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ABSTRACT 

Refinery hydrogen, ,,,,nn~, and methanol, the principal industrial 
hydrogen products, arc now manufactured mainly by catalytic steam reforming 
of natural gas or some alternative lSght hydrocarbon feed stock. Antlel- 
pated increases in the prices of hydrocarbons are expected to exceed those 
for coal, thus gradually Sncreas~ng the incentive to use coal gas~flcatlon 
as a source of industrial hydrogen during the 1980-2000 period. Although 
the ~nves~ment in Industrial hydrogen planes will exceed those for reforming 
by a factor of 2 or more~ coal gaslflcatlon will provlde lower production 
costs (~ncludlng 29~/yr. before tax return) for methanol manufacture in the 
early 1980's and for ammonia 5 years or so later. However, high costs for 
transportln8 coal to major reflninE centers will make it difficult to Justify 
coal gasiflcat~on for refinery hydrogen production during the 1980-2000 
period. By the year 2000, 40-45Z o~ the U.S. industrial hydrogen requirements 
will he provided by coal gaslf~cat~on thus conservlnE natural gas and light 
hydrocarbon feed stocks equivalent to about 600,000 B/D of crude oil. 

E l e c t r o l y t i c  hydrogen production c o s t s  ~,r£11 be reduced by ~,nproved 
e l e c t r o l y s i s  technology such as the s o l i d  polymer e l e c t r o l y t e  process .  
These improved processes will reduce electrolysis plant investments by a 
factor of 2 or more and reduce electrlcity requirements by about 20Z. Although 
the production cost, £ncludln8 return for electrolytic hydrogen, will conEinue 
to exceed those for reforming and coal gasiflcation, the use of electrolyE£c 
hydrogen will be attractive for many small users when the new technology is 
available in the early 1980's. Electrolyt~c hydrogen now about 0.YZ of total 
U.S. industrial hydrogen requir~ents will probably increase to about 1.2~ 
of the total by the year 2000. 
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EXECUTIVE SUMMARY 

The prtuc£pal  requirements  f o r  i n d u s t r i a l  hydrogen are  f o r  use  
~n petroleum refining, for the manufacture of a~on£a and methanol~ and 
for a wLde variety of small uses includlng chemlcals manufacture, metallurgy, 
welding, etc. Nearly all U.S. indvocrLal hydrogen ~s now manufactured by 
catalytic stea~ reforming of natural gas or some other light hydrocarbon 
feed stock. Some ~ndustrinl h~droEen, particularly in Europe, ~s produced 
by the  p a r t i a l  oxldat:~on of . ~ d .  Outslde the  U . $ . ,  significant amounts 
are  produced by the  Koppers-Totzek coa l  Eas~f~cat£en p r o c e s s ,  Small 
q u a n t £ t l e s  og hydrogen are  produced by e l e c t r o l y s i s  ~n the  U.S.  and i n  many 
o ther  f o r e ~ n  c o u n t r i e s  f o r  smal l  user  hydrogen requirements .  

U.S.  ~ndustrlal hydrogen requirements  expressed  as  the hsac~ng 
v a l u e  o f  r e f i n e r y  hydrogen and the  heat ioS  va lue  o f  the  hydrogen conta ined  
In mumonia and methanol v e r e  0 .58  Quads/year ~n 1975 (0 .58  x 10 ~ B c u / y r ) .  
By 1980 t h e s e  requirements  are  expected  to  be about 0 .78  q~ads /yr ,  and by 
the year  2000 th~s  f~gure  l s  l l k e l y  to be 1 .77  ( ~ a d s / y r  corresponding to  a 
growth race  during the  1980-2000 per iod o f  & . 2 : / y r .  These requirements  are  
smnmarlzed ~n Table S-I. 

In 1975 natura l  gas (or o ther  l ~ g h t  hydrocarbon f eed  s tock)  
required  to  produce t h e s e  U.S.  i n d u s t r i a l  hydrogen requirements  was e q u i v a l e n t  
Co about ~50,000 B/D o f  crude o i l .  By 1980 th£s  requirement w i l l  probably 
i n c r e a s e  to  612,000 B/D. I f  natura l  gas reforming were used to  produce 
a l l  ~ n d u s t r t a l  hydrogen ~n the  year  2000, the  crude o ~ l  equ iva l en t  would be 
about 1 . 4  m i l l i o n  B/D.. Th~s ~ould  correspond t o  6Z o f  the  pro jec ted  crude 
o£1 ~mports ~n 1980 and 1SZ i n  the  year 2000. However, by the  year 2000 
~t is l~kely that coa l  gasification will be used to provide 40-45Z of U.S. 
Industrial hydrogen requirements. Coal requ~renents for hydrogen production 
by gas£f~cat~on ".-111 then be 58 M ST/yr corresponding to &Z of the U.S. 
pro~ected c o a l  consumption f o r  the  year 2000. Assumiu S c o a l  g a s i f ~ c a t ~ o n  
~s used to  th~s  e x t e n t ,  615,000 B/D o£ natura l  gas (crude equ iva l en t )  w i l l  be 
saved i n  the  year 2000; t h i s  sav ing  w i l l  correspond to  7Z of  the  U.S.  gas  
consumption, or 3Z o f  t o t a l  U.S .  crude requi=ements ,  or  6Z o f  pro tec ted  U.S.  
~mports o f  crude o t l ,  ~eed s t o c k  requ/rements  f o r  ~ n d u s t r t a l  hydrogen f o r  
the years 1980 and 2000 are sun~arlzed ~n Table S-2. 

Steam r e f o ~ n g  :Ls now the  most a t t r a c t i v e  p r o c e s s  f o r  manufacturing 
r e f i n e r y  .hydrogen, anmonia and methanol i n  the  U.S .  Al though r e s i d  p a r t i a l  
o x i d a t i o n  i s  used f o r  a smal l  p o r t i o n  o f  r e f i n e r y  hydrogen manufacture i n  ~he 
U.S .  and i s  used more e x t e n s i v e l y  i n  Europe, i t  appears t h a t  t~Ls p r o c e s s  r i l l  
not  be a t t r a c t £ v e  i n  the  U.S.  durLns the  1980-2000  per£od except  £or the  
s p e c i a l  s i t u a t i o n s  ~he~e  res£d s t o c k s  can be obta ined  aC p r i c e s  s u b s t a n t i n l l y  
l e s s  than t h o s e  assmned i n  t b / s  s tudy.  As na tura l  gas  and l i g h t  hydro-  
carbon f eed  s t o c k s  become more e x p e n s i v e  r e l a t £ v e  t o  c o a l ,  i u d u s t z ~ l  hydrogen 
product£ou w l t l  s h i f t  from re£oracLus t o  c o a l  Eas i f£caC~on even though t h e  
inves tments  f o r  coa l  8 a s i f ~ c a t ~ o n  hydrogen p l a n t s  ~111 be more than 2 t~mes 
t h o s e  f o r  steam reform£ns .  By 1982,  product.ton c o s t s  ( i n c l u d i n g  20Z/yr b e f o r e  
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tax return) for  methanol manufacture by refocming and coal  gea i f~ca t ion  
w i l l  be equal ,  and thereagter  c o s t s  by coal  8 a s ~ f i c a t i o n w ~ l l  he lower.  
For ~m~oula the break-even year w£11 bo about 1989. Ref ineryhydrogen  
product ion w i l l  be more a t t r a c t i v e  by reforming throughout the 1980-2000 
period due ~n part  to  very l a r s e  ~ncremental ~nves~m~uts f o r  coa l  gas i fY-  
cat,on and ~n part to the high transportation costs required to deliver 
coal to major U.S. refining centers. The economics for these processes 
and products for the years 1980 and 2000 are smmnarLzed SaT able S-3. 

These economics data assume that an improved coal gas~flcatlon 
process v£11 replace the Koppers-Totzek sy~t~nwh~ch ~snow used 
coumercSally.  This  improved process  has bean e x t e n s i v e l y  developed during 
the past several years, but as yet has not been demonstrated comnerclally. 
This improved proces, v£11 probably provide ~nvest~nents about I0~ lower 
than those for K-T and ~rlll require about 7Z less coal compared to K-T. 
These savlnEs are provided by the use of ~00-500 ps~g pressure on the 
gaslf~catlon reactor compared to azmospher~c pressure used ~n the K-T 
process. It appears that this improved process (hereafter called hey 
coal) ~rill be available for ccmmerclal use by1982-83. 

E l e c t r o l y s i s  i s  no~ used to  p r o v i d e  0 ,00~  Quad/yr o f  i u d u s t r £ a l  
hydrogen ~n t h e  U.S.  Th~8 ~s e q u i v a l e n t  t o  about  0.7Z of  t h e  t o t a l  
i u d u s t r ~ a !  hydrogen produced i ~  t h e  U.S .  or  17Z o f  t h e  "smal l  user"  hydrogen 
c a t e g o r y .  The remainder o f  the  ~ a l l  u s e r  hydrogen marke t  ~s prov ided  by 
on s i t e  manufacture  i n  smal l  re formers  or  from l a r g e  re formers  through  
over  t h e  f e n c e  d e l i v e r i e s  by p~pe l~ne ,  or  b y t r u c k d e l i v e r y £ n  pres sure  
c y l i n d e r s  or  as  a l~qu~d.  The ~ncreased  c o s t  and d i f f i c u l t y  o f  obta~n£ng 
l i g h t  hydrocarbon f eed  s t o c k s  f o r  r e f o r ~ n g  w i l l  i n c r e a s e  t h e  economic 
incentive for using electrolysis. By the year 2000 electrolysis is expected 
to provide 25Z of the s~a11 user hydrogen market or 0.02 Quad/yr. This 
will then be about 1.2~ of the ~otal U.S. industrial hydrogen requlrements. 
The small user hydrogen requirements and production processes are sumnarized 
in Table S-4. 

Electrolytic hydrogen production costs are very high compared to 
those for reforming in large plants. Ho~ever, for the small user, production 
costs ~n small capacity reformers may be e~en greater than by electrolysis. 
Procuring hydrogen by purchase from a nearby reformer by p~pel~ne or truck 
delivery may therefore be the optimum procedure for many small users. 

Investments for electrolysis plants ar~ now about $500-750/kw of 
hydrogen product over a broad range of plant capacity (19805). Production 
costs includlng 20Z/yr before tax return are about $21/MBtu of hydrogen 
assum/ng electricity can he obtained at 2.7¢/kwhr. Development work 
currently in progress employ~ug a solid polymer electrolyte (SPE) is likely 
to lower the investment to $200/k~ and production cost to about $13/MBCu. 
If off-peak electricity could be obtained for say i0 hours per day at 
1.0¢/kwhr, the production cost 'vould be about $11/MBtu but the hydrogen 
product would be produced intermittently. The corresponding cost for produclng 
hydrogen in large reformers (100 MSC~/SD) is $6.12/MBtu. Electrolysls 
economics data are sun~nar~zed ~n Table S-5. 
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An ~mpottaut  economic d i f S i c u l t y  i n  produc iu~  e l e c ~ r o l y t i c  
hydrogen i~ t h a t  the efficiency of c~nvertlng primary fuel (coal, oll or 
nuclear energy) to electrolytic hydrogen is very low compared to that for 
convortlng these feed s~ocks to  hydrogen by reforming or coal gasification. 
The thermal efficiency for converting coal, nuclear or oll fuels to elec- 
tricity is about 35~ add that for convertlnE electricity to electrolytic 
hydrogen may be 90Z for the new electrolysis processes. The overall 
efficiency of converting coal (or nuclear fuel or oil) to electrolytlc 
hydrogen is, therefore, abou~ 32~. The correspom'~inE thermal efficiency 
for converting natural gas ~o hydrogen by reforming is 70~ and for converting 
coal to hydrogen hy the K-T process is 61Z and by the new coal gasification 
process is 66~. Electrolysis involves this low overall thermal efficiency 
and chert is no foreseeable way to reduce this large conversion loss. 
Electrolysis therefore requires essentially tvlce as much primary energy 
as reforming or coal gasification. However, electrolysis provides the only 
available pr6cedure for convertln~ hydro or nuclear energy to a gaseous fuel. 

The economic v a l u e s  deve loped  i n  t h i s  s t u d y  are  based on t h e  
e s t imated  c o s t  o f  p r o c e s s  p l a n t s  c o n s t r u c t e d  f o r  s t a r t u p  £n 1980 expres sed  i n  
19805.  I t  was assumed t h a t  c o n s t r u c t i o n  c o s t s ,  c o a l ,  e l e c t r ~ I t y ,  c h e m i c a l s ,  
c a t a l y s t ,  and o p e r a t i n g  l a b o r  would e s c a l a t e  dur£nE the  1980-2000  p e r i o d  a~ 
5~/yr, the assumed general inflation rate. Thus, all these costs are assumed 
to remain const~nt during th~s 20 year period when expressed in 19805. Costs 
of natural gas and resid feed stocks were assumed to escalate a~ 6.5~/year 
due to  decreasing supplies of these petroleum feed stocks and the probability 
that the cost of imported hydrocarbons will increase in step with the world 
inflation rate which will be somewhat greater than that for the ~.S. The 
prices assumed for coal, natural gas, resid and electricity are summarized in 
Table 2.02~ page 51. 

