r e  m a y  be p r e s e n t  at p r e s s u r e s  f r o m  400 to 4000 p s i  

The coa l  d i s s o l v e s  and b r e a k s  up into l i g h t e r  h y d r o c a r b o n  f r a g m e n t s  and g a s e s .  

H y d r o g e n  can  t h e n  r e a c t  with the f r e e  r a d i c a l s  in the  coa l ,  p r e v e n t i n g  f o r m a t i o n  

of l a r g e  a m o u n t s  of g a s e s  o r  r e p o l y m e r i z a t i o n  to h e a v y  l iqu ids  ( a s p h a l t e n e s ) .  

The p r o c e s s e s  a l s o  s p e c i f y  v a r i o u s  l i q u i d - s o l i d  s e p a r a t i o n  s c h e m e s  to r e m o v e  

the p r o d u c t  o i l .  Is T a b l e  1 4 - i 0  g ives  a b r i e f  d e s c r i p t i o n  and s t a t u s  of l i q u e -  

Fac t ion  p r o c e s s e s  and R&D w o r k .  

As m i g h t  be c o n c l u d e d ,  h y d r o g e n  is v e r y  i m p o r t a n t  in the f o r m a t i o n  of 

l iqu id  h y d r o c a r b o n s  f r o m  coa l .  It c an  be r e a c t e d  d i r e c t l y  wi th  a coa l  s l u r r y ,  

as in  a h y d r o g e n a t i o n  p r o c e s s ,  o r  i t  can  be u t i l i z e d  to h y d r o t r e a t  and u p g r a d e  

a l iqu id  o r  a gas  p r o d u c e d  f r o m  the p y r o l y s i s  o r  g a s i f i c a t i o n  of coa l .  M o s t  

p r o c e s s e s  can  p r o d u c e  a h i g h - q u a l i t y  c r u d e  with  low s u l f u r  and n i t r o g e n  

c o n t e n t s ;  h o w e v e r ,  the s y n c r u d e s  a r e  m o r e  a r o m a t i c  t h a n  c o n v e n t i o n a l  

p e t r o l e u m  ones  and wi l l  r e q u i r e  m o r e  s e v e r c  r e f i n i n g  (i. e . ,  h y d r o c r a c k i n g ) .  14 

The  s y n c r u d e s  t y p i c a l l y  have  a s p e c i f i c  g r a v i t y  of b e t w e e n  150and  30 ° A P I ,  

a s u l f u r  c o n t e n t  of 0. 1 to 0. 2 w e i g h t  p e r c e n t ,  and a n i t r o g e n  con t en t  of 

0 . 5  to 0 . 7  w e i g h t  p e r c e n t .  

In c a l c u l a t i n g  the h y d r o g e n  r e q u i r e m e n t s  fo r  the p r o c e s s e s  it  b e c a m e  

a p p a r e n t  tha t ,  in  g e n e r a l ,  p r o d u c t i o n  of l iqu ids  f r o m  W e s t e r n  U.S .  coa l  

r e q u i r e s  m o r e  h y d r o g e n  t h a n  p r o d u c t i o n  f r o m  E a s t e r n  coa l .  It is  a s s u m e d  

tha t  the h i g h e r  o x y g e n  c o n t e n t  of  the W e s t e r n  coa l  is  r e s p o n s i b l e  for  th i s  

d i f f e r e n c e ,  wi th  h y d r o g e n  c o n s u m e d  in r e m o v i n g  the o x y g e n  as w a t e r .  37 

T h r o u g h o u t  th i s  s e c t i o n ,  then ,  c a l c u l a t i o n s  a r e  b a s e d  on p r o c e s s i n g  W e s t e r n  

c o a l s  (high v o l a t i l e  C b i t u m i n o u s  t h r o u g h  l ign i t i c ) .  9 In the m a n u f a c t u r i n g  

of h y d r o c a r b o n  l iqu ids  t h e r e  is c o n c o m i t a n t  fue l  gas  p r o d u c t i o n ,  the p r o p o r t i o n  

of  which  v a r i e s  wi th  e a c h  p r o c e s s .  In p e r f o r m i n g  c a l c u l a t i o n s  o f  h y d r o g e n  

r e q u i r e m e n t s ,  the n u m b e r  of l iqu id  v o l u m e s  p r o d u c e d  was  u s e d  as a b a s i s  
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Table 14-10. COAL-TO-LIQUID HYDROCARBONS PROCESSES 

Reactor Conditions Hydrogen produc~0n Method R~19 Sta tus  

4 p y r o l y a t a  zone~ of v a r y i n g  
t e m p e r a t a r e s  (600 ~- 1 _qOO"g) 
6-10 ps i  

1600°F, 50 ps i  

800°-970°F ,  a t m o s p h e r i c  
p r e s s u r e  

R e f o r m  f~el  gas f r o m  p r o c e s s ,  
work ~mderway to  gas i fy  cha r  

None spec i f i ed  

None spec i f i ed  

36 tons  of c o a l / d a y  pi lot  p lan t  
ha o p e ra t i o n  s i n c e  1970 

I/2 ton of coal/dRy pilot plant 
in operation since 1973 

g5 t o n s  nf c o a l / d a y  pi lo t  p l an t  
Ln o p e ra t i o n  

Nonca ta ty t i c  e x t r a c t i o n  ~-ith 
h y d r o ~ e n - d o n a t l n g  s o l v e n t  
a t  750uP, 150 psi; c a t a l y t i c  
h y d r o g e n a t i o n  o~ s o l v e n t  a t  
800°F ,  3500 p s i ,  cbu / l a t ing  
s t a g e d - b e d  r e a c t o r  

800°F,  3000 p s i ,  f ixed  bed 
ca t a ly t i c  r e a c t o r  i 

850°F,  3000 p s l ,  ebu l la t tng  
ca t a ly t i c  r e a c t o r  

800° -900°F ,  1000-Z000 ps i  

800°F, 2000-4000 psi, fixed- 
bed catalytic r e a c t o r  

Gas i fy  e x t r a c t  r e s i d u e  p lus  
r aw coa l  

S t e a m  r e f o r m  the l igh t  
hyd  roca  r b o n s  p roduc ed 

Gas i fy  *"d~v coal  and  f i l t e r  ' 
cake  

Sepa ra t e  ons i t e  coal 
g a s i f i c a t i o n  

Sepa ra t e  ons i t e  coal  
g a s i f i c a t i o n  

Z0 t o n s  of c o a l / d a y  pi lot  p lan t  
in  l irn~ted o p e ra t i o n  s l n c e  1967 

120 pounds  of c o a l / d a y  p i lo t  
un i t  in o p e r a t i o n  

3 t o n s  of c o a l / d a y  pilot p l an t  
ha o p e r a t i o n  

6 t o n s  of  c o a l / d a y  pilot  p l an t  
in ope ra t i on  at  W i l s o n v i t l e ,  
A l a b a m a ;  50 t o n s / d a y  p i lo t  
p lan t  r e c e n t l y  c o m p l e t e d  in  
T a c o m a ,  W a s h i n g t o n  

1/Z ton  of c o a l / d a y  pi lo t  p l an t  
ha o p e r a t i o n ,  10 t o n s / d a y  
pi lo t  p l an t  in d e s i g n  s t a g e  

430°=625°F,  330-360 p s i ,  
f ixed  and fl.uL~dized c a t a l y t i c -  
bed r e a c t o r s  

R e f o r m  i n t e r n a l l y  p roduced  
m e t h a n e  

C o m m e r c i a l  p lant  comp le ted  
in  1955 a t  Saso lburg ,  South 
A f r i c a  

O0 
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Ln 
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( i . e . ,  S C F  of h y d r o g e n  p e r  b a r r e l  of l iqu ids ) .  A d d i t i o n a l  p r o c e s s  h y d r o g e n  

tha t  could  be u s e d  to s y n t h e s i z e  SNG is  no t  i n c l u d e d .  T h i s  f a c t o r ,  in add i t i on  

to the d~f fe ren t  p r o d u c t  s l a t e  of  each  m e t h o d ,  m a k e s  d i r e c t  c o m p a r i s o n s  of 

the p r o c e s s e s  d i f f i c u l t  and p o s s i b l y  m i s l e a d i n g  w h e n  r e l y i n g  s o l e l y  on h y d r o g e n -  

c o n s u m p t i o n  i n f o r m a t i o n .  