Throughout t h e s e  economic s t u d i e s ,  the  c o s t  co~par~son~ o f  one 
p r o d u c t i o n  s y s t e ~  v e r s u s  another  were c a l c u l a t e d  to  show the  e f f e c t  o f  
s e v e r a l  s e n s ~ t i t i v i t i e s .  These c a l c u l a t i o n s  i n d i c a t e  t h a t  a r e a s o n a b l e  change 
i n  t h e s e  v a r i a b l e s  v £ ~  not  change t h e  b a s i c  c o n c l u s i o n s  t h a t  were deve loped  
f o r  t h e  most l i k e l y  (base)  c a s e .  t h e  f o l l o ~ u ~  f a c t o r s  were s t u d i e d  i n  t h e s e  
sensitivity calculations: 

• H i g h e r  f e e d  s t o c k  c o s t s  
• Lower f e e d  s t o c k  c o s t s  
• 10Z i n c r e a s e  i n  i n v e s t m e n t  
• C o n s t r u c t i o n  costs e s c a l a t e  1Z/yr a b o v e  g e n e r a l  ~ n f l a t i o n  
• C o n s t r u c t i o n  c o s t s  e s c a l a t e  1 X / y r  b e l o w  g e n e r a l  i n f l a t i o n  
• C o a l  p r i c e s  e s c a l a t e  l Z / y r  a b o v e  g e n e r a l  i n f l a t i o n  
• C o a l  p r i c e s  e s c a l a t e  l Z / y r  b e l o w  g e n e r a l  i n f l a t / o n  
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TABLE S-I 

U'S" I n d u s c r l a l H y d r o g e n  Requlre~ent s  

Growth 
Rate 

1980 2000 ~ 
Ref inery  hydrogen,  MSCF/CD 1780 4725 5.0 

Annnon~a, MST/yr 21.3 41.8 3.4 

Methanol, MST/yr 5.3 15.3 5.4 

Sm~ll user hydrogen, MSCF/CD 2 6 1  70.__~0 5.0 

Total, Quads/yr of H 2 0.78 1.77 4.2 

TABLE S-2 

Hydrocarbon and Coal Feed Stocks  for  U.S .  
_ _ _ I n d u s t r i a l  Hydrogen P r o d u c t i o n  

Natural gas required if all U.S. 
industrial hydrogen were produced 
by reforming, E3/D crude equivalent 

Natural gas saved by coal Easlflcatlon, 
KB/D crude eq~Lvalent 

Coal r e q u i r e d  f o r  gas : i f i ca t io@,  
MST/yr 

1980 

613 

2000 

1401 

615 
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TABLE S-3 

E~onomlcs for Industrial Hydrosen Product£on 

1980 $ 

Znvesr~entv. $ M1111ons ~1980-2000) 

Refinery hydrogen, i00 MSCF/SD planes 
Ammonla• 2000 ST/SD plants 
Methanolm 2000 ST/SD plants 

Natural Res Id Nev 
G a s  Partial Coal 

Reformlng Oxidation Gasif£catlon 

63 159 200 
181 281 362 
135 231 310 

Productlon Cost Includln8 20~lyr 
Before TaxRetu~n 

Reflnery hydrosen , $/MBtu 1980 
" " " 2000 

Ammonia, S/ST 1980 
" " 2000 D 

Methanol, S/ST 1980 
" " 2000 

6.12 8 .14  8.17 
7.54 9 .19  8 .17 

210 248 227 
248 283 227 

195 221 198 
236 255 198 

r 
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TABLE s-4.. 

,U. S. Small User Hydrogen Requirements 

.,, B tq /yr  x 1012 

1975 1980 2000 

Suppl£ed by e l e c t r o l y s i s  
" by reforminE 
" by h e .  c o a l  8as l f~cac~ou  

Tota l  

4 4 21 
20 27 41 

24 31 83 

Ec0non~cs o f . . E l e c ~ r o l y t i c  HydroRen..Manu£accure 

1980 $ 

Hours per year o p e r a t i o n  

Investment ,  $ per 7920 kwhr 
per year hydrogen product 

Producnion Cosu, $/MB~u 
E l e c t r i c ~ t y  @ 2.7¢/kwhr 

" @ 1.O¢/k~hr 
Natural  Eas @ $3.15/MB~u 
Other o p e r a t i n g  costs 
Capita l  charges  inc .  re turn  

T o t a l  

E Z e c t r o l y s l s  

Current  $PE S P ~  

7920 7920 3300 

750 206 494 

10 .44  10 .19  - 
- - 3 .77  

~.19  0 .38  0 .80  
9 . 3 6  2 .65  6 .08  

20.99 13 .22  10 .65  

SCea~ 
Reforming 

7920 

148 

4 .09  
0 .31  
1 .72  

6 .12  
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RECOMMENDATIONS 

Reducing  the  f u t u r e  consumption  o f  n a t u r a l  gas  a n d / o r  l i g h t  
hydrocarbon feed stocks for the manufacture of industrial hydrogen can 
best be achieved during the 1980-2000 period by employln 8 coal gaslfl- 
c~tlon to replace steam reform~nE ~n --,-onla and methanol manufacture. 
Processes such as the thermal disassociation of ~ater using nuclear enerEy 
and the catalytic photolys~s o£ water are at an early stage of development 
and probably will not he available for commercial use before the end of 
this century. 

The pressurized coal gaslf~catlon process is in an advanced 
staEe of development, and this process appears to offer attractive 
advantages over current K-T technology. Although the pressurized gaslfl- 
cation process has been studied extensively in pilot plants i~ must he 
demonstrated in a full scale plant to assure that commercial use is 
feasible. Several other coal gas£f~catlon processes (such as s~eam/iron) 
are also being developed. 

To assure that an improved coal gaslf~cat~on process is available 
for commercial use at an early date, ~he pressurized coal gas~flcatlon 
process for hydrogen manufacture should be demonstrated as soon as possible. 
Such a demonstration may be in the planning stage at present and may be 
conducted ~thout delay. However, if such a demonstration is no~ being 
planned, ERDA should consider a program of cost-sharln~ ~Ith industry to 
assure that the demonstration is conducted without delay. 

I t  i s  beyond t h e  scope  of  t h i s  s t u d y  to  de termine  t h e  s t a t u s  
o f  the  s e v e r a l  c o a l  8 a s S f ~ c a t i o n  p r o c e s s e s  t h a t  are  l i k e l y  c a n d i d a t e s  f o r  
t h e  d e m o n s t r a t i o n  program. Organ~zat ions  t h a t  may be i n v o l v e d  i n  p l a n n i n g  
such  a d e m o n s t r a t i o n  are  Texaco,  S h e l l ,  Koppers,  ICT and p o s s i b l y  o t h e r s .  
In  June,  1976 ERDA p u b l i s h e d  a Program Oppor tun / ty  N o t i c e ,  PON-FE-6 f o r  a 
commercial  p l a n t  to  produce hydrogen by c o a l  8 a s ~ f i c a t £ o n .  

ERDA i s  s u p p o r t i n g  t h e  development o f  improved e l e c t r o l T z e r s ,  
i n c l u d i n g  t h e  s o l i d  polymer e l e c t r o l y t e  p r o c e s s .  Al though e l e c t r o l y s i s  
~r i l l  probab ly  no t  be a t t r a c t i v e  f o r  the  p r o d u c t i o n  o f  r e f i n e r y  hydrogen ,  
ammonia or  m e t h a n o l ,  i t  w i l l  g r a d u a l l y  become more a t t r a c t i v e  as  a s u p p l y  
s o u r c e  f o r  sma l l  u ser  hydrogen r e q u i r e m e n t s .  A l s o ,  s e v e r a l  new u s e s  are  
l i k e l y  to  p r o v i d e  a t t r a c t i v e  o p p o r t u n i t i e s  f o r  the  u s e  o f  an improved 
e l e c t r o l y s i s  p r o c e s s  capable  o f  r e d u c i n g  invest~nents  and i n c r e a s i n g  thermal  
e f f i c i e n c ~ e s .  These  new u s e s  i n c l u d e  t h e  c o n v e r s i o n  o f  o f f - p e a k  hydro and 
n u c l e a r  produced e l e c t r i c i t y  t o  hydrogen;  t h e  c o n v e r s i o n  o f  remote hydro 
pover  to  hydrogen f o r  ammonia manufacture  a t  s i t e s  t o o  f a r  from p o p u l a t i o n  
c e n t e r s  to  permit  economic d e l i v e r y  o f  e l e c t r ~ c i t y ;  and t h e  c o n v e r s i o n  o f  
ocean  thermal  energy  to  e l e c t r o l y t i c  hydrogen and /or  ammonia. ERDA shou ld  
c o n t i n u e  t o  support  the  development o f  improved e l e c t r o l y s i s  p r o c e s s e s ~ . - . .  
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INTRODUCTION ~ " 

Hydrogen has b e e n v £ d e l y  cons idered  as  an energy c a r r i e r  because '  
i t  can be produced from n u c l e a r ,  hydro or s o l a r  energy and thus reduce the  
consumption o f  f o s s i l  f u e l s .  The hydrogen energy s y s t m n h a s  bean d i s c u s s e d  
~vmany groups (References  I - 6 ) .  I t  has  been sugges ted  that  ~u the  near 
term hyd~oganmanufacture  should employ c o a l  or li&~L~te as  a means o f  
conserv ing  natura l  gas or  petroleum feed  s t o c k s .  L o ~ B t u  c o a l  d e p o s i t s  ~n 
r e m o t e  l o c ~ t ~ o n s  m~sht b e  c o n v e r t e d  t o  s u b s t l t u c e  n a t u r a l  g a s  ( S N G )  o r  
hydrogen and the  gas could  be transported  t o  d i s t a n t  popu la t ion  c e n t e r s  by 
p l p e l ~ n e .  In the  l o n g e r  t e m  s o l a r  or nuc lear  energy re sources  ~ h t  be 
used t o  r e p l a c e  f o s s ~ l  £ u e l s  n o - u s e d  for  I n d u s t r i a l  hydrogen product ion .  
These concepts  are o f  c o n s i d e r a b l e  i n t e r e s t  to  ERDA because  of  the a d ~ n ~ s -  
t r a t l o n * s  responslb~.1~ty of  prov id ing  RD and D progrmns d ~ e c t e d  to  reduc lns  
the  consumption o f  na tura l  gas and petroleum.  

Today l a r g e  q u a n t i t i e s  o f  ~ n d u s c r ~  hydrogen are used i n  petroleum 
re f ln~n~;  f o r  t h e ~ a n u f a c t u r e  o f  an~onLa, methanol ,  and other  c h e ~ c a l s ;  and 
f o r  many ~na1~vo lmne  uses  such as v e g e t a b l e  o i l  hydrogenat ion ,  meta l s  
p r o c e s s i n g ,  e t c .  In t h e  U.S.  a~nost  a l l  o f  the hydrogen f o r  t h e s e  ~ndustr~al  
u s e s  i s  curren~lynmnu~actured by steam reforming o f  a l i g h t  hydrocarbon such 
as  natura l  gas or the  part~a~ o x i d a t i o n  o f  a heavy petroleum feed  s t o c k .  
H o ~ e v ~ ,  sma~l q u a n t i t i e s  o f  hydrogen are produced by water  e l e c t r o l y s i s .  

In t h i s  study publ i shed  i u ~ o r ~ a t i o n  has been used: 

t o  p r e d i c t  the  q u a n t i t i e s  o f  hydrogen t h a t  ~ 1 1  be needed ~n 
the U.S.  during the  1980-2000 period f o r  t h e s e  current  i n d u s -  
t r i a l  u s e s ;  

e t o  d e e e ~ u e  the  most  ecouos tc  method o f  h y d r o g e n ~ a n u f a c t u r e  
during th~s  per iod ;  

e Co p r e d i c t  the  quane i t~e s  o f  hydrogen t h a t  are  l ~ k e l y  to  be 
made by the  var ious  pro~esses  a s s u ~ t n g n e v f a c ~ l l t ~ e s  ~ u s t a l l e d  
during t h i s  per iod  are  s e l e c t e d  on the  b a s i s  o f  t h e l r  manu- 
f a c t u r l n ~  c o s t s  i n c l u d i n g  return;  and 

O to  i d e n t i f y  t echno logy  developments that  could  have a s l g n £ -  
f i c a n t  ~ p a c t  i n  reducing the  consumption o f  natura l  gas and 
petroleum for  hydrogen manufacture d~t lng  t h i s  p e r i o d .  

F~om t h i s  ~ r k  s ~ e s t i o n ~  have been made re~ardin8 pro~ams  that  
ERDA could sponsor as a means o f  a c c e l e r a t i n g  the  use  o f  c o a l  f o r  =mnu- 
gaetur iug  i u d u s t ~ a l  hydrogen d u r ~  the  1980-2000 per iod  thereby reducing 
the  consumption o f  na tura l  gas and l i q u i d  p e t r o l e u ~  f e e d  s t o c k s .  
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ABBREVZA~TT ONS/DEF~, ~ONS / C ~ ZON FACTOR S 

bbl = 
B C U  m 

H e a r i n g  Value - 

M 
k 

gal - 
resld - 

CD- 
SD = 

SCF - 

ton or ST ~ 

p e t r o l e u m  b a r r e l ,  4 2 - U . S .  g a l l o n s  
B r £ C ~ s h  t h e r m a l  un£C,  252  g ¢ a l  
heaC o f  c o m b u s c l o n  ( g r o s s )  
2 3 8 6 0  BCullb f o r  methane 
61100 BCu/Ib for hydrogen 
4345 Bcu/ib for carbon monoxide 
p o u n d ,  454 grams 
mill~ona (106~ 
thousands (i0 #) 
U.S. gallon, 3.785 liters 
petroleum residuum 
calendar days 
stream days 
standard cub£c feet (60°F, 1.0 arm) 
1.0 U.S. con, 2000 pounds, 908000 grams 

1 . 0  b b l  c r u d e  o i l  "" 
1.0 " resld fuel oil 
1.0 " gasoline o r  " 

naphtha 

1.0 Quad = 1.0 x 1015 3=u 

5.56 x i0~ 6 B~u Gross 
6.37 x i0" 
4.80 x 106 " " 

1.0 k~hr = 3415 B t u  

= 1015 1.0 M~ID crude o11 2.0294 x Btulyear 
• ... 

Hydrogen - 2.016 molecula'r ~e£gh~ 
= 61100 B~u/Ib gross heat of combustion 

322 Btu/scf " " " " 

Methanol = 6.63 ibs/gal 
= 9760 B~llb gross hea= of com~us~-%on 
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Length 

Area 

~l~e 

E n g l i s h  M e t : t i c  
. U, ,4e~ _ ~ u ' f . v " 1 e n t :  

i u  2 . 5 4  cm 
£ c  0 . 3 0 5  -, 

i n ~  6 . 4 5  cm 2 
£C- 0.0930 m 2 

in 3 16.39 cm 3 
ft 3 28.32 1 

US 8 "I 3 . 7 8 5  1 

Mass oz 28.35 8 
Ib 453.6 g 
Con (shore) 907.2 ks 

Pressure 1b/In 2 6.89 kN/m 2 
~c ~20 (60°F) 3.38 ~ ! = "  

Temperature e~, 1.8 cat) + 3 2  
°R 1.8"K 

B ~  1.055 ~3 
cal 4.186 J 

Bcu/s 1 . 0 5 5  ! ~  
EP 0.746 k'w 
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I. FUTURE U. S-REQULREMENTS FOR_ INDUSTRIAL HYDROGEN 

I n d u s t r i a l  hydrogen ~s c u r r e n t l y  used f o r  petroleum r e f ~ n i n g ,  
for the manufacture of ammouia a~. methanol and for dozens, possibly 
huudreds~ of other uses £nclud~ng chemical synthes~s (chemicals o~her 
than an~on~a and methanol), metallurgy, seml-conductor manufacture, 
vegetable o~i hydrogenat~on~ etc. Present U. S. consumption of hydrogen 
for these uses has been estimated ro the year 2000. 

~n a d d i t i o n  t o  t h e  c u r r e n t  r e q u i r e m e n t s ,  new u s e s  f o r  h y d r o g e n  
w i l l  develop 'In the fu ture  for  s y n t h e t i c  f u e l s  manufacture, ~ron ore 
d~rect  reduct~on~ and p o s s i b l y  as automotive and a~rcraf t  f u e l s .  These 
n e ~  u s e s  h a v e  no_..~ b e e n  ~ n c l u d e d  i n  t h e  e s t i m a t e s  o f  f u t u r e  r e q u i r e m e n t s  
p r e p a r e d  ~n ~h~s  s t u d y .  

Table 1 . 0 1  summarizes the f u t u r e  reqtutrements to the year 2000. 
Current requ~reme.~a are about 0 .58  Quad/yr~ by the year 2000 requirements  
are  es t imated  t o  be 1 .77 Quad/year, an annual growth rate  o f  about 4 . 5 ~ .  

N e a r l y  a l l  i n d u s C r ~ a l  h y d r o g e n  £0 c u r r e n t l y  m a n u f a c t u r e d  £n t h e  
U. S. using catalytic steam tarot=In8 of natural gas or some other l~gh= 
hydrocarbon feed stock. Table 1.01 also shows the natural gas required 
to produce all current and future U. S. indus~rlal hydrogen requirements 
assuming all th£s hydrogen ~s made by steam reforminE. The natural gas 
feed stock ~s expressed as crude oll equlva~ent. Currently (1975) the 
natural gas requirement ~s equivalent to 651 thousand B/D of crude. If 
all the industrial hydrogen required ~n the year 2000 were produced by 
reforming the light hydrocarbon feed stock would be equivalent to I.~ 
mill~on B/D of crude o~I. However, as w~ll he explained £n later sections, 
coal gasification is l~kely to be used after 1985 for some of this ~ndustrlal 
hydrogen production thereby sav~ng natural gas or other hydrocarbon feed 
stocks o 

F u t u r e  i n d u s t r ~ u a l  h y d r o g e n  r e q u i r e m e n t s  w e r e  e s t i m a ~ e d  by  t h e  
J e t  Propuls ion Laboratory i n  1975 (Reference 2 ) .  Table 1.02 compares the 
JPL estimates with those prepared in chls study. The two esr/mate.~ agree 
reasonably well for the hydrogen required for petroleum ref£n~nE; however, 
the JPL esLimates are substan~/ally h~Eher than those from ~/~s study for 
the other hydrogen requ/rements. 

Hydrogen for Petr01eum Ref~n~n~ 
,° 

The quantity of hydrogen required for petroleum refining depends 
on the quanLi~y of crude o~l processed ~n U. S. refineries, the qual£~y 
of the etudes processed, the uype of processing used and the product slate 
required. 

Future crude oll requirements have been prepared by several 
groups (References 7p 8p 9m and i0). The estlma~es prepared by Exxon Co. 
USA (Reference 9) and Texaco, Inc. (Reference i0) have been used as the 
bas~s of the data developed In ~h£s s~udy. 
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Future U. S .  energy requirements  ~o the year  2000 are sho~m i n  
Table 1 . 0 3 .  Tota l  U. S. energy consumptioz~ increased  by about 4 . 0 ~ / y e a r  
during the 1960-73 period. F~ture ScorCh farms ~II be less than this 
because of  the h igher  current  and f u t u r e  pc:Lees o f  e~e~rgy products a ~1 
the result i~l~ conservation and eff¢clency i~provemen~ measures. These 
projected growth rates are as follows: 

1974-80 - 2.1~/yr. 
1980-90 - 2.8Z/yr. 
1990-2000 - 2.1~/yr. 

Nuclear energy ~ii be the most rapidly 8cow~ns segment in the 
future. Zc will grow from i. 2 quad/yr. ~= 1974 to 3~.5 nuad/yr in the 
year 2000~ an avc3a~e ~row~h race ove¢ ch~s period of about 14Z/yr. 

Natural gas supplies from various domestic and foreign sources 
were 23.5 ~md/yr in 1974 and are expected to decrease to 19.2 ~uad/yr in 
1980. Gas requirements will remain about constant during the period 
1980-2000 and are esr_~naued to be 18.1 (~ad/yr in the year 2000. 

Coal provided l&.8 ~uad/year or 19~ of the total U. S, energy 
requirements in 197~. Coal consumpr/on is expected to increase to 18.2 
~ad/year in 1980 a~d to 32.1 ~d/year by the year 2000; it will then 
provide 231 of the total energy requirements. 

Table 1.03 also shows forecasts of projected ~. S. requlrements 
for oil. Liquid pe=roleum will remain the leadlug source of e~erEy fo~ 
the U. S. throughout this period. This component ~IIi increase from 3~ 
Quad/year £n 1974 to 41.3 ~uad/year in 1980 and 50.3 Quad/year by the yea~ 
2000. However, oil's share of the total energy supply w111 decrease from 
~4~ in 1974 to 36~ in the year 2000. 

Table 1.0~ shows projected U. S. supplies of llqu£~ petroleum 
and syn~hetle etudes. U. S. crude oll produc~.ton has decreased sl~ghtly 
since 1970 and thls trend is expected to con~Lnue until about !980. At 
thls time crude production from the Alaskan North Slope ~rlll begin to 
increase overall U. S, produce.ton. By the late 1980's crude production 
should aEaln reach the levels achleved In the early 1970's assuming 
additional reserves are discovered as expected. Over half of the U. S. 
crude production in 1990 must come from as yet undiscovered reserves. 
Energy supplied by crude oil w~ll reach i~s peak about 1990. Thereafter 
i~ avallahili~y is expected to decrease in the U. S. and ~n the ~orld as 
a whole. 

Syncher /e  exudes produced from s h a l e s  a=l  c o a l  are  expected  to  
be o f  1 1 t ~ ! e  s tEn i f£cance  p~ ior  to  about 1990.  In tha t  year  syntheni¢  
crude product ion  should be about 0 .7  m i l l / o n  B/D or 31 o f  the  t o t a l  U. S.  
l i q u i d  p e ~ r o l e t ~  supply .  T h e r e a f t e r  s y n t h e t i c  l i q u / d  product ion  should 
i n c r e a s e  r a p i d l y  t o  a b o u t  3 . 0  m t l l £ o n  B/D o r  13Z o f  t h e  U.  S .  l~qu~d s u p p l y  
by  t h e  y e a r  2000 .  Bzyond t h e  y e a r  2000  s y n t h e t i c  c r u ~ e  w i l l  i n c r e a s e  
s ~ g n i f i c a n t l y  as crude o i l  ~ e s e r v e s  are  d e p l e t e d .  
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The d i f f e r e n c e  bel~ween U. S .  l i q u i d  pel:roleum demand and U. S.  
crude product ion  w i l l  be provided by imported crude and produc~s .  These 
da~a a : e  a l s o  shown i n  Table 1 . 0 ~ .  By 1980 Imported crude and produc~s 
w i l l  be aboue 10.7  ~ l l i o n  B/D or  ~1 .3~  o f  ehe ~o~al supply .  Imporcs 
w i l l  grow Co 1 2 . 5  m i l l i o n  B/D (49 .9Z o f  uoua l )  by 1990 and v l l l  nhen 
s~are ~o decline reaching ii.0 million B/D (50.3~ of ~oeal) by ~he year 
2000. 

Xn recen~ y e a r s ,  ~he use o f  hydrogen has become i n c r e a s i n g l y  
more impor~an~ i n  penroleum r e f i n i n g  mainly because  crude s u p p l i e s  have 
become "heavier and o f  h igher  s u l f u r  con~enn, and ~he economic need co 
reduce resld fuel oil yields. In addi~/on, s~ringent environmental 
rescrlc~ions requ~rln8 lower sulfur con~enu products have accelerated the 
use of hydrogen processlng. 

Hydrogen is used princlpally for ~he hydrodesulfurlzaclon of 
petroleum sEreams and also for hydrocrack/ng of heavy hydrocarbons, a 
process ~ha~ produces high quali~y gasollne components by ~he cracking of 
heavy oils in the presence of hydrogen. Until recent years, most hydrogen 
consumption'has been for the desulfurlza~ion of ligh~ dis~illa~e s~reams 
(650°F-). Tn general, ~hese processes require li~le hydrogen ranging from 
abou~ 10-20 SCF/B for llghc naphthas up Uo 100-200 SCF/B for ~e heavier 
disEilla~es. Hydrogen demand for these pracesses has in ~he p&~c, and 
•rlll in ~he fuEure, be provided by the hydrogen produced in caUtlyt-~c 
reformers ~ha~ are used ~o increase the octane number of motor gasoline. 
Hydrogen, a by-product from ~hese reformers, is cyplcally of 70-80~ 
puri~y bu~ ~s sat/sfac~ory for desulfurizing dis~illace stocks. 