P y r o l y s i s  p r o c e s s e s  can  use  ou t s ide  h y d r o g e n  in h y d r o t r e a t i n g  the  

r e c o v e r e d  oil  and can  e l i m i n a t e  i n t e r n a l  p r o d u c t i o n  of h y d r o g e n  f r o m  s t e a m  

r e f o r m i n g  of the c o p r o d u c t  s y n t h e s i s  gas .  A p lan t  c o n c e p t u a l i z e d  as p r o d u c i n g  

Z7,300 b a r r e l s  of s y n c r u d e  r e q u i r e s  136 X 106 S C F  of h y d r o g e n ;  thus  

h y d r o g e n  u s a g e  is 5000 S C F / b b l  of s y n c r u d e  p r o d u c e d ,  sz M o r e  gas  f r o m  the 

m o d i f i e d  p r o c e s s  is  now a v a i l a b l e  for  u s e  as fue l  o r  f e e d  fo r  an SING p r o -  

duc t ion  s y s t e m .  

S e l e c t i v e  h y d r o g e n a t i o n  invo lves  f o r m a t i o n  of l iquid  h y d r o c a r b o n s  u n d e r  

m o r e  s e v e r e  c o n d i t i o n s  of p r e s s u r e ,  u s u a l l y  in the p r e s e n c e  of  a c a t a l y s t .  

O u t s i d e  h y d r o g e n  can  be d i r e c t l y  added  to the h y d r o g e n a t i o n  r e a c t o r  o r  

so lven t  r e g e n e r a t o r  to  fu l f i l l  the h y d r o g e n  r e q u i r e m e n t .  Us ing  the H - C O A L  

P r o c e s s ,  8500 S C F  of h y d r o g e n / b b l  of s y n c r u d e  a r e  r e q u i r e d  to p r o d u c e  

a h i g h - q u a l i t y  c r u d e  of  3 Z ° A P I  g r a v i t y  tha t  c o n t a i n s  0. 1~o n i t r o g e n  and 0. 1~, 

s u l f u r .  ,4 The  S y n t h o i l  P r o c e s s  u s e s  6000 SCF of h y d r o g e n / b b l  of  fue l  o i l  

( con ta in ing  0. W/0 s u l f u r )  p r o d u c e d .  37 Use  of o u t s i d e  h y d r o g e n  in t h e s e  p r o -  

c e s s e s  e l i m i n a t e s  the n e e d  f o r  p r o d u c t i o n  of  h y d r o g e n  by g a s i f i c a t i o n  of  

v a r i o u s  c o m b i n a t i o n s  of so l id  e x t r a c t ,  c h a r ,  o r  r a w  coa l .  Use  of h igh-  

p u r i t y ,  p r e s s u r i z e d  h y d r o g e n ,  as wou ld  be a v a i l a b l e  f r o m  a p i p e l i n e ,  i s  v e r y  

a m e n a b l e  to c a t a l y t i c  h y d r o g e n a t i o n  p r o c e s s e s ,  wh ich  r e q u i r e  a m i n i m u m  

h y d r o g e n  p a r t i a l  p r e s s u r e  of 1000 ps i .  

Hydrocarbon liquids can also be made by first gasifying the coal to a 

synthesis gas and then catalytically recombining the carbon oxides with 

hydrogen to make hydrocarbon liquids. This is commercially embodied 

in the Fischer-Tropsch Process. Production of 4000 bbls of light oils/day 

r e s u l t s  in a h y d r o g e n  d e f i c i t  of 6 m i l l i o n  SCF.  C u r r e n t l y  th i s  is m o s t l y  

c o m p e n s a t e d  f o r  by r e f o r m i n g  the p r o d u c t  m e t h a n e .  O u t s i d e  h y d r o g e n  

u s a g e  cou ld  be abou t  1500 S C F / b b l .  (See T a b l e  4- 11. ) If ou t s i de  h y d r o g e n  

is u sed ,  m e t h a n e  need  not  be r e f o r m e d ,  so m o r e  SNG is  a v a i l a b l e  f r o m  the 

p r o c e s s .  T a r ,  t a r  oi l ,  and naph tha  p r o d u c e d  in the g a s i f i e r  could  be p a r t i a l l y  

oxidized to provide the carbon monoxide required for liquid synthesis. 
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Table 14-11. TYPICAL MATERIAL BALANCE OF GASEOUS STREAIvIS 
IN A FISCHER-TROPSCH FLUIDIZED-BED REACTOR 13 

(4000 bbl/Day) 

Reactor Feed Reactor Effluent 

_ Component Vol • (Dry) ......... 

Carbon Monoxide 2.5 2 

Hydrogen 60 45 

Carbon Dioxide 5 IZ 

Methane 9 35 

Other 1 6 

Total 100 I00 

106 SCF/Day 146 55 

Hydrogen Consumed in Reactor  -- 

0.60 X 146 X 106 SCF/Day (In) --0.45 X 55 X I0 & SCF/Day (Out) 
= 63 X 106 SCF/Day 

Amount of Hydrogen Available From Lurgi Gasifier -- 

0.59 X 96 X 106 SCF/Day of Synthesis Gas = 57 X 106 SCF/Day 

Hydrogen Deficiency Requirements -- 

63 X 106 -- 57 X I06 = 6 X 106 SCF/Day (Currently Supplied by Steam 
Reforxning Internally Produced Methane) 

Theoretical Volumetric Ratio of Hydrogen to Product -- 

6 X 106 SCF -- 4 X 103 bbl = 1500 SCF/bbl 
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Oil Sha le  C o n v e r s i o n  to L i q u i d  and  G a s e o u s  H y d r o c a r b o n s  

It  is  a n t i c i p a t e d  tha t  o i l  s h a l e  wil l  m a k e  a s~gnif~cant  c o n t r i b u t i o n  to the 

U .S .  f o s s i l  fue l  s u p p l y  in the f o r e s e e a b l e  f u t u r e .  K e r o g e n  and b i t u m e n  c o n -  

t a i n i n g  r o c k  can  be p r o c e s s e d  to  r e l e a s e  m o s t  of the c a r b o n a c e o u s  m a t t e r  

t ha t  can  he f u r t h e r  t r e a t e d  to s y n t h e s i z e  c o n v e n t i o n a l  r e f i n e r y  p r o d u c t s .  31 

P e r h a p s  the k e y  s t e p  in  s h a l e  oi l  p r o d u c t i o n  is  the r e t o r t i n g  of  the p r e -  

viousl)~ m i n e d  and s i z e d  s h a l e .  H e a t  is  u s e d  to d e c o m p o s e  the o r g a n i c  

m a t e r i a l s  to w a t e r ,  c a r b o n  d i o x i d e ,  l i qu id  and gasec~us h y d r o c a r b o n s ,  and 

c a r b o n a c e o u s  r e s i d u e ,  wh i ch  a d h e r e s  to the s p e n t  s h a l e .  C o n v e n t i o n a l  

r e t o r t i n g  is  done at  a p p r o x i m a t e l y  9 0 0 C F .  i C u r r e n t l y  c o n c e i v e d  r e t o r t i n g  

p r o c e s s e s ,  wh i ch  g e n e r a l l y  d i f f e r  i~J t h e i r  m e t h o d s  of h e a t  g e n e r a t i o n  

and  t r a n s f e r ,  a r e  s u m m a r i z e d  in T a b l e  14-1Z.  

A h y d r o r e t o r t i n g  s c h e m e  is now u l lde r  d e v e l o p m e n t  a t  the I n s t i t u t e  of 

G a s  T e c h n o l o g y  (IGT) in w h i c h  o i l  and gas  a r e  p r o d u c e d  f r o m  sha le  by 

he a t i ng  the  sha l e  in a h y d r o g e n  a t m o s p h e r e .  T e s t i n g  i n d i c a t e s  tha t  a h i g h e r  

p e r c e n t a g e  of o r g a n i c  c a r b o n  is  r e c o v e r e d  wi th  the u s e  of h y d r o g e n  than  wi th  

an i n e r t  a t m o s p h e r e  (98% v e r s u s  77% r e c o v e r y ) .  The  a d d i t i o n a l  h y d r o g e n  

r e q u i r e d  f o r  the p r o c e s s  can  be s u p p l i e d  by g a s i f y i n g  the  h e a v y - o i l  f r a c t i o n  

p r o d u c e d ,  zs 

T h e  gas  p r o d u c e d  c o n c u r r e n t l y  wi th  the oi l  in the  r e t o r t i n g  s t e p  cou ld  

a l s o  be u s e d  as a v a l u a b l e  c o p r o d u c t .  It  is c o m p o s e d  of  c a r b o n  d i o x i d e ,  

h y d r o g e n ,  c a r b o n  m o n o x i d e ,  L P  g a s e s ,  and h y d r o g e n  s u l f i d e  and i s  abou t  

15 w e i g h t  p e r c e n t  of the p r o d u c t  y i e l d ,  z4 A f t e r  h y d r o g e n  su l f i de  r e m o v a l ,  

i t  cou ld  be u s e d  as  an o n s i t e  fue l  gas f o r  p r o c e s s  hea t  o r  e l e c t r i c  p o w e r  

g e n e r a t i o n  o r  cou l d  be f u r t h e r  t r e a t e d  to m a k e  s u b s t i t u t e  n a t u r a l  g a s .  

T h e  p r i n c i p a l  l i qu id  p r o d u c t  o b t a i n e d  f r o m  the r e t o r t i n g  p r o c e s s  is 

of a r a t h e r  h igh  s p e c i f i c  g r a v i t y  and n i t r o g e n  c o n t e n t .  C o n s e q u e n t l y ,  i t  

m u s t  be t r e a t e d  in s o m e  way  b e f o r e  i t  can  be r e f i n e d  to m o r e  v a l u a b l e  

p r o d u c t s .  C a t a l y t i c  h y d r o t r e a t i n g  is the p r e f e r r e d  m e a n s  of u p g r a d i n g  

the r a w  oi l  to a s y n t h e t i c  c r u d e .  16 

C u r r e n t l y  c o n c e i v e d  r e t o r t i n g  s c h e m e s  for  the p r o d u c t i o n  of g a s e s  and 

l iqu ids  have  no e x t e r n a l  h y d r o g e n  r e q u i r e m e n t s .  C o n c e p t u a l l y ,  s o m e  

h y d r o g e n  cou ld  be u s e d  in the  p r o d u c t i o n  of SNG f r o m  f u e l  gas .  M o s t  r e t o r t s  

a r e  d e s i g n e d  to p r o d u c e  a p r e p o n d e r a n c e  of l iqu ids  tha t  wou ld  be t r a n s p o r t e d  

e l s e w h e r e  fo r  r e f i n i n g  to  m a r k e t a b l e  p r o d u c t s .  An o u t s i d e  s o u r c e  of  h y d r o g e n  
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Table 14-1Z. PROCESSES FOR OIL SHALE RETORTING TO GASEOUS AND LIQUID HYDROCARBONS ~' 

P r o c e s s  R e t o r t  D e s c r l p t t o n  . . . . . . .  R&D Sta tus  

D e v e l o p m e n t  E n g i n e e r i n g  

Gas  C o m b u s t i o n  

IGT 

Lurgi-Ruhrgas 

O c c i d e n t a l  

P e t r o s i x  

TOSCO II 

Union Oil 

In t e rna l  c o m b u s t i o n  of  c a r b o n -  
a c e o u s  r e s i d u e  wi th  a i r ,  
c o u n t e r c u r r e n t  g a s -  sha le  f low 

In t e rna l  c o m b u s t i o n  of gas and 
carbon residue, four functional 
zones 

IZ00°-I400°F, 125-500 psi, three 
zones ~ith externally heated 
hydrogen reaction atmosphere 

Externally heated sand, coke, or 
spent  sha le  u s e d  in s e a l e d ,  s c r e w -  
type r e t o r t  

In - s i tu  r e t o r t i n g  of unmined  sha l e  
by  c o m b u s t i n g  with a i r  

E x t e r n a l l y  h e a t e d  gas r e t o r t s  sha le  

E x t e r n a l l y  h e a t e d  s p h e r e s  r a i s e  
shale  t e m p e r a t u r e s  to  900°F 
at a pressured slightly above 
atmospheric 

Internal gas combustion of shale 
fed into bottom of retort with a 
"rock pump" 

500 tons of shale/day testing 
completed 

360 tons  of sha l e / c l ay  t e s t i ng  
c o m p l e t e d  

I ton of shale/hr pilot development 
unit nearly complete, laboratory 
therrnobalance work continuing 8 

12 tons of shale/day pilot plant 
operated (now dismantled) 

Field testing as of 197Z 

2200 tons of shale/day serniworks 
plant in operation 

1100 tons of shale/day semiworks 
plant in operation 

Prototype work since 1950's on I Z00 
tons of shale/day unit 
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could not be easily integrated with proposed retorting schemes without more 

developnlental work. A hydroretorting scheme under development at IGT 

would llse an outside source of hydrogen in the retorting of liquids and gases 

from oil shale. The hydrogen consumption is 1900 SCF/bbl of oil produced 

and 1200 SCF/thousand SCF of SING produced. 3s 

The raw, retorted shale oil is usually too viscous for easy handling 

(i. e., by pipeline or tank car), so further treatment is required to facilitate 

transportation for refining. The raw oil also contains more sulfur and 

nitrogen than conventional refining catalysts can withstand. A hydroprocessir~g 

step is most convenient for upgrading the shale oii to a more typical crude. 14 

About 1300 SCF of hydrogen would be consumed in producing one barrel 

of high-quality syncrude (36 °API, 0.02% sulfur, 0.65% nitrogen, and no 

fraction boiling over 950 OF). n The oil can also be made less viscous 

by using a coking or "vis-breaking" operation at the retort site, but this 

would result in more severe refining conditions and would not significantly 

reduce the overall hydrogen requirements, z3 

The hydrogen requirements for the synthetic fuel processes are 

summarized in Table 14-13. 