The development of hydrocrack~n 8 processes, heavy gas oll de- 
sulfurizatlon, and residuum desulfuriza~on hroughE in refln~ng processes 
requiring large volumes of high puri~y hydrogen (95Z+). Hydrogen con- 
sump~Lon for these processes ranges from approxlma~ely 300 SCF/B for l~ght 
gas oil desulfurlza~ion to 3000 SCF/B for severe hydrocrack~ng. Because 
of ~helr h~gh hydrogen consumption and ~helr requiremen~ for high puri~y 
hydrogen, hydrocrackers and heavy oil desulfurizat~Lon processes are 
usually insEalled with their own hydrogen generation facilities. The 
hydrogen is produced by either s~eam reforming of natural gas or some 
o~her I/ghU hydrocarbon or parEial oxldaulon of resld, although most of 
this hydrogen is produced in s~eam reformers. 

Future hydrogen requ/remencs were escImaced assum~n 8 Lydrogen 
requ/red for hydrocrack~ng, 8as oll desulfurlzaLion, and residuum desul- 
furiza~ion would be specifically manufactured for ~hese processes and 
~ha~ all hydrogen produced by ca~aly~[c reforming for octane improvemen~ 
is consumed By dis~illa~e reforming and other miscellaneous consumers 
and would not be replaced by hydrogen generated from non-petroleum 
sources. 

Projected crude runs, product slates, and processln E requ/rements 
were estimated ~hrough ~he year 2000. These dare are shorn in Tables 1.04 
and 1.05. Between 1977 and 2000 there is a marked increase in residuum 
processing requirements due to an overall increase in crude runs, a de- 
clining market for heavy fuel oils, and also from some "heav~-ng up" of ~he 
crude s l a t e .  
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Two 'alternative processing rou~es are available for processln~ 
residuum and the choice has slgD/flcant effects on refinery hydrogen re- 
quirements. Residuum processes can be ch~racterlzed as either carbon 
removal processes~ e.g. cok/ng, or hydrogen addition processes, ~.e. 
hydrocracklng. The hydrocrack£ng alternative obv~ousl 7 requires much 
greater quantleles of refinery hydrogen (Reference 21). 

The choice between these ~wo al~ernatlve processing me~hods 
depends on specific ecotone factors, and such an evaluation of the alter- 
na#/ves is beyond the scope of th~s seedy. The estimated proeesslnE re- 
qu/rements developed in this study assumed cok/ng as the most economical 
residuum conversion process. The reasons for this choice are d~scussed 
in Reference 21. This v111, of course, give lower hydrogen requirements 
than would be required if extens£ve hydrocrack~ng were utilized. As a 
sensitivity, an additional case was est£maned for ehe year 2000 in which 
hydrocrack/ng was used instead of eoklng to provide ~he required product 
slate. This case is also shown on Table 1.05 and would result in the 
maximum antlc~pated hydrogen demand. 

Future hydrogen requirements  were es t imated  from the p r o c e s s i n g  
requirements  shown on Table 1 .05 by u s i n g  t y p i c a l  hydrogen consumption 
f~Eures f o r  the var ious  p r o c e s s e s  g iven  i n  Table 1 . 0 6 .  The hydrogen 
consumption f~gures allow for ~heoretical hydrogen consumption and ~ypically 
20~ additional for hydrogen purge requdred to malnta£n a hlgh hydrogen 
purity in ~he process. If the hydrogen is produced by s~.eam reforming, the 
purge can efficiently be used as p~rt of ~he feed s~ream to the reformer. 
If hydrogen is provided from external sources, the purge would be burned 
as ~ef~nery fuel. 

Table 1 .07  l i s ~ s  the e s t imated  r e f i n e r y  hydrogen requirements  
~hrough ~he year 2000 and ~he crude o i l  e q u i v a l e n t . o f  the natura l  gas 
feed  required to  produce ~his  hydrogen by steam reforming .  ~ n i l e  l i q u i d  
petroleum feed  s~ock ~s u s u a l l y  no~ used as feed or f u e l  i n  hydrogen 
manufacture, reduClnE hydrogen produc#/on would release an equ~valen~ 
amoun~ of refinery, fuel gas or naphtha for alternative use ~n ~he refinery 
and this would resul~ in a reduction in crude requlremenEs. The study 
shows refinery hydrogen consumption increasing from 0.17 Quad/year in 
1977 ~o 0.56 Quad/year in 2000, ~f the cok~ug processing sequence is 
ut~l~zed. ~f hydrocrack~ng is utilized for residuum conversion, the 
hydrogen required by 2000 would be 1.5 quad/year. 

The hydrogen requirement o f  0 .17  ~uad/year es t imated  f o r  the 
year 1977 agrees  w e l l  ~rl~h publ i shed  enformat¢on on hydrogen produc£ng 
capac i ty  i n  U. S.  r e £ ~ u e r l e s .  As o f  January 1976,  the  U. S.  c a p a c i t y  
t o t a l e d  0 .16  Quad/year xrlch most o f  t h i s  b e / n  8 suppl ied  by steam reforming 
o f  methane. Table 1 .14  l ~ s t s  e x i s t i n g  O. S .  r e f i n e r y  hydrogen p l a n t s .  

I f  a l l  o f  the hydrogen required  f o r  p r o c e s s i n g  heavy o i l s  were 
suppl ied  from non-petroleum s o u r c e s ,  r / ~ s  would reduce crude imports  i n  
uhe year 2000 by 394,000 B/D assuming eok/nE i s  employed f o r  ~eseduum 
p r o c e s s i n g .  I f  hydrogen ~rear /ng  were employed, crude imports  could  be 
reduced by 1 ,161 ,000  B/D. These q u a n t l t £ e s  o f  crude correspond ~o 4 - i i ~  
o f  ~he p r o j e c t e d  crude ~mpor~s i n  ~he year  2000. Ho~ever, t h i s  does  no~ 
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suggest that substitution of non-petroleum hydrogen for petroleum produced 
hydrogen is economically attractive. The economlcs of hydrogen production 
are discussed in Section 3. Non-petroleum sources of hydrogen dos though, 
offer pocencial~eans of reduc/n8 ~nported crude ~f hydrogen can be pro- 
duced e c o n o m i c a l l y .  

The p r o d u c t i o n  c o s t  o f  h y d r o g e n  by  c o a l  g a s l f ~ c a ~ o n  I s  d i s c u s s e d  
~v Section 3. Since the cost varies substanti~!ly from one geographlca~ 
area to another, the refinery hydrogen requ/rements in various geographical 
areas are needed to determine the quantities of refinery hydrogen that 
possibly could be produced by coal gasification. The data in Table 1.08 
show the pro~ected crude runs in these four geographical areas; Eas~ 
Coast, Midcontlnent~ Gulf Coast and ~he ~eGt Coast and Mountain areas. 
This table also shows the hydrogen requ/rements per barrel of crude for 
each area based on the anticipated quality of crude for each area. The 
table then sho~r~ the hydrogen requirements for each of the four geographical 
areas. ~n the year 2000, about 12~ of the refinery hydrogen~lll be 
needed at East Coast =eflner~es, 26~ a~Midcoutinent refineries, ~2Z at 
Gulf Coast refineries| and 22Z at the refineries on the West Coast and in 
the Moun~aln area. 

Ammonia Requirements 

Table 1.09 presents estimates of U. S. a-,~oD/a requirements for 
the period 1970-2000. These data have been prepared by them Systems ~nc. 
and are from Reference iI, page I01. The hy,4rogen requirements are the 
stolchlometrlc quanti~y of hydrogen C17.8 wt~) contained In ammonia. 

Essentially all, if no~ all, of the c~Trent U. S. ammonia capacity 
employs ca~alytlc steam reforming of natural gas as the hydrogen manu- 
facturing process. The natural gas required for feed stock plus fuel for 
the manufacture of these quan~/~/es of ammonia are shown. These natural 
gas requirements have been converted to crude oll equivalent using the gross 
heat of combustion for both fuels. 

These  e s t i m a t e s  o f  f u t u r e  a~monla r e q u i r e m e n t s  a r e  s i ~ L l a r  t o  
t h o s e  made i n  u n r e l a t ~ i ,  Independene  s t u d i e s .  Growth r a t e s  f o r  t h e  
1 9 7 0 - 8 0  and 1 9 8 0 - 2 0 0 0  p e r i o d s  a r e  a l s o  shown I n  Tab le  1 . 0 9  f o r  e a c h  o f  t h e  
ma/n ammonia c o n s u m p t i o n  s e c t o r s .  

About 75~ of the t o ~  ammonia production was used for fertl- 
llzer in 1970. This sector ~s estimated to grow a ~ . 2.9~/yea~ during the 
1980-2000 period. The other sectors ~r111 have grow~ rates in the range of 
5.4Z/year (explosives) and 3.5~/year ~.all other uses). Overall, the growth 
rate ~rlll be 3.~Z/year du~Ing the period. 

-. 

0. S. ammonia plan~s are listed ~n Table 1.15 hy owner, location, 
and 1976 capacity. The new plants which have been announced have been 
added to show capacity in 1980. However, the 1980 capacity has not been 
adjusted for ~he shut down of old, obsolete plants since such shutdowns 
are seldom announced prior to the date of actual shut~own. 

Ammonia plants bu~l¢ outslde the ~. S. usln~ coal gaslflcatlon 
as the source of hydrogen are llste~i In Table 1.16. 
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Methanol Requirement s 

Table i,i0 shows current sn~ future U. S. methanol requirements 
for the 1970-2000 period. These da~a have been prepared by Chem Systems, 
Inc. and are presented on page 102 of Reference ii. These estimates are 
similar to those made by other groups which are not published in the open 
literature. These data include only the methanol required for the manu- 
facture of various chemicals. They do no___t ~nclude future new uses oE 
methanol as a fuel which have been suggested by various groups. 

Essentially all current U. S. methanol plants employ steam 
reforming of natural gas for synthesis gas manufacture. The "hydrogen 
equivalent" numbers shown in Table 1.10 are the stolchlometrlc hydrogen 
contained in the methanol molecule (12.6 w~). The natural gas feed stock 
plus fuel requ~remenus have been converted to crude oll equivalent usln 8 
the gross heat of combustion for both fuels. 

The growth rate for these chemical uses of methanol is expected 
~o avera~,e overall about 7.7Z/year durln 8 the 1970-80 period and 5.4~/year 
during th~ 1980-2000 period. Formaldehyde manufacture accounts for about 
41~ of the total methanol ~onsumptlon and this segment is expected to gro~ 
at 5.9~/year during the 1980-2000 period. D£methyl terephthalate, a 
monomer used in syn~hetle fiber manufacture, and methyl methacrylate, a 
monomer used in plastics manufac~-ure, are also important methanol nonsumers. 

U. S. ~ethanol manufacturing plants are shown in Table 1.17 by 
owner, locat~on, and 1976 capacity. Announced capacity additions are also 
shown. However, current plants that are likely to be shut down are not 
~dent~fied because such shutdowns are seldom announced. 

Requirements for Small Uses 

~n addition to  the three major industrial uses (refinery hydrogen~ 
ammonia and methanol manufacture) hydrogen is used for dozens, possibly 
hundreds of small uses such as chemicals synthes~s, metallurgical processing, 
reducing gas blanketlng~ seml-conductor and elect-con~c conponent manu- 
facturing, and vegetable oll hydrogena#/on (Reference 2). ~ is beyond 
the scope of this study to identify all these uses and to indicate the 
current quantity of hydrogen that is required for each. However, the sum 
of all ~hese small uses constitutes a major hydrogen marke~ and the role! 
quanti~y o f  hydrogen required f o r  t h i s  ca tegory  has been de~e loped .  

The uses  f o r  hydrogen i n  chemical  proces~£ng o ther  than f o r  the , 
manufacture o f  aznnonia and methanol i n c l u d e  the fo l lo~rlng:  

cyc lohexane  product ion by benzene hydrogenat ion 
benzene product ion  by t o l u e n e  hydrodla~l~- lat lon  
product ion  o f  hexamethylenedtam:tue 
produc.tion o f  to luene  diamine 
product ion  o f  oxo che=Ica l s  
p r o c e s s i n g  o f  n o n - e d i b l e  f a t s  and o i l s  
p r o c e s s i n g  o f  e d i b l e  f a t s  and o i l s  
product~ton o f  a n i l i n e  
product ion  o f  hydrogen perox ide  

m 

• ..... . -~.~. .~ ~..~ ~° . ~.. ~,, ~° . •~ , , •,, ° • . . ,., .1. , , ,.°°~ ~ •  , . ,. 0..., 

w 

r 

b 

i 

I 
| 

F 
I 

i 

I 

! 

• ° 

I. 

, •° 

i 

.q 
r_ 

.. .~ .-. ° ., . ~  • . , . . . ,...- - . -, ~ 



p 

! 

f 

[ 

i -  

t ~  

. .. 

°:. 