Table  14- 13. TYPICAL HYDROGEN REQUIREMENTS FOR PRODUCTION 
OF SYNTHETIC FUELS 

Process 

Coal  to SNG 

Lurgi single- stage gasification 
Multistage hydrogasifiers 

Coal  to Methanol  

Coal to Syncrude 

Pyrolysis 
Hydrogena t ion  
Gasification (Fische r-Tropsch) 

Oil Shale to Syncrude 

Conventional retort 
Hydrogasifying retort 

Amount of Hydrogen/Unit of Product 

970 SCF/1000 SCF 
1100- 1500 SCF/1000 SCF 

4Z, 000 SCF/ton 

5000 SCF/bbl of syncr~de 
6000-8500 SCF/bbl of syncrude 
1500 SCF/bbl of light oii 

1300 SCF/bb l  of s y n c r u d e  
1900 SCF/bb l  of s y n c r u d e  
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The E c.onom~cs of Outside-HydroGen Utilization 

The use of outside hydrogen requires process and equipment modifications 

that generally simplify the production of synthetic fuels. Most of the reduction 

in eornplexlty is due to the elimination of the onsite h~'drogen-production 

facility itself. The deletion of a shift reactor or special gasifier obviously 

r e d u c e s  capital requirements, maintenance costs, and process utility 

requ|rements. .An external hydrogen supply relieves the synfuel processes 

from hav~ng to operate at conditions to optimally make both product and 

feed fo~ hydrogen production. 

Because synthetic fuels processes can be greatly simplified by the use 

of out¢|de hydrogen, the economics of outside-hydrogen utilization are not 

straightforward. A preliminary economic analysis was performed that com- 

pared the s~nthetic product costs for internal and external sources of' 

hydrogen, The analysis was based on data from Volume HI o5 "Alternatlve 

Fuels for Automotive Transportation -- a Feasibility Study." z4 An item- 

by-~tem con%par[son of process components was made for three all-coal 

sFTtfuel process plants and three coal-plus-hydrogen plants to determine 

the capital investment and operating cost for SNG, methanol, and liquid- 

hydrocarbon production. Outside hydrogen was treated as a purchased 

utlilty fo~ each of the process families. Costs are based on constant 1979 

dollars, allowing product-price determinations for comparison of synthetic- 

fuel processes involving internal and external hydrogen production. A 

discounted cash flow (DCF) method was used to determine costs, and 

economic values were set as follows: 

• A ZS-~'ear plant life expectancy 

• Depreclation calculated on a 16-year, sum-of-the-digits formula 

• ~0~]~ equity capital 

• A 48a/~ Federal income tax rate 

• A IZ~/~ DCF r a t e  

• ~lant $$~rtup costs a s  expenses in y e a r  0. 

B r e a k - e v e n  c o s t s  fo r  s y n t h e t i c  fue l s  w e r e  e s t i m a t e d  by  c o m p a r i n g  an 

a l l - c o a l  p r o c e s s  wi th  a c o a l - p l u s - h y d r o g e n  p r o c e s s  (a t  g i v e n  c o a l  c o s t s )  

to d e t e m m i n e  the h y d r o g e n  c o s t  tha t  w o u l d  r e s u l t  in the  s a m e  p r o d u c t  p r i c e  
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for both systems. We assumed that hydrogen would arrive by pipeline at 

1500 psi, because transmission studies havc shown that hydrogen can be 

moved more economically at such pressures D The results are presented 

in Figure 14-6. Combinations of coal and hydrogen costs above and to the 

left of the lines indicate that it is economically desirable to utilize outside 

hydrogen for the processes while values below and to the right indicate that 

it is economically undesirable. 
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F i g u r e  14-6. BREAK-EVEN COSTS FOR SYNTHETIC-FUEJ.~ PRODUCTION 
FROM COAL AND COAL-PLUS-HYDROGEN PROCESSES 

By p a r a m e t r i c a l l y  v a r y i n g  the c o s t  of c o a l  and h y d r o g e n ,  i t  was  

d e t e r m i n e d  tha t  m e t h a n o l  p r o d u c t i o n  f a v o r s  the use  of o u t s i d e  h y d r o g e n  

at $4 .  1 0 / m i l l i o n  Btu when coa l  c o s t s  e x c e e d  $ 1 . 1 5 / m i l l i o n  Btu.  The  

c o r r e s p o n d i n g  m e t h a n o l  p r i c e  is $ 1 1 5 / t o n .  
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For SNG production, a set of raw-materials costs can be determined 

at which the cost of manufacturing the product is the same, $6.52/1000 SCF, 

for both conventional and modified processes. The resulting break-even 

coal cost is $3. Z0/million Btu, and the hydrogen cost is $4.10/million Btu. 

Gasoline can be made from the hydrocarbon product that is made from 

coal by using the Consol Synthetic Fuel (CSF) Process. Detailed economic 

information was available for this process using Eastern U.S. coal only. 

The amount of hydrogen used is on the same order as that used in other 

processes that consume Western U.S. coal, so an economic comparison 

of conventional and modified CSF Processes that use Eastern coal sholald 

indicate the same trends as a comparison of other coal-to-gasoline pro- 

cesses that use Western coal. In this analysis, the amount of process 

hydrogen required for the refinery was also included. 

No credit was given for by-product coal residue now available from the 

modified processes. The residue has a sulfur content slightly higher than 

that of the coal originally fed, so only tf low-sulfur coal is used can the 

residue be marketed (e. g., as a fuel for power generation). The break-even 

raw-materials costs for synthetic gasoline processes are $ 3.74/million Btu 

of coal and $4.10/million Btu of hydrogen. The resulting gasoline product 

price for both types of processes is $54.5Z/barrel. 
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15. RESEARCH AND DEVELOPMENT RECOMMENDATIONS 

From the results of this study, it is  clear that there are no major 

technical reasons for hydrogen not becoming a key component of the future 

U.S. energy system. However, during the course of  this study we found 

nurnel'ous instances in which the ultimate potential of the hydrogen-energy 

system was unclear because some elements had not been sufficiently developed. 

Many technologies that are still only conceptualizations or laboratory-scale 

projects could significantly lower the delivered cost of hydrogen or increase 

its utility. In this section of the report, we will develop a list of research 

and development projects that are intended to develop branches of hydrogen- 

related technology, with the aim of eventually introducing hydrogen on a 

large scale. If these programs are to be of maximum benefit, they should 

be completed within the next 5 years. 

Production of Hydrogen 

This study did not uncover any revolutionary hydrogen-production pro- 

cess that would completely eclipse present-day or contemplated processes. 

On the other hand, we did find that developmental projects could reduce costs 

and raise efficiency in established hydrogen-production processes (e. g . ,  elec- 

trolysis and coal gasification), could bring advanced processes (e.g. , thernao- 

chemical production) out of the laboratory, and could establish the feasibility 

of processes that are currently only concepts (e. g., photosynthesis and those 

processes based on thermonuclear fusion). 