'4, 

,.' 

t 

L 
f 

, l '  ° I ~  I t ~ l  ~4  

I 

- 17 - 

product ion  o f  tatrahydrofuran 
product£on o f  s o r i b i t o l  
product£on of furfuryl alcohol 
production of fatty alcohols 
production of fatty amines 

Non-chemlcal uses got hydrogen include the following: 

pharmaceuticals manufacture 
hydrogenation of fats and o~is 
liquid hydrogen for space vehlcle engines and the testing of 

these engines 
welding and cutt ing 
direct reduction of ores (iron, tungsten, molybdenum. ~ 
productlon.of sintered metal parts 
coolin~ medium in electr£c generato,:s, large electric motors, 

and frequency generators 
reducing atmosphere for fabrlca~/on of electronic components 
reducln~ gas atmosphere in float glass manufacture 
liquid hydrogen in bubble chembers for nuclear research 

Hydrogen used to supply  t h e s e  chemical  and o ther  smal l  uses  i s  
now made mosnly by the catalyt£c steam reforming of natural gas or some 
alternate l~Eht hydrocarbon feed stock although some of it is produced 
by electrolysls. Most of the hydrogen consumed for these uses is produced 
on site but soma of it is purchased by the consumer from a producer or 
dlstr£bu~or and ~s obtained either by p~pel~ne delivery or by truck 
delivery as cylinder hydrogen or as llqu~d hydrogen. 

Many o f  t h e s e  smal l  uses  requ ire  b/gh p u r i t y  hydrogen (99.9Z+) 
and a few o f  them requ ire  u l t r a - h / g h  p u r i t y  (99 .999~+) .  The b / g h e s t  
p u r i t y  hydrogen i s  made by molecu lar  s i e v e  p r o c e s s i n g  o f  reformer hydrogen.  
Hydrogen purity is of critical importance in vegetable oll processlnE and 
the manufacture of semi-conductors and other electronic components. 

i , 

,! 

i ! 

:f 
t 

I 

! 

Data on the small uses of hydrogen are compiled by the Bureau 
of Census, U. S. Department of Counnetce (Reference 12). Data used £n 
these Bureau of Census reports covers vell over 98~ (possibly over 99~) 
of the t o t a l  consumption of hydrogen for these small uses. 

The Bureau of C~nsus data for the years 1960 through 1970 are 
shown in Table i.ii. The total quanti~y of hydrogen cons,-~ed is broken 
down into that produced by electrolysis and that produced by all other 
procedures, mainly natural gas or light hydrocarbon steam reform/hE. The 
shipments (hydrogen other  than that  consumed on s:Lte) i s  a l s o  shown by 
the eleetroly~/c and all other cateEorles. Data for the 1960-70 period 
~ncludes hydrogen of "lo~r puri~y," 70-75~ of which was used for 
petroleum reflninE. These data include the dollar ~alue of the sh£pmen~s 
which permits the calculation of the value of shipments as $/MBtu. 

0 

In 1970 the Bureau o£ Census changed the  format o f  the smal l  
use  hydrogen report  to  provide  the  data  sho~n i n  Table Z .12 .  The r e v i s e d  
format does  not  i n c l u d e  e / t h e ~  the low p u r i t y  hydrogen used f o r  p e t r o l e , - -  
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ref£n~ng or the data  eo Snd~ca~e the product ion  method. However, the 
r e v i s e d  repor t  ~ncludes  data to  show the method o f  d e l i v e r y ;  e . g . ,  con-  
sumed ~n product ion  p l a n t ,  shipped by p i p e l ~ n e ,  and sl~Lpped ~n c y l i n d e r s  
or as a l~qu~d.  T~e va lue  o f  the p~pel~ne a~d c y l i n d e r  p lus  l~qu~d 
shipments ~s a l s o  shown. 

Table 1.13 summarizes these Census Bureau P~ports for the 16 
year period. 1960-75. These data are plotted in Figure 1.01. The data 
in Table 1.13 and F~gure 1.01 exclude the low purity hydrogen used for 
petroleum refln~n8 shown ~n ~he Bureau of Census reports for 1960-1970. 

During the  1963-68 period a substantial amoun~ of llquld hydrogen 
was used in testing liquld hydrogen powered engines for space vehicles. 
Hydrogen requ/red for th~s program decreased substanr/ally after 1968. 

Table 1.13 also Sncludes a forecast of future small uses 
requirements to the year 2000 assuming the annual growth rate o£ thls 
category ~s 5Z/year. These data are further summarlzed as follows: 

Hydrogen Required f o r  A l l  Small  Uses  

Year 1975 1980 1985 1990 2000 

Hydrogen, Quad/year 24 31 40 51 83 

Hydrocarbon feed  s t o c k  
Stock required i f  
a l l  were produced by 
reform~ngkB/CD 14 21 28 35 56 

Data shown i n  Table 1 .11  i n d i c a t e  that  the p r i c e  o f  purchased. 
"h~gh puri ty" hydrogen dut-lng the 1960-1970 per iod  increased  from $3.49 
to  $5.46/~IBtu. The p r i c e  o f  purchased c y l i n d e r  and l iqt t id  hydrogen (shown 
~n Table 1.12) increased from $11.07/MBtu ~.n 1970 to $20.09/MBtu In 1975. 
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TAELE 1.14 (PaSo I of 2) 

U.S. Refinery HydroEen Plants as of January, 1976 

Company 

Ap¢o O i l  Corp. 

Aclanclc Richfield 

Exxon 

Cross Oil & Ref. Co. 

Gary Western Co. 

G e t t y  Oil 

Gulf Oil 

Kerr McGee 

Marafihon 

quacker S t a t e  

S h e l l  

S tandard  O11, Cal. 

Standard 011, Kentucky 

Standard Oil, Ohio 

Sun Oil 

Capaclty, Process 
Location MSCF/SD T ~  

Arkansas City, Kan. 4.2 1 

Carson, Cal. 50.0 1 
Philadelphla, Pa. 45.0 1 
Cherry Polnt, Wash. 60.0 1 

Benlcla, Cal. 104.0 1 
B~lllngs, Mont. 16.7 4 

Smackover, Ark. 2.9 1 

Frulta, Col. i. 0 1 

Delaware CIty, Del. " 72.0 1 

Sante Fe Springs, Cal. 12.0 4 
Port Arthur, Tex. 28.0 1 

Wynnewood, Okla. 9 • 5 1 

Robinson, Z~. .  25.0 1 

Torrence, Cal. 55.0 1 
Beamnont, Tax. 60.0 1 

Newell, W. Vir. I. 2 1 

MarCinez ,  Cal.  65.0 1 
Wood River, Zll. 57.0 1 
Noroo, La. 51.0 1 
Deer Park, Tex. 71.0 1 

E1 SeEundo, Cal. 67.5 2 
E1 SeEundo, Cal. 57.5 3 
Richmond, Cal. 135.0 2 
Barkers Point, Ha. 2.5 1 

Pascagoula, Hiss. i09.0 2 

Toledo, Ohio 24.0 1 

Duncan, Okla. 50.0 1 
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comp~:~ 7 

TABLE L .  14 

,Loca~ion 

CPase 2 of 2) 

Capacity, Process 
" N S C F / S D  

T e n n e c o  

Texaco 

Toscopecro Corp. 

Union 0il 

Chalmecce, La. 22.0 1 

~imlngton, Cal. 48.0 3 

Bakersfield, Cal. 20.0 1 

Los Angeles, Cal. 49.4 1 
Rode, Cal. 70.0 1 

Total Capacity. MSCF/D 1445.4 

* Process T y p e  

i -Methane S~eamReform~ 8 
2 - Naphtha Sceam Reform/n E 
3 - Partial O x i d a ~ o n  

- O ~ h e r  

(1) Reference: 0~1 & Gas 3ournal, Vol. 74, No. 13, 3-.29-76. 
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Co~?.tmy 

U.S. JUaaon.4a Capac:f.L-Y, 1976-80, 
Ca~aelCy 
= s z / ~  

1976 1980 

m n ~ 

~t~ P=oduc~:s & U'atqaieals, I n c .  

AIl~ed Cne~el Corp. 
u n 

~nte~ ~Tana=td Co. 

Jamco Znte:uat~[~mal 011 Co. 

,ainu:h8 ¥ovde~" Co. 

ACZas ~cvder Co. 

l ~ke~  I n d u s t r i e s  Coop. 

ao~.ea Che=tcaZ Co. 

C7 TJ~dttsc~tes, Zac. 

m m ~q 

(:~e~okee H£c=ogeu 

C h e ~ c a l  Co. 
I I  I I  | |  

I q  u l  I N  

¢ o 1 1 ~ : :  Ca::bon S Clu~.u~cal Co. 
lift lift I t  J t  

Colmsb:Lu. ~lC=oS, en C~'p. 

Con:L~co .J, sae._~:tcan luco 

Co':n~rc:Lsl Solvemt:s Co=p. 

B X y c h e v i l l e ,  Ark. 349 349 
l)onaldeonwllZe ~ La. 349 772 
~ d . u ,  Okla. 423 845 

H a  OrXe.~ma, I s .  230 313 
]~esumcola, ¥1a. 90 90 

feX~mt]r, La, 329 329 
Eopevel l ,  Ve,, 329 329 
I,a l ' lacce,  Neb. 203 203 
South Faint:, Ohio 135 135 

Fo~:.'Ler~, ".4.-. 3~8 348 

Te~ms C.£ty, Te=. 769 769 

k n m m ,  JU:'J.. 15 15 

JopL'f,n, 1~ .  13/, 134 

Ca~laba~, N.M. 199 342 
Coudap Idaho 99 99 

Ge..£eem=, L.a, 329 329 

9oaaldsonv'J.1Ze, I s .  658 1051 
1;'x'e=ont, Neb. &O 40 
Terre BauCe, Ind.  115 115 

• r yo= ,  O i ~ .  52 52 

Ft:. Mad.t.son, Ioua  99 99 
l~aacagouXa, Hiss.  494 494 
~f.r.hmnd, Cal. 3J.8 1.1.8 

]Uma.1., Alaska .5.1.9 1013 
g:tla:l.~Con,, Ca].. 259 259 

,a~q;uaca, Ca. 3.18 614 

l~ rse3: ,  Tex. 399 399 

I s .  

~ ,  gan.  ~ . ~ - - - ' ~  328 328 

',t 

,f. 

J , 

| 

J 

, .  

d 

1 

" ' "  " A b ~ ~ " l a '  ~ ° "  " ~  

"4 

l .1 

~e 

'~.lt° 
a 

" 'ms,, .  p 
I .  
[ , ,  



e 

i 

| 

i 

I .  

# 

"4 

? 

o, 

q 
o. 

" 3  
# 

"2. 

J 

o 

i 

q 

# 

f, 

t 

I ,  

o~ 

% . : ~  . . . . .  

' t 

! 
f 

f 

0 

I 

• & 

t 

b.' 

,~ , 
T ~  

. :  

t 

:1 
:1 

:1 

f 
.a 

• , , ,  ~ ,  , ' . ~  • , ,  = , 

Company, 

D'/amoud Shamrock Coro. 

Dour Cheatcal  Co. 

E. Z. Du Pont: de 1;e.mou.~s 
I l l  I~  l i  III IO 8g 

N n IMI 111 11 

Paso l'zoducca Co. 

lrazlnecs Chezd.cal Associac:f.on, I n c .  
I1~ I !  | |  I |  

Y a ~ r s  l~acl.onal Chem£ca.1. X,',c. 

Y l x ' ~  In(lust:r/e-, 
Im | |  

tm IV  

I,I  IN 

I I  I11 

l~emouc O 41 Co. 

1;'£.~$1:~SS llqC. 

Iq~  Corp. 

~z r .$ .e=  Chemical. Co. 

Ga=diuier - lnc.  
w 

Coo~ast~re Xac. 

W. )L Gz:ace, Xnc. 
I I I  I I  Ifll 

Grun Val.1.ey Che,sd.cal Corp. 

Kwkeye C]~ .a~al  Co. 

~ 1 . e s ,  Xac. 

• ~oke~ C h e ~ c a l  Corp. 

I III I I ~ T I  II I III I I  ~ 7  ~ 

- 3 7  - 

TABLE 1..1.5 

U.S .  Ammou.4.a r-.,,pac.,.-[cy, .1,976-80. 

Locat:4on 

SvJaz:¢a~, Tex, 

~-eeporc,  Tex. 

'Be,a,,,e~nnl:, TeZ, 
Be.l.3.e, W. Va,  
VLctozia,.  Tex. 

Odessa.  TeXo 

Ttm.,/.s ,, N.C. 
T y n e r ,  Tenn. 

Pla.,'Luviev, Tex. 

AZe:mndr'/.a, La.  
Dodse C:LC:v, Fan. 
Enid,  0k.l.a. 
PI:. Dodge, 'Iova 
E u c . l . n ~ ,  Neb. 

Ole~n,  ~ .Y.  

lq:. Had.laon, Xou~ 

Cha¢lesto=,  W. Va. 

I;~Ch.I.CD. Fan. 

~ e l e n a ,  A=k. 
Ta=pa, ~'3.a. 

D'£un~Ct, Te:c. 

B:t8 SprAng, Tex. 
l ~ h . ~ ,  Tenn. 

GZ'1~l:On, ]:otra 

C l £ n t o n ,  l o v a  

~ c c u l e s ,  Ca.1.. 

~acoma m Wash. 

G~ase 2 o f  4) 

¢ ~"flyc 
o f  I~t3...,_ 

3.976 '1980 

Z61 3.61 

1.1.5 

329 32~ 
329 32~ 

99 99 

108 108 

198 lg~ 
149 149 

60 6G 

- -  424 
3.98 19E 
396 820 
X98 198 
122 122 

79 79 

354 354 

20 20 

23 33 

198 198 
130 130 

70 70 

88 88 
329 329 

35 35 

132 132 

70 7O 
7O 7O 

21 23. 
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~ a n v  

U~8. A~a~aCapae-t~y, 1976-80 

. . . . . . . .  Locat ion 

ZaC~mat::b~a.1. H:b~:a l  & Cbe=.t.ca.1. Corp.,  Znc. 

Ir.a:lL~r ~ULu=.l~,m & Cbem.'~ca.1. Corp. 

I~uLos:LFpl Chemical Co. 
B i t  | !  

~ b ~ l  C~e=~caZ Co. 

J ~ o ~ u = t o  Co.  
N | |  "" 

Jersey  Z ~ c  Co. 

XLpak Inc .  
n | 1  

Occ~lencal  Chen~Lcal Co. 
e |  ol 

Oklahoza N£t=oge= Co. 

0 1 ~  Corp. 

Peunsa l t  ChemLca.l.8 rnc.  

¥4mnzo:L1. Ches~caZs :[nc. 

~,k.~L~ps P a ~ f ~ :  C h e ~ c a l  Co. 

1~.~1.1.~p8 PeCzoZetm Co. 
n | |  i t  

I~G Zudu~cr:Les 

b 4 c h o l d  C~em.'Lca.ts Co. 

liob~ and Haas Co. 

J .  It. St=~loc  and Co. 

SO. ]~ms~L Azaaou.'~ Pzoduccs ]r~c. 

Ster l tnSr .ou ,  ~ .  

S a v a n n a h ,  Ca. 

?a, scasou.l.s, ~.ts a.  
n o t  a v a i l .  

~azoo C£Cy, M~Lss. 

ku~ou=,  Tex. 

~I  ~o~ado, Ark. 
L u I ~ ,  La. 

] ~ l : o n ,  ]~a. 

][ex~=s, Tex. 

LaChxop, Cal .  
? l a - : ~ e v ,  Tex. 
~ a ~ t ,  La. 

Woodva~d, O~la. 

Charles,  I .a.  

PozlLland, O~e. 

Eanford.  Cal .  

Eennr.r~ck, ~ash.  

Pasadena,  Tex. 
B~c~-l.ce, 1~eb. 

~C~-lu=.  W. V~. 

So. Helens,  O r e .  

Dee= Pa]ck, Tex. 

P o c a c e l l o ,  Zdaho 

EnmC Dubuque, Z . ~ .  

0 

( P ~ e  3 of  4> 

CalmC£ty 
z sT/y= 

of  1~It3_._ 

1976 198~ 

379 

2 ~  214 

181 181 
379 

388 388 

290 290 

230 23O 
437 839 

32 32 

106 106 
99 99 

169 169 
52 52 

110 110 

- -  396 

460 ~60 

7 7 

~0 4O 

150 150 

227 227 
2O9 209 

47 ~7 

83 83 

91 92. 

104 104 

230 230 
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company , 

T e n n e c o  H a n u f a c C u ~ g  C o .  

Tear& Ch~n~cs~s lnce,:~u[C'~onal Inc .  

~-ppera~r Corp. 

Triad ~ c a ~  Inc .  

Tennessee V~Lley Aut:horJ.~:y 

USS ~ Chen:Lcala Inc.  
I I  l l  l l  l l  

VaJ.Xe7 ~:Ltz'oge~ ~=oduccs Inc .  

V~Ls~=on Corp. 

gycon Che=.~cal Co. 

* w * I i P ~ ~ • # ~ i  ~ ~ l b .  e ~ 

4 8 
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O.S. ~M,~u~.a Ca~nclt:y, 1976T80 

I • Z,oca=ion 

JJ[OUfltO~s Tel l .  

IPor~ lqe~l, l o v ~  

Z,ovi.ut~.o~, N.H. 

IDoluu3,d 8ou.v'J.3.3.e t L a .  

)(uscle ShOs].sD AI&. 

Che~ke=, l J ~ .  
~..ls/.z~m, Pa. 
~.neva, Ucsh 

~1g,lZ(~elC l A r i z .  
KX Cent=o, Ca~. 
i | e l ~  Cal .  

L4--t, Old.o 

C h ~ e n n e ,  Wyo. 

TO~AL 

(Pose 4 o f  4). 

Cal~c.l.cy 
K ST/yr 

o f  ~'R 3 
1976 3.980 

3.98 X98 

206 206 

35 X02 

388 388 

74 74 

3.65 3.65 
377 377 

65 65 

4O 40 
22X 2 2 1  
201 201 

498 498 

18 ,507  23p~42 
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l~o~tsn A=uonix Plants ~stn~; Coal Cas~f~eat~on Technology 

L 

r .  

J 
f 

i 

i 

.o 

Cmupan~, Locat~ton 

Azot Go::azdo, YuSos/av~a 
Em~reso Nac:£onal Calvo, Spain 
&rot Sauaytt,  Turkey 
T y p p £  Oy,  ~ t n l a n d  
N£ppon Sulso,  Onxha:a, Japan 

Empzeao National Ca.l~o Socelo, Spain 

~ t u d h k ~  m P ~ . . ~  ~ u ~  
~'~gOg~O~S Yer~ilIzerj 0~(~c~ 
l ~ e y v e l i ,  S o u t h  A s c o t ,  I u d l r .  

Na.Su Yecr.tl~ze~, Korea 
Chemlcal FecC~.llzec, Mac Hob, ~ d  
AzoC Sana~L£~ Kucah~a, Turkey 
I n d u s c r £ a l  l ) e v e l o p : e u c  ~ o z p . ,  Z a : b i a  
N£ttose~ous Y e t t l l £ z e = ,  Greece 

l~etc:Ll.t.ze: Corp. o f  Znd£a, P.emagundam, Zn~L~a 
" " o f  " , Ta.l.r...her P l a n t ,  ~-d:~a. 

N£ttoganous ~e=c l l~ze= ,  Greece 
F c ~ t £ ~ e r  Corp. o f  :tndin, Kot~s Fla.=.#:, Znd.ta 
AE&G1 Ltd.,  Republic of  South Africa 

Znduscrlal Development Corp., Zamb~- 

C s p a c £ c y k  ST NH~/~rc 

Koppegs- 
~/ukle__... E LuHF.S~ ToCzek_ 

18 
51 
44 

o 

m 

w 

n 

LtO 

m 

22 
o 

- 55 

m 

m I 

m 

ram. 

YeaE 
Co~scruct ion 
. . . . . .  S t a r t e d  ...... 

- 1950 
- 1950 
- 1950 

22 1950 
:37 1954 

37 1954 
22 1955 

- 1956 
11.0 1959 

- 1960 

- 1962 
37 1963 
92 1966 
37 1966 
27 1969 

329 1969 
329 1970 

55 1970 
329 1972 
385 1972 

100 1974 

223 77 1928 

~Tom ~ e t c m a c e  16. 

• " ' l  ° . ~  , . "  : . ' h  ° ° ~ P " ~ " ~  

4 4 ~ b t • ' . ,  , ° ~ ~ m  ' q "  - -  , ~ .  : . 
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ZABLE i .  z 

~ . S .  Methanol Manufacturing Plants 

Du Pont - Oranse, Tex. 
- Beaumont, Tex. 

- Housconj Tex. 

C e l a n e s e  - Bishopp Tex. 

- Clear Lake, Tex. 
- Southeastern New 14ex. 

Borden - Gelsmar, La. 

Geors~a Pacific - Plaquem£ne, La. 

Hercules - Iberville Parish, La. 

Monsanto - Texas City, Tex. 

Tenneco - Pasadena, Tex. 

Air Products - Pace, Fla. 

Commercial Solvents - Sterllnscon, La. 

Rohm &Haas - Deer Park, Tex. 

TOTALS 

. . . .  Capactty~ Mill~on Gallyr. 

As of 111176 Announced  Total After 
Additions Additions 

115 - 115 
200  - 2 0 0  

- 4 0 0  4 0 0  

60 I00 160 

230 - 230 
- 225 225 

160 - 160 

i00 - i00 

i00 - i00 

i00 - I00 

80 - 80 

50 - 50 

50 - 50 

2 2  - 2__! 

1267 725 1992 
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2 , .  B~SES_FOR E c o ~ o x z c  S T t m Z E ~  

The f o l l o w l n 8  paragraphs d i s c u s s  t h e  p r o c e s s e s ,  a s s u ~ p t l o n s ,  and 
procedures  used i n  c o n d u c t i n g  t h e s e  economic s ~ u d i e s .  

Proce?ses Studied 

Current s t a t e - o f - t h e - a r t  processes for  hydrogen manufacture are 
natural  gas or l i g h t  hydrocarbon ca ta ly t i c  steam f a g o t i n g  (hereaf ter  ca l led 
steam taro=minK); r e s l d  p a r t i a l  o x i d a t i o n ;  Koppers-Totzek c o a l  g a s i f i c a t £ o n  
( h e r e a f t e r  c a l l e d  K-T); and water  e ~ e c c r o l y s £ s  u s i n g  KOH e l e c t r o l y t e .  Severa l  
o t h e r  c o a l  g a s i f i c a t i o n  p r o c e s s e s  are  b e i n g  deve loped  f o r  hydrogen manufacture .  
These i n c l u d e  a h igh  p r e s s u r e  o x i d a t i o n  p r o c e s s  be ing  deve loped  by Texaco; a 
s l m l l a r  proces s  b e i n g  deve loped  j o i n t l y  by S h e l l  and Koppers-Totzek;  and the  
U-Cas and Steam-Iron p r o c e s s e s  b e i n g  deve loped  by the ~ n s t i c u t e  o f  Gas 
Technology .  These ZGT p r o c e s s e s  are  d i s c u s s e d  i n  Chapter VII o f  Reference  2.  

Steam r e f o ~ n l n g  has been g r a d u a l l y  improved dur lnz  i t s  many years  
o f  c o = n e r c i a l  use .  In t h i s  proces s  a l i g h t  hydrocarbon feed s t o c k  such as  
methane i s  r e a c t e d  ~ h  steam i n  the  presence  o£  n i c k e l  c a t a l y s t  a t  about  
1500OF and 250 p s i g  t o  produce s y n t h e s i s  gas~ a mixture  o f  carbon monoxide 
and hydrogen: 

+ c o  + e l )  

The energy  requ ired  f o r  r e a c t i o n  (1)  i s  t r a n s f e r r e d  to  the  feed  
s t o c k  and steam a c r o s s  furnace  tubes .  Some o f  the  hydrocarbon feed  s t o c k  
i s  used as  f u e l  f o r  the  furnace  to  prov ide  the  requ ired  hea t  i n p u t .  The 
products  o f  r e a c t i o n  (1)  are  ~hen c o o l e d  and r e a c t e d  wi th  a d d i t i o n a l  steam 
i n  the  s h i f t  r e a c t i o n  which i s  conducted a t  about  660°F i n  the  presence  o f  
~ e t a l l i c  i r o n  c a t a l y s t :  

CO + H 2 0 - - - ' - ~  CO 2 + H 2  (2) 

~ e  o v e r a l l  r e a c t i o n  is t h e r e f o r e :  

+ 2ho + 

Hal f  o£ the  hydroEen product  i'~ provided  by the  methane feed s t o c k  and the  
o t h e r  h a l f  i s  prov ided  by the  steam. Hydrogen can be produced f r o ~  any 
l i g h t  hydrocarbon feed  s t o c k  t h a t  can be vapor ized ,  but  methane i s  the  m o s t  
d e s i r a b l e  f eed  s tock  because  i t  has ~he h i g h e s ~  H/C r a t i o  o f  any o f  the  
hydrocarbons .  
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P a r t i a l  o x i d a t i o n  t y p i c a l l y  employs a heavy b lack o11 r e s i d u e  
f eed  s t o c k  t h a t  cannot  be vapor i zed .  The r e s l d  f eed  s t o c k  (H/C = 1 . 8 )  i s  
r e a c t e d  w i t h  steam and oxygen i n  a g a s l f i c a t £ o n  ( p a r t l a l  o x i d a t i o n )  r e a c t o r  
opera ted  a t  about  2~00OF. The r e s l d  c o n v e r s i o n  can be descr ibed  by the  
r e a c t i o n s =  