]Electrolysis 

l~esearchis needed on all aspects of electrolysis. Catalysis, electrode 

structure, and electrode materials should be investigated. New separators 

and electrolytes should be developed, and the possibility of better cell design 

and better power-conditioning equipment should be looked into. Due to 

experience gained in the development of fuel cells, which are very similar 

to elect1"olyzers, some desirable directions for research on electrolyzers 

are obvious. Because the electrolyser industry alone cannot afford to carry 

out the necessary research, this research, conducted on both alkaline and 

ion-exchKnge cells, should be supported by either the Federal Oovernment 

or the potential users of hydrogen. 
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Th i s  s u p p o r t  s h o u l d  be d i v i d e d  in to  tha t  fo r  b a s i c  r e s e a r c h  on e l e c t r o d e  

s t r u c t u r e  and  gas  e v o l u t i o n  and  tha t  fo r  c e l l  R&D on o t h e r  t o p i c s .  F u n d i n g  

fo r  b a s i c  r e s e a r c h  p r o g r a m s  s h o u l d  be f r o m  $ 5 0 , 0 0 0  to $ 1 0 0 , 0 0 0 / y e a r .  

C e l l  R&D wi l l  be m o r e  e x p e n s i v e  to c a r r y  out  and s h o u l d  be funded  at  b e t w e e n  

$ 5 0 0 , 0 0 0  and  $ 1 , 0 0 0 , 0 0 0  a n n u a l l y .  An e l e c t r o l y z e r  t ha t  o p e r a t e s  a t  abou t  

1 .5  vo l t s  (a t h e r m a l  e f f i c i e n c y  of  a l m o s t  100%) and a t  a c u r r e n t  d e n s i t y  of 

a b o u t  500 A / s q  ft in a p i e c e  of e q u i p m e n t  wi th  a t o t a l  c a p i t a l  c o s t  of  b e t w e e n  

$ 50 and  $ 1 0 0 / k W  inpu t  is a r e a s o n a b l e  r e s e a r c h  o b j e c t i v e .  

F o r  r e a s o n s  tha t  w e r e  p o i n t e d  out  e a r l i e r  in th i s  r e p o r t ,  we r e c o m m e n d  

tha t  no r e s e a r c h  on the e l e c t r o l y s i s  of i m p u r e  w a t e r  be funded .  

O f t en ,  p o s s i b l y  m i s l e a d i n g  c o m p a r i s o n s  a r e  m a d e  b e t w e e n  o p t i m i z e d  

n u c l e a r  t h e r m o c h e m i c a l  s y s t e m s  and n o n o p t i m a l  n u c l e a r  e l e c t r o l y t i c  s y s t e m s .  

A s h o r t ,  p e r h a p s  Z - y e a r ,  s t u d y  to d e t e r m i n e  the c o s t  e f f e c t i v e n e s s  and  

e f f i c i e n c y  of a n u c l e a r - p o w e r e d  e l e c t r o l y s i s  p lan t ,  s p e c i f i c a l l y  d e s i g n e d  f o r  

h y d r o g e n  p r o d u c t i o n ,  is n e e d e d .  S u c h  a s tudy  would  c o s t  b e t w e e n  $ 50 ,000  and 

$ 1 0 0 , 0 0 0 / y e a r .  A p r o g r a m  of th i s  type  has been  funded  as  a c o n t i n u a n c e  of  

th i s  p r o g r a m .  

The  p r o d u c t i o n  of  h y d r o g e n  by t h e r m a l - e l e c t r i c  o r  p h o t o v o l t a i c  c o n v e r s i o n  

o f  s o l a r  e n e r g y  s h o u l d  a l s o  be i n v e s t i g a t e d .  A 3 y e a r ,  c o n c e p t u a l - d e s i g n  s t u d y  

c ou ld  be c o n d u c t e d ,  a t  the s a m e  l e v e l  as  the o p t i m i z e d  n u c l e a r - e l e c t r o l y t i c  

s t u d y ,  to p r o v i d e  the  t e c h n i c a l  and  e c o n o m i c  da t a  n e e d e d  fo r  c o m p a r i s o n s  wi th  

o t h e r  p r o c e s s e s .  

C o a l  G a s i f i c a t i o n  

The  p r a c t i c a l i t y  of  h y d r o g e n  p r o d u c t i o n  by the g a s i f i c a t i o n  of c o a l  s h o u l d  

be f u r t h e r  a s s e s s e d  to d e t e r m i n e  no t  on ly  how this  p r o d u c t i o n  m e t h o d  c o m p a r e s  

wi th  n o n f o s s i l - b a s e d  p r o c e s s e s ,  but  a l s o  how it c o m p a r e s  wi th  t r a d i t i o n a l  

m e t h a n e  r e f o r m i n g  and p a r t i a l  o x i d a t i o n  of  f ue l  o i l .  S u c h  i n f o r m a t i o n  would  be 

of g r e a t  i n t e r e s t  to i n d u s t r i e s  t ha t ,  b e c a u s e  of n a t u r a l  gas  c u r t a i l m e n t s ,  m a y  

s oon  be f a c e d  wi th  the  p r o b l e m  of  f ind ing  an a l t e r n a t i v e  h y d r o g e n  s o u r c e .  

S e v e r a l  s t u d i e s  s h o u l d  be p e r f o r m e d  in o r d e r  to e x a m i n e  the n u m e r o u s  

p o s s i b l e  g a s i f i c a t i o n  s c h e m e s .  A p p r o x i m a t e l y  $ 1 0 0 , 0 0 0  to $ 2 0 0 , 0 0 0 / y e a r  

would  be r e q u i r e d  p e r  s t u d y .  
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T h e r m o c h e m i c a l  Methods  

The d e v e l o p m e n t  of a s u c c e s s f u l  t h e r m o c h e m i c a l  w a t e r - s p l i t t i n g  p r o c e s s  

could be the key  to the in t roduc t ion  of h y d r o g e n  as a fuel .  It s e e m s  l ike ly  that  

t h e r m o c h e m i c a l  h y d r o g e n  p roduc t ion  could s ign i f i can t ly  lower  the p r i c e  of 

n u c l e a r - b a s e d  h y d r o g e n .  T h r e e  or four  l a b o r a t o r y  p r o j e c t s  should b~ funded 

at  f r o m  $750,000  to $ 1 , 0 0 0 , 0 0 0 / y e a r  unt i l  a good cyc l e  e m e r g e s .  E f fo r t s  

should be d i r e c t e d  toward  ident i fy ing su i t ab le  e n e r g y  s o u r c e s  be s ide s  HTGR's  

and developing m o r e  e f f ic ien t  cyc les  that  o p e r a t e  with n o n c o r r o s i v e  r e a c t a n t s .  

T h e s e  p r o g r a m s  even tua l ly  should deve lop  k ine t ic  da ta  and h e a t  and m a t e r i a l  

r e q u i r e m e n t s  for  the m o s t  p r o m i s i n g  c y c l e s .  

Appl ica t ion  of Con t ro l l ed  T h e r m o n u c l e a r  Fus ion  

A sho r t  f ea s ib i l i t y  s tudy,  about  Z y e a r s  in dura t ion ,  at a cos t  of f r o m  

$ 50,000 to $75 ,000  is n e e d e d  to a s s e s s  the poss ib i l i t y  of ~vater spl i t t ing by 

u l t r a v i o l e t  l ight  b e a m s .  F u r t h e r  R&D should  be r e c o m m e n d e d  if the concep t  

shows m e r i t .  