CB1. 8 + H20"~---'~, CO + 1.9 B 2 (~) 

CH1. 8 + 1.&5 02 ~ C02 + 0 .9  H20 (5) ,  

and by the ware= gas sh¢ft~ react ion (2 ) .  The heat required for  the endo-- 
t h e ~ i c  react ion  (~) is supplied by the o.~dat ion react ion (5 ) .  Oxygen is  
used i n s t e a d  o f  a i r  to  a v o i d  d i l u t i n g  the  s y n t h e s l z  gas ~ i t h  n i t r o g e n .  The 
products  from the  g a s l f ¢ c a t i o n  r e a c t o r  a r e  c o o l e d  to  about  700"F and the  
CO i s  s h i f t e d  to  H 2 as  i n  r e a c t i o n  ( 2 ) .  The o v e r a l l  r e a c t i o n  for  res£d  
p a r t i a l  o x i ~ a t l o n  i s  t h e r e f o r e :  

OH1. 8 + 0.98 H20 + 0.51 02 - - - - ~ C O  2 + 1.88 H 2 (6) 

Hydrogen p r o d u c t i o n  from c o a l  i s  a p a r t i a l  o x i d a t i o n  p r o c e s s  
s i m i l a r  to  r e s l d  p a r t i a l  o x ~ d a t l o n  but  i s  s u b s t a n t i a l l y  more d i f f i c u l t  t o  
conduct  because  coal~ a s o l i d ,  Is  d i f f i c u l t  to  handle~ i s  r e l a t i v e l y  un-  
reac t lve~  and r e q u i r e s  t h e  removal o f  ash  from the  g a s i f i c a t i o n  r e a c t o r .  
These s o l i d  h a n d l i n g  requirements  i n v o l v e  s u b s t a n t i a l l y  h igher  o p e r a t i n g  
c o s t s  thau w i t h  r e s l d  feed  s t o c k .  Another  d l f f i c u l t y  wt th  c o a l  f eed  i s  
t h a t  the  H/C r a t i o  o f  about  0 . 8  i s  much lower than  i n  r e s i d  or  methane.  

For c o a l  feed~ as  f o r  r e s l d  p a r t i a l  o x i d a t i o n ,  the  hydrogen i s  
produced by reforming~ o x i d a t i o n  and s h i f t  r e a c t i o n s :  

CHO. s + S20---  CO+ (7) 

CH0. 8 + 1.2 02 - - - ' - P  CO 2 + 0.~ H20 (8) 

co + co2 + (9) 

The o v e r a l l  r e a c t i o n  f o r  producing  hydrogen from c o a l  i s  t h e r e f o r e :  

CHO. 8 + 0 .70  02 + 0.60 H 2 0 - - - - - ~  CO 2 + H 2 (10) 

For coal feed the g a s i f i c a t i o n  reactor  is  ~yp lca l ly  ran at  2700"F. The 
h e a t  r e q u i r e d  f o r  the  g a s 2 f i c a t i o n  r e a c t i o n  (7)  i s  s u p p l i e d  by b u r n i ~  
par t  o f  the  c o a l  w i t h  oxygen;  r e a c t i o n  ( 8 ) .  When s u b s t i t u t e  n a t u r a l  
gas  (SNG) i s  the  d e s i r e d  product~ c o a l  i s  g a s i f i e d  a t  a l o ~ e r  temperature  
compared to  t h a t  r e q u i r e d  f o r  hydrogen p r o d u c t i o n .  A h t g h e r  o v e r a ! l  
thermal  e f f i c i e n c y  occurs  i n  the  SNG o p e r a t i o n .  
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As in hydrogen manufacture, the first step in ammonia manu- 
facture is the production of synthesls gas by either steam refomlng t 
resld partlel oxidation or coal gaslflcat~on. When steam reforming is 
used~ air is added to the synthesis gas tO supply the required nitEogen. 
Oxygen in the air reactsv£th s0me of the synthesis gas to release 
additional heat needed to complete,the reformlnE reaction. This gas is 
t h e n  c o o l e d  and t h e  CO i s  s h i f t e d  ( R e a c t i o n  2)  t o  p r o v i d e  a d d i t i o n a l  h y d r o -  
g e n .  The s h i f t e d  g a s  i s  t h e n  f u r t h e r  c o o l e d ;  CO 2 i s  removed and r e s i d u a l  
CO and CO 2 a r e  rmnoved by  m e t h a u a t l o n  u s i n g  a n i c k e l  c a t a l y s t  a t  a b o u t  
600°F: 

co + 3 .  2 - - - +  cH 4 + . zo  (zl) 

cq2 + 4~ - - - > c ~  4 + 2Hz0 (12) 

When resld partlal oxidation or coal gasification are used to 
produce the synthesis gas~ the gas from the gasifler is cooled end then 
shifted to convert CO to addlclonal hydrogen. The CO 2 Is then removed 
and hlgh purity nitrogen f~om the air separation is then added. 

The ammonia synthes is  gas then is  compressed to 2000 - 4500 psig  
and sent  to the synthes is  r e a c t o r  where a~nonia i s  formed a t  about 900°F 
over  a promoted i r o n  c a t a l y s t :  

N 2 + 3 H 2 - - - - - - ~ 2 1 ~  3 (zs) 

M e t h a n o l  i s  p r o d u c e d  by  t h e  r e a c t i o n  o f  h y d r o g e n ~ r l t h  c a r b o n  
m o n o x i d e  o r  c a r b o n  d i o x i d e  a t  7 5 0 - 1 5 0 0  p s i  and a t  4 0 0 - 6 0 0 ° F  o v e r  a 
c a t a l y s t :  

2~ + co ~ c~o. (14) 

3H 2 + CO-----~C~OH + H20 (15) 

The synthesis Eas feed can be produced by either methane re- 
forminE, res£d partial oxldatlon or coal gasification. With methane 
reforming the synthesis gas has a, H2/CO ratio of about 3.0 (Reaction 1). 
To utilize all of the H 2 in the synthesis gas~ this ratio must be corrected 
by the addition of CO 2 from an outside source. Most e~istlngmethauol 
plants, howeve~ designed based on relatively low ¢osu natural gas, take 
a hlghhydrogeu content purge stream from the methanol plant to maintain 
the correct gas ratio. 

If the synthesls 8as is obtained by resid partial oxldation or 
coal gasification, the H2/CO ratio is below 2.0"and this is corrected by 
shlftin8 only a portion of the raw synthes~s ~as and then comblnlng the two 
streams. Some of the remaining CO 2 is usually re~ved by scrubbing. Thls 
gas stream is risen compressed and sent to the methanol synthesis reactor. 
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The K-T process  i s  used commercia l ly  to produce hydrogen fro. .  
coal for use in ammonia manufacture at 15 plants located outside the U.S. 
(see Table 1.16). This process is discussed in References 4 and 16. In 
the K-T process, finely ground coal is gasified with ozygen and steam 
at abou~ 2700"F and acmospherlc pressure to produce synthesis gas, a 
mlxture of H 2, CO t C02~ H20, H2S, COS~ and SO 2. The gases are compressed 
to about 300 pslg and then processed for CO shift conversion to H 2 and 
CO 2 and H2 S removal. This product gas is either produced as H 2 gas or 
Is proce=sed further for ammonia or methanol manufacture. 

The i n v e s t m e n t  and o p e r a , l u g  c o s t s  f or  the  K-T g a s i f i c a t i o n  
process could be reduced by operating the gaslfler at say 450 pslg. 
Th~s would reduce =he physical size of the gaslfler vessels and would 
reduce the costs of gas compression. Pressurized operation of the gasl- 
fler would 3 however, require facilities for forcing the pulverized coal 
feed into the 450 pslg gaslf£er vessel and removing the ash from this 
vessel. In this study the investment and operating costs for the pressurized 
gasification method have been estimated and these costs are referred to 
hereafter as the new coal process. To provide the economic advantages over 
K-T assumed in this study, the new coal process should have the following 
characteristics: 

I. Gasification would be conducted a t  400-500 psig; 

. A s i n g l e  g a s i f i e r  would conver t  2500 T/D of coa l  to  high  
yields of synthesis gas with essentially zero methane 
c o n t e n t ;  

3. The gasifier would operate above 2000°F to minimize methane 
production; 

4. The gasifier would provide 957.+ conversion of coal to synthesis 
gaS. 

Koppers and Shell are jointly developing a gasifier that will achieve these 
objectives. The Texaco Easlfier has been proven on commercial scale for 
hydrocarbon feed stocks and extensive operations with coal have been con- 
ducted in a large pilot unit operated an 300 psig and 100 T/D ¢oai feed rate. 
Another Texaco pilbt plant has been operated with 15 T/D coal feed at 
pressures up 2500 psig. Cccmnerclal scale operation o£ the Texaco gasi- 
fler with coal has not yet been conducted; however, this extensive develop- 
ment work is likely to result in the construction of a full scale gasifier 
in the 1977-79 period. I= has been assume~ therefore, that the new coal 
gasification process will be available for ¢ommerc£al use in the 1980-81 
period. 

The light hydrocarbon reforming, resid partial oxidation, and 
coal gasification plants assmned in these economic studies are essentially 
self-contained plants complete with oxygen plants~ and the utility systems 
are essentially in balance. Details concerning the utility systems are 
presented on pates 6-8 of Appendix A. 

• ".,° • 

• •~.° ° 

o, ., 
%1 
f=. 

i' 

t 

J 

i . 

I: 
I; 

I: 

. 
t 

l 

"? 

q 

"i 

[ II II 

0 

m I 

.,° , . , • . , 
.,° ..• 

°, 
.° 

P . o. v I 



i ° 
I, 

I: 
I- 

!: 

f 

! 

P 
0 

% 

4 

! 

! 

° 

if# m 

. - -  nl I Jl 

- 46 - 

Current snate-of-the-art water electrolysis plants require very 
large Invest~entso Although electricity is the main component of the 
cost of electrolytlc hydroge~ costs associated with the plant inves~.ent 
are  very s i g n i f i c a n t .  Costs  inc luded i n  t h i s  study f o r  c u r r e n ~  s t a t e - o f -  
the-art electrolysis £acilltles are indicative o£ the equipment supplied 
by Lurgl or Teledyne but are not i~tended to relate to a specific process. 

Zt i s  q u i t e  l i k e l y  that  e l e c t r o l y s i s  c o s t s  can be reduced 
significantly by makln8 the electrolysis modules more compact, by oper- 
atlng the equipment under pressure (say 450-500 pals) and by improving 
the electrolysls mechanism to provide for higher thermal efficiency. In 
this study, such a °~ew" electrolysis process'has been included to Indl- 
care the reduction in electrolysis costs that posslbly could be achieved 
with further R~Dwork. The "new" electrolysis process involves costs 
similar to those that have been suggested for the GE Solid Polymer Elec- 
trolyte process (Reference 18) but it ~s posslble that such an improvement 
in costs could be achieved by other groups conductlng R~D on electrolysis. 

Hydrogen s torage  us ing  I r o n - t l t a n l u m  a l l o y  has been s tud ied  
e x t e n s l v e l y  by Brookhaven Nat iona l  Laboratory (Reference  19) .  The i n v e s t -  
ment and operating costs for ,hydrogen storage using this process are 
discussed in Reference 20. The costs of storage used in this study have 
been arrived at usln 8 this Brookhaven ~nformatlon. 

,l 

Escalation Rates 

Predictions in this study regardlng the use of petroleum, coal~ 
and electrolysis for the manufacture of hydrogen and its derivatives are 
based primarily on the estimated future costs for manufacturin E these 
products during 1980-2000~ the period of interest. Estimating future 
manufacturing costs involves making assumptions regarding future costs of 
natural gas~ ell produ~ts~ coal~ electrlcity~ construction cost% and other 
factors. Ass~-.ptlons m~de concerning these economic factors are su~marlzed 
in Table 2.01 and are d~scussed in the paragraphs that follo~. 

During the 1980-2000 period, the general or overall rate of 
Inflatlon of all eonnnodlties including coal, electrlclty, and construction 
costs is assmned to average 5~ per year. 