P h o t o s y n t h e s i s  

Pho tosyn the t i c  hyd rogen  produc t ion  is v e r y  p r o m i s i n g  for  the long t e r m ,  

and a p p r o p r i a t e  r e s e a r c h  s t r a t e g y  would s e e m  to he bas ic  and l o n g - r a n g e ,  as  

wel l  as e x p l o r a t o r y  s h o r t e r  r ange ,  r e s e a r c h  in the a r e a s  in which  b r e a k t h r o u g h s  

a r e  expec ted  or  r e q u i r e d .  The p robab i l i ty  of s u c c e s s  wi l l  be p r o p o r t i o n a l  to 

the n u m b e r  of [ndiv idual  c r e a t i v e  s c i e n t i s t s  (or  s c i en t i f i c  groups) involved,  

r a t h e r  than to the to ta l  m a n p o w e r  or m o n e y  inves ted .  S e v e r a l  i ndependen t ly  

s p o n s o r e d  g roups ,  funded in r~ l a t i ve ly  s~nall i n c r e m e n t s  (e. g . ,  f r o m  $ 50,000 

to $Z00 ,0O0/y r ) ,  should m a i n t a i n  c lose  c o m m u n i c a t i o n  to advance  concep tua l  

d e v e l o p m e n t s .  Sugges t ions  for  spec i f ic  p r o j e c t s  would bes t  be made  by the 

i n v e s t i g a t o r s  t h e m s e l v e s  and eva lua ted  by p e e r  r e v i e w  (with c r e a t i v e  feedback) .  

The i n t e r d i s c i p l i n a r y  na tu re  of the t a sk  should be r e c o g n i z e d ;  and coope ra t ion ,  

as wel l  as c o m m u n i c a t i o n ,  among r e p r e s e n t a t i v e s  f r o m  the va r ious  d i sc ip l ines  

should be e n c o u r a g e d .  In p a r t i c u l a r ,  col lo id  c a t a l y s i s ,  e l e c t r o c h e m i s t r y ,  

and l igand f ie ld  t h e o r y ,  t oge the r  with e n g i n e e r i n g  t h e o r y ,  m a y  be helpful .  

The l o n g - r a n g e  n a t u r e  of the p r o b l e m  should be r e c o g n i z e d ,  and funding 

should be cont inuous  th roughout  the nex t  5 y e a r s .  

Table  15-1 is a s u m m a r y  of the r e c o m m e n d e d  hydrogen -p rodmc t ion  

R&D p ro j ec t s .  
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Deliver~[. and  S t o r a g e  of  H y d r o g e n  

At p r e s e n t ,  t h e r e  is no w i d e s p r e a d  s y s t e m  for  the  t r a n s m i s s i o n  and  

d i s t r i b u t i o n  of  h y d r o g e n .  The s m a l l - s c a l e  d i s t r i b u t i o n  s y s t e m s  tha t  have  

been bu i l t  ( l ike  t hose  of  NASA) a r e  p r o b a b l y  u n s u i t a b l e  as  m o d e l s  for  a l a r g e -  

s c a l e  s y s t e m ,  w h i c h  m u s t  be r e l a t i v e l y  i n e x p e n s i v e .  Desp i t e  the s u c c e s s  of  

t h e s e  s m a l l  s y s t e m s ,  t h e r e  a r e  n u m e r o u s  t e c h n i c a l  q u e s t i o n s  abou t  h y d r o g e n  

d i s t r i b u t i o n  tha t  r e m a i r  u n a n s w e r e d  and p o s s i b l y  s o m e  t e c h n i c a l  p r o b l e m s  

tha t  r c m a i n  u n s o l v e d .  

Pipeline-Material~ Compatibility Evaluation 

Whether hydrogen can be transmitted through existing natural gas pipelines 

or whether new pipelines will be needed because of materials problems has yet 

to be resolved. The materials studies conducted thus far have identified 

potential problem areas, but have not provided any definite answers. This 

question should be answered soon because it has significant bearing on how 

and when hydrogen could be used as a "universal fuel. " More than one study 

of the problem should be funded at approximately $ 300,000/yr, and results 

would probably be available in Z years. These studies should investigate 

hydrogen-related problems such as loss of metal ductility, hydrogen stress 

cracking, and hydrogen-environment embrittlement in pipeline steels. If 

problems exist, possible solutions should be evaluated. 

Hydrogen-Transmission-System Experimental Feasibility Studies 

If hydrogen-environment embrittlement in pipeline steels proves to be a 

manageable problem, an investigation into the behavior of other gas-transmission- 

system equipment with hydrogen should be undertaken. The equipment should 

be tested under anticipated operating conditions, thereby identifying any furhter 

complications. Concurrently, engineering studies should be undertaken to 

determine the economic feasibility of hydrogen transmission. We estimate that 

the cost of the experimental equipment-comparability study would be $ 300,000/yr 

and that the design and costing study might require as much as $ i00,000/yr 

for about 3 years. A large-scale system test costing $ 5,000,000 would follow 

these preliminary studies. 

Pipeline Compressor Evaluation 

Early studies of hydrogen pipelining show great divergence on the subject 

of hydrogen compressors and the units that drive them. A small-scale study 
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(approximately $100,000/yr for Z years) could determine the best compressor- 

prime mover combination and could provide data for the transmission-system 

cost study described above. 

U n d e r g r o u n d  and  H y d r i d e  S t o r a g e  of  H y d r o g e n  

U n d e r g r o u n d  c a v i t i e s  wi l l  a l low for  i n e x p e n s i v e  h y d r o g e n  s t o r a g e , i f  such  

a m e t h o d  of  s t o r a g e  is p o s s i b l e .  P r e l i m i n a r y  f e a s i b i l i t y  s t ud i e s  (both t h e o r e t i -  

ca l  and  e x p e r i m e n t a l )  on the e f f ec t s  of the p r e s e n c e  of h y d r o g e n  on the m e c h -  

a n i s m s  of  gas  s e a l i n g  shou ld  be u n d e r t a k e n .  Two Z - y e a r  s t u d i e s ,  co s t i ng  

$75 ,  t 0 0 / y r ,  shou ld  be a d e q u a t e .  L a t e r ,  fa r  l a r g e r  s u m s  wil l  be n e e d e d  for  

f u l l - s c a l e  f i e ld  t e s t i n g .  

S t o r i n g  h y d r o g e n  in the  f o r m  of m e t a l  h y d r i d e s  m a y  he i m p o r t a n t  not only  

for  m o b i l e  a p p l i c a t i o n s ,  but a l so  for e l e c t r i c - u t i l i t y  peak  shav ing  and  as an 

a l t e r n a t i v e  to u n d e r g r o u n d  or  l i n e - p e a k  s t o r a g e .  New a l l o y s  a r e  s t i l l  being 

i d e n t i f i e d ,  and s u p p o r t  fo r  s e v e r a l  l a b o r a t o r y  e f f o r t s  shou ld  con t inue  at  a 

m i n i m u m  of $ Z 0 0 , 0 0 0 / y r  for  the next  5 y e a r s ,  i'<ew a l l o y s  shou ld  be l ower  

in we igh t  and in v o l u m e  per  we igh t  of h y d r o g e n  s t o r e d  and  shou ld  d i s s o c i a t e  

at  p r a c t i c a l  t e m p e r a t u r e s .  The s p e c i f i c  a p p l i c a t i o n s  wi l l  d e t e r m i n e  the o p t i m u m  

c h a r a c t e r i s t i c s ,  but low c o s t  wi l l  be i m p o r t a n t  in a lxnos t  a l l .  

B e h a v i o r  of  H y d r o g e n  in G a s - D i s t r i b u t i o n  E q u i p m e n t  

T h e r e  is a d e a r t h  of i n f o r m a t i o n  on the b e h a v i o r  of h y d r o g e n  in e x i s t i n g  

natural gas distribution lines and related hardware. ]Experimental studies 

should be conducted to determine the problems encountered with the meters, 

regulators, and various nonferrous pipe materials in distribution systems. 

A study of this sort could take several years at an average cost of $300,000/yr. 

Improved Cryogenic Systems 

Although the amount of energy lost in hydrogen liquefaction is large 

because of current liquefaction technology, there may be cases in which 

hydrogen liquefaction is the only practical storage alternative. 

Large-scale, liquid-hydrogen facilities (for both processing and storage) 

are not cheap, but perhaps need not be as expensive as they are now. 

Engineering studies directed toward the design of economical, very large-scale 

liquid-hydrogen tankage should be undertaken by prospective equipment manu- 
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f a c t u r e r s .  I n t e g r a t e d  s t o r a ge  s c h e m e s  that  al low ut i l iza t ion  of boi l -of f  g a s e s  

would be wor thwhi le .  

The possibility of liquid-hydrogen transmission should also be studied, 

especially in the context of integrating it with superconducting or "cryoresistive" 

cables for electric-power transmission. The advantage of being able to com- 

bine it with electric-power transmission may make the transmission of liquid 

hydrogen more attractive than has been the case with liquid natural gas. There 

seems to be little urgency for this work because cryoresistive-transmission 

tec}mology has been developed to only an early stage thus far. Studies on 

cryogenic systems should be funded continuously at $75,000/yr. 

H y d r o g e n  Odoran ts  and I l luminan t s  

Because hydrogen gas is odorless and its con~bus~ion is nonluminous, 

odorants and illuminants will have to be selected and added to the gas. These 

substances should be as pollution free in combustion as possible and should 

not impair the operation of catalytic devices. (Methylmercaptans, the odorants 

added to natural gas streams, are sulfur-contalnlng compounds that might 

poison the platinum catalysts used in some experimental burners.) The 

identification of odorants and illuminants is not a pressing task, but it should 

be undertaken within the next 5 years. The effort need not be large: 

$ 50, (900 to ~75,000/yr for two programs (one on odorants and one on illun~- 

nants, with intercommtinlcation) over a Z-year period should produce the 

desired results. 

Table 15-Z is a summary of the recommended hydrogen-delivery R&D 

programs. 

Utilization of Hydrogen 

Studies of Hydrogen Utilization in Industr Y 

Our study has identified at least five large industrial processes that are 

potential users of hydrogen. These are I) direct reduction of iron ores, 

2) ammonia synthesis, 3) methanol synthesis, 4) process-steam generation, 

and 5) production of synthetic fuels from coal. Although these markets for 

feedstock hydrogen are not as large as the market for gaseous fuel, they 

deserve special consideration because their economics may allow them to use 
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h y d r o g e n  t h a t  is  too e x p e n s i v e  to be u s e d  a s  a f ue l .  T h u s ,  t h e s e  p r o c e s s e s ,  

especially ammonia s~rnthesis, may be the first applications for hydrogen 

technology -- even while new, low-cost methods of hydrogen production are 

under development. 

Feasibility studies, in greater depth than those done in this study, should 

be conducted to determine the conditions under which it will be economical to 

use "outside" hydrogen in these processes. Three of the processes (steam 

production, ammonia synthesis, and methanol synthesis) involve only a 

moderate amount of new technology, and feasibility studies could be conducted 

at a cost of from 975,000 to $100,000 per process. 

The use of pure hydrogen in the direct reduction of iron ore will, as was 

discussed in Section IZ, require the development of a few new materials- 

handling techniques. The problems are not serious, but they will require 

some experimental work. For this reason, feasibility studies on this process 

should be funded at a higher level, about $150,000/yr for from 1 to Z years. 

Multiple efforts would be more likely to produce satisfactory results. 

Outside-hydrogen utilization by %he future synthetic-fuels industry will 

also require a more complicated feasibility study. The fundings and time 

scale should be about the same as that for the direct-reduction process. 

Development of Hydrogen-Fue!ed. Appliances ' 

The assessment of the adaptability of present-day appliances to hydrogen 

fuel, as shown in Section 13, has not really progressed beyond the discussion 

stage. Nevertheless, any widespread use of hydrogen as a replacement for 

natural gas will probably require the conversion of many natural gas appliances. 

Experimental studies to determine what conversion parts and procedures 

will be necessary should be initiated soon. Two or three such studies a% 

about $ Zb0,000/yr should provide answers in from Z to zl years. 

Very little work has been done on the development of catalytic appliances. 

These devices exploit the full potential of hydrogen and should be developed 

if for no other reason than to provide a basis for comparison of hydrogen 

with other, more developed energy options. Better catalysts (both high and 

low temperature) and improved burner configurations are needed, and 

practical prototype appliance models should be developed. Because the work 

is still in a highly creative stage, multiple efforts (perhaps as many as four) 
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should be undertaken. The cost of these programs would he from $100,000 

to $250,000/yr (depending on the scale of the proposed development), and the 

projects should continue for the next 5 years. 

Besides the across-the-board conversion of all gaseous-fuel equipment 

in g ive n  a r e a s  to h y d r o g e n ,  h y d r o g e n  m i g h t  be u s e d  as a g a s e o u s  fue l  by 

b l e nd ing  it wi th  n a t u r a l  gas  s u p p l i e s ,  A s t u d y  of  th i s  p o s s i b i l i t y  shou ld  

beg in  i m m e d i a t e l y  and  s h o u l d  be c o n t i n u e d  at  $ 1 0 0 , 0 0 0 / y r  for  the nex t  5 y e a r s  

as the natural gas situation changes. 

By-Product Credits 

A potential-market study should he initiated immediately on the use and 

value of the oxygen produced as a by-product in the manufacture of hydrogen. 

An economic analysis of long-distance oxygen transmission by pipeline should 

be included in this study. Studies should be made on an industry-wide basis 

( p e r h a p s  by the g o v e r n m e n t ) ,  but  the d e t a i l e d  e q u i p m e n t  d e v e l o p m e n t  p r o b a b l y  

s i lould  be p e r f o r m e d  by e x i s t i n g  l a r g e - s c a l e  o x y g e n  s u p p l i e r s .  We e s t i m a t e  

tha t  t h e s e  s t u d i e s  wi l l  c o s t  a t o t a l  of  $100,000/yr f o r  a 2 = y e a r  p e r i o d .  

The r e c o m m e n d e d  R•D p r o g r a m s  on the u t i l i z a t i o n  of  h y d r o g e n  a r e  

s u m m a r i z e d  in T a b l e  15-3 .  

There is the possibility of by-product oxygen use in very rapidly growing 
markets, such as synthetic-fuels manufacture and sewage treatment, within 
the next few years. 

D E D / w p c  
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Table  15-3 .  HYDROGEN-UTILIZATION R E S E A R C H  A N D  D E V E L O P M E N T  
R E C O M M E N D A T I O N S ,  1975-1980  

Progran~ Ti t le  

Hydrogen ~or Indust r ia l  ~roc~ss-Stearn  
Gen~ratieu (Application~ A~e~sr~ent )  

,~veraRe Annt, al Total  5 -Year  
Yearn Funding Level • l~,~i~h~r ~f ]Period Funding, 

~r~ l ,~d  ~t~r Pro~ran~, $ I000 ~ $ lOOO 

[00 2 4~ 

Optlx~i~.ed Accsmonia Pre~duction Fac i l i ty  
Based on Hydrogen Feeds tock  ( P r e l i -  
rcAnary Design Study) 

Optinuzed Methanol Product ion Faci l i ty  
Based on Hydrogen Feeds tock  (P re l i -  
minary  Design Study) 

Direc t  Hydrogen Reduction of Metal  
Ores  {Feasibil i ty Study} 

Hydrogents Role in Synthet ic-Fuels  
Production (Applicatlone Study) 

1 75 1 75 

I 75 I 75 

1-2 lO0-tSO t-3 100-900 

g tO0-150 I 100-300 

Conversion of N a t u r a l - G a s - F u e l e d  Appli-  
ances to l tydrogen (Exploratory Develop- 
ment) 

Ca ta l~ ic  Combustion Devices Using Hy- 
drogen (Applied Research)  

Z-3 250 2-4 1000-3000 

Cont. 100-Z50 ~ - - 4  1000-5000 

Hydrogen as a Na tura l  Gas Additive 
(Study and Planning)  Cont. a 100 1 500 

Oxygen Uti l izat ion (Market  Study) Z 

~Contlnuoue support over  S-year  period recommended. 

100 I 

Projec t  De~ criptton 

Evaluat ion of, hydrogen as an energy source fur 
g~neration of process  s team through 1} con- 
ventional boils rs and 2] hydroken-oxygen 
~ r n b u l t i u n  

P r e l i m i n a r y  design of an advanced technology, 
ammonia-synthes is  plant based on hydro- 
gen feedstock 

P r c l i m i n a r y d e * i g o  of an advanced-technology, 
methanol -ey~thes~ pl~nt based on hydrogen 
~eds tock  

Determinat ion of valued meta ls  whose ore  
can be d i rec t ly  reduoed with hydrogen 
~ e r e  feas ibi l i ty  is no~ in-hard .  P roce s s  
development act ivi ty  wilt  be F~rsued in 
the case ot i ron / I ron  ore 

Hydsogents role  aa a key eonstlruent in synthe- 
t i c - fue l s  production f rom coal:  oil shale 
cha rac t e r i za t ion  and quantification 

Invest igat ion of procedures  and h~rdware modi-  
fication~ requi red  for re~rofitti~g of exist ing 
fuels 

Identif icat ion of the beat ca ta lys ts  for low- and 
high-~emperaturc catalyt ic  combustion; develop 
sui table  configurations for r e s iden t i a l ,  com- 
m e r c i a l ,  and indus t r i a l  burners  (including 
vent less  units)  

Determinat ion of ove ra l l  ~ystem implicat ions 
o[ adding substantial  quanti t ies of hydrogen to 
the natura l  gas supply as "na tura l  gas 
s t r e t c h e s "  

g00 inves t iga te  now marke t s  fo~ coproducto.~ygen 

Pr~jqct Goals 

Determine tecb~lcal ItLps f~r il~.l~tr~al- 
butler  mudilication to hydroger,~ evolve 
an oplirrltg~d (hltt otherwise con~'entt~nai) 
h y d r o g e ~ - f u ~ i e d  boiler  des ign:  provide 
commerc ia l ly  tteable hydrogen-oxygen 
s team generator  sys tem des igns ;  docu- 
ment  supporting tecl~ole.~gy requi rements  

Determine design elements  of an~rr~onla 
faci l i ty  with sufficient costing to evaluate 
the economic c ros sove r  point for  a , 
range of natura l  gas and hydrogen laud- 
stock prices 

D e t e r m i n e  design element,r o~ methanol 
faci l i ty  ~ t h  ~u£flc~.~¢,t costing to evaluate 
the economic c ro s sove r  point for a range 
of natural  gas and hydrogen feedstock 
p r i n t s  

Evaluation and improvements  of known pro-  
ces ses  of d i r ec t  i ron -o re  re(btctton with 
hydrogen ( e . g . ,  "H- I ron" ) ;  feasibility 
demonstrat ions in the case  of nonferrous 
ma te r i a l s ;  supporting economic studies 
of commerc ia l i za t ion  potent ial  

All significar~ Jy~fuel-produ~:Lion require- 
ments for hydrogen wil l  be documented: 
its new and innovative uses  wi l l  be de-  
fined; the potential  role  Of coproduct 
oxygen wil l  be a s s e s sed  for  synfuels pro-  
duction; economic c ro s sove r s  wi l l  be 
determined based on coal and shale  e l l  
costs  and on the process  equipmen~ r e -  
qui red  for onsite hydrogen manufacture  
ve r sus  the cost of ex te rna l ly  de l ive red  
hydrogen 

Identify h~rdware approaches and instal- 
lation procedures for  a c r o s s - t h e - b o a r d  
re t rof i t t ing;  es t imate  costs  for "r~ods" 
and for  ins ta l la t ion 

Demonstrate  p r ac t i ca l  catalyt ic  burners  
for  aU applfcatlon sec to r s  that provide 
acceptable operat ions,  eff iciency,  and 
errfi~sions 

Determine the ramif ica t ions  to a l l  facets  
o£ the na tura l  gas production, de l ivery ,  
and ut i l izat ion a reas  as p rog re s s ive  
anzounts of hydrogen a re  added; identify 
the cost-opt imum maximum hydrogen 
addition point: develop a long-range 
plan for thin ~qode of eonveralon 

Detane and quanti~y (as a function of pr ice)  
new and innovative uses for oxygen; 
as~os, deUve~ey requirernentG 

B75112738 

CO 

- q  
~q 

CO 
~D 
0 x  
[X2 



V 

Page Intentionally Left Blank 



i m m  

m m  

. ~ , .  ~.e 
= ~ ~ 

C_ c , e=" ~® m O0 

el e l ¢  ' 
~ _ = j j  ,. 

~ ) , -  

I | . .  

0 '~. 0 

~; ; ,~. 

4) 

Reproduced by N T / S  
National Technical Information Service 
Springfield, VA 22161 

This report was printed specifically for your order 
from nearly 3 million titles available in our collection. 

For economy and efficiency, NTIS does not maintain stock of its 
vast collection of technical reports. Rather, most documents are 
custom reproduced for each order. Documents that are not in 
electronic format are reproduced from master archival copies 
and are the best possible reproductions available. 
Occasionally, older master materials may reproduce portions of 
documents that are not fully legible. If you have questions 
concerning this document or any order you have placed with 
NTIS, please call our Customer Service Department at (703) 
605-6050. o 

About NTIS 

NTIS collects scientific, technical, engineering, and related 
business information -then organizes, maintains, and 
disseminates that information in a variety of formats- including 
electronic download, online access, CD-ROM, magnetic tape, 
diskette, multimedia, microfiche and paper. 

The NTIS collection of nearly 3 million titles includes reports 
describing research conducted or sponsored by federal 
agencies and their contractors; statistical and business 
information; U.S. military publications; multimedia training 
products; computer software and electronic databases 
developed by federal agencies; and technical reports prepared 
by research organizations worldwide. 

For more information about NTIS, visit our Web site at 
http:llwww.ntis.qov. 

Ensuring Permanent,  Easy A c c e s s  to 
U.S. Government  Information Assets  



U.S. DEPARTMENT OF COMMERCE 
Technology Adminishation 

National Technical Informa~on Service 
Springfield, VA 22161 (703) 605-6000 