P r i c e s  o f  natural  gas and petroleum products d e l i v e r e d  to  ~targe 
£ndustrlal customers are assumed to escalate at 6-I/2~ per year dur~n E 
thls period. This higher fete, compared to the general inflation rate, is 
probable because of: 

• The decreas ing  domest ic  product ion  o f  these  products;  

• Increas ing  demand f o r  t h e s e  products;  

Q P r i c e s  o f  imported gas, crude o i l ,  end r e f i n e d  products  
•rill follow the inflation rate of the free world rather 
than that of the U:S. ; 

• The high c o s t  o f  s y n t h e t i c  products  manufactured from 
c o a l  and/or  o i l  s h a l e .  
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Estimates of future costs for hydrogen~ ammonia and methanol 
have been calculated for the period 1980-2000 using 1980 $. The procedure 
involves comparing escalation rates during this period for each component 
of total cost with the general escalation rate of 5.0~ per year for the 
general economy. Thus, if rmtural gas increases at 6.5~ per year, the 
natur~l gas price for 1980 in 1980 $ is increased by about 1.5~ per year 
to obtain the natural gas price (in 1980 $) for the year in question. 
For example~ assmne the natural gas price in 1980 (1980 $) is $3.15 per 
m£1l~,>n Btu. The price in the year 2000 would then be: 

$3.15 x (1.065) 20 " $11.10 £n current (2000) $ 

11.10 $4.18 in 1980 $. 
(1.05) 20 

E n e r g y  P r i c e s  

T a b l e  2 . 0 2  and F i g u r e s  2 . 0 1 ,  2 . 0 2 ,  and 2 . 0 3  show t h e  p r i c e s  o f  
n a t u r a l  gas~ r e s i d  f u e l  o i l ,  e l e c t r l e i t y  and c o a l  u s e d  i n  t h i s  s t u d y .  
The p r i c e s  a r e  p r e s e n t e d  o n  t h e  b a s i s  o f  t h e  ' ~ o s t  l l k e l y "  p r i c e ;  t h e  
• '~inimum" price and the '~aximum" price. Various other studies (References 
I~ 2, and 3) suggest prices that cover a rather broad ranze. In general, 
the most l£kely prices are those suggested 5y Chem Systems Inc. (Appendix 
A) and Exxon Co. USA; the m~imum prices are those suggested by FEA 
(Reference 14) and the President's Council on Wage and Price Stability 
(Reference 15); the maximum prices are those suggested by A. D. Little 
(Reference 13). 

The prices of natural gas or an alternate lighthydrocarbon 
reformer feed~ resid, and electricity are assumed co apply to all geo- 
graphical locations in the U.S. Howeve~ delivered coal prices vary 
from one geographical locatlon to another. Mine month coal prices are 
affected by mining requirementz and the transportation cost for moving 
the coal no manufacturlng sites is proportional to th£s distance. 

Coal  p r i c e s  d e l i v e r e d  t o  m a n u f a c t u r i n g  s i t e s  o n  t h e  E a s t  Coast~ 
t h e  M i d - C o n t i n e n t  ( I l l l n o ~ . s )  t t h e  G u l f  C o a s t  and t h e  ~ e s t  C o a s t  w e r e  
e s t L m a t e d  a ~ o r d i n g  t o  th~a d a t a  shown i n  T a b l e  2 . 0 3 .  The e s t i m a t e d  
t r a n s p o r t a t i o n  c o s t  u s i n g  u n i t  t r a i n s  was added t o  t h e  e s t i m a t e d  m i n e  
month coal prices to provide estimated prices of coal delivered to the 
manu.~.,~cturing sites. 

High sulfur coal would be the optlmum feed stock for coal gasi- 
fication plants since the sulfur content of the feed stock has little 
effect on manufacturing costs and high sulfur coal w111 probably be 
priced substantlally below low sulfur coals of equlvalent heating value. 
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C?st E s t i m a t e s .  by CbmnSystems,  Inc .  

Chem Systems~ Inc.  o f  New York C i t y  prov ided  as  an i n p u t  to  t h i s  
s t u d y  inves tment  and 'operat ing  c o s t s  as  o£ m i d - y e a r  1980 f o r  the  f o l l o w i n g  
p r o c e s s e s :  

Hydrogen Manufacture b>: 

methane re forming  
r e s i d  p a r t i a l  o x i d a t i o n  
K-T c o a l  g a s i f i c a t i o n  
"new" coal gas~f£cation 
SPE electrolysis 

A~non~ 9 Manufacture by 

methane re forming  
r e s i d  p a r t i a l  o x i d a t i o n  
K-T coal ~aslf£catlon 
"new" coal gasification 

Methanol.Manufacture by 

methane reforming 
r e s l d  p a r t i a l  o x i d a t i o n  
K-T coal gasification 
"new" coal gasification 

These data prepared by Chem Systems Inc. are consistent for the 
several products and processes thus permitting the cost of products to be 
compared using 1980 $ during the 1980-2000 period. The Chem Systems data 
are presented verbatim ~n Appendix A. 

The investments presented in the Chem Systems report represent 
the "instantaneous" cost for a new grass roots plant starting up in mid- 
year 1980. These costs are arrived at by est~natln~materials costs~ labo~ 
etc.~ and assu~Ing the plant is constructed '~vernlght" in the mld-1980 
p e r i o d .  'i~£s procedure  p r o v i d e s  somewhat h i g h e r  c o s t s  than would occur  i f  
c o n s t r u c t i o n  occurred  ever  a per iod o f  2 ~ - 3 0 m o n t h s .  Howeve~ t h i s  procedure 
does not require the addltion of interest charges during construction. Thus~ 
these t~w factors essentlally off-set one another. 

These Chem Systems £nves~nents  i n c l u d e  a c o n t i n g e n c y  i tem which 
i s  n o z m a l l y a d d e d  to  the  b a s i c  e s t i m a t e  to  prov ide  f o r  s t a r t u p  and o t h e r  
unforeseen difficulties. Included in the ChemSystems data for hydrogen 
manufacture are cont~nEzncles of 10Z for methane steam refornL~, 15Z for 
resld partial oxldation, 15Z for K-T coal gasificatlon~ 20~ for new coal 
gasification, and 30Z for SPE electrolysis. 
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Financial Structure 

A l l  economics da~a prepared i n  t h i s  study a s s u m e  100~ equ i ty  
ovnersh£p o f  the manufacturing f a c i l ~ t y ;  the purchase o f  natura l  gas.  
o i l ,  c o a l ,  and e l e c t r i c i t y  feed  s t o c k s  at  t h e i r m a r k e ~  p r i c e ;  and a b e f o r e  
tax  r e t u r n  o f  2 ~ / y e e r  o~ t o t a l  p l a n t  investment .  The working c a p i t a l  %a 
assumed to  be borrowed a t  an i n t e r e s t  ra te  o f  10~/year .  Work£nE c a p i t a l  
requirements are approximately equal to the costs ~ncurred over a period 
of two months (1/6 of annual charges) for feed stock~ utilities, and labor 
end supervls~on. ° 

Sensitivities 

Costs f o r  manufacturing hydrogen or  ammonia or  methanol by the 
s e v e r a l  p r o c e s s e s  are a f f e c t e d  by s e v e r a l  v a r i a b l e s  o f  primary importance 
such as Inves~nen~ and feed stock cost which are ~ncluded d~rcccly ~n the 
calculatlons. Several o~her factors which may also be important have 
been ~neluded in the calculations by show~n 8 their effect on m a n u f a c t u r i n g  

costs as sens~t~v~ties. Factors handled in this way 3re as follows: 

1. The e f f e c t s  o f  v a r i a t i o n s  i n  feed s t o c k  p=~ce from the low 
p r i c e  l e v e l  to  the high p r i c e  l e v e l ;  

2. The effec~ of a 10~ higher Investment than those assumed; 

. The e f f e c t  o f  cons t ruc t ion  costs e s c a l a t i n g  17./yr above the 
general inflation rate~ and 17o/yr .belo~ the general inflation 
ra te 

4.  The e f f e c t  o f  coal  pr ices esca la t ing  l Z / y r  above and 17./yr 
belo____w the general  i n f l a t i o n  ra te .  
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TABLE 2 . O 1  

E s c s l a t i o n  R a t e s  A s s , , - ~ d  f o r  1 9 8 0 - 2 0 0 0  P e r i o d  

Average annual rate of increase in 

costs and prlces r ~/yr..... 
For general economy 

Natural  gas  ( d e l i v e r e d )  
Crude o i l  and r e f i n e d  produccs  
Eleecric£ty 

C o a l •  d e l i v e r e d ,  most likely 

" " • lower sensitivity 

,, ,, , hisher ,, 

ConscrucElon costs, most l i k e l y  
" " lower sensltlvity 

J 

" " , higher " 

Dur4-g 1980- 
2000...Perlod. 
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3. ECONOMICS OF HYDROGEN MANUFACTURE 

The increasing cost and decreasing supplies of natural gas and 
light hydrocarbon feed stocks provide an incentive for developing new processes 
for hydrogen manufacture usln8 coal gasification or electrolysis. Nearly 
all industrial hydrogen currently produced in the U,S, ~s manufactured by 
the catalytic steam reforming of natural gas or another llghu hydrocarbon 
feed stock. However, the part~al ox£datlon of residuum is used to some 
extent in the D.S. and is more generally used in Europe. Coal 8aslficatlon 
uslnEKoppers-Totzek and Lu£gl gas~f~ers is used ~n several plants outslde 
the U.S. as has already been discussed. Improved coal gasification pro- 
cedures have been studied in pilot planes and may soon he used commercially. 
Improved electrolysis processes requiring lower investments and electricity 
consumption are currently under development. 

Future  hydrogen  m a n u f a c t u r i n g  c o s t s  f o r  t h e  1980-2000  p e r i o d  f o r  
large plants (100MSCF/SD) have been developed by ChemSystems, Inc. and 
are presented in the Chem Systems report reproduced in AppendlxA. Costs 
for ammonia and methanol are discussed In later sections. 

Econon~cs data for the several hydrogen manufacturing processes 
are summarized in Table 3.01 and Figure 3.01 for plants of i00 MSCF/SD 
capacity for the most likely feed stock and electrlci~y prices expected for 
1980. These data are further summarized as follows along~rith the anticipated 
hydrogen  c o s t s  c o r r e s p o n d i n g  t o  f e e d  s t o c k  c o s t s  p r e d i c t e d  f o r  t h e  y e a r  
2000: 

I n v e s t m e n t s  and Opera t ing  C o s t s  f o r  Hydrogen 
Plants_o f 100. MSCF/SD C a p a c i t y  . . . . .  

1980 $ 

Inves~nent 
 , Al ons 

1980 o~ 2000 

Production Cost. Inc. 
Return, S/MBEu 

1980 2000 

Steam reformlng 
Resld pa~clal oxidation 

62.6 6.12 7.54 
159.3 8.14 9.19 

K-T coal gaslflear~on * 
New coal gasification ~ 

246.4 9.81 9.81 
200.1 8.17 8.17 

Continuous SPE electrolysis 81.0 13.22 13.22 

* For M i d c o n t t n e n t  l o c a t i o n  
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Steam re fo rmi~g  o f  n a t u r a l  8as  o r  an a l t e r n a t i v e  l i g h t  hydrocarbon  feed  
s t o c k  i s  c u r r e n t l y  the  most a t t r a c t i v e  hydrogen m a n u f a c t u r i n g  p r o c e s s  and 
w i l l  a p p a r e n t l y  c o n t i n u e  to  be so d u r i n g  the  1980-2000 p e r i o d .  The i n v e s t -  
ment for reforming ~s substantLally lower than that for the other processes. 
The operating cost including return ~s substantially less for reforming 
throughout the 1980-2000 period than for the other processes. The invest- 
ment cost for resid partial ox~datlon is nearly t~J.ce that for reforu~tng. 
The investment for K-T coal gasification is nearly four times that of reform- 
ing and the new coal process is 3 fold that of reforming. The investment 
for t he  SPE electrolysis process is somewhat h~gher than that for reforming 
but the production cost is nearly twice that of reforming due to the electric- 
~ty being a very expensive energy input. On the basis of these forecasts, 
there appears to be little chance that large volumes of refinery hydrogen 
will be made by any process other than refornting during the 1980-2000 period. 
Resid partial oxidation would be attractive in the U.S. if a lone term 
supply of resid could be obtained at prices substantially less than the 
resld price s~ructure assumed in these calculations. 

Reforming, Resld Partial Ox-ldatlon and Coal Gaslficat~on 

The 1980 economics data for methane reforming and resid partial 
oxidation are shown in Table 3.02. Although these data are indicated to 
he for the Gulf Coast locatlon~ they actually apply to all U.S. locatlons 
where the feed stock cost is $3.15/MBtu for natural gas or $15.00/bbl. for 
resid. 

Coal gasification for both K-T and the new process are shown in 
Table 3.03 for four locations, East Coast, M~dcontinent, Gulf Coast and 
West Coast corresponding to the four majo~ petroleum refln~ng centers of 
the U,S. Coal quality and prices are di£ferent in each of these areas. 
This results in differences in the manufacturing cost for hydrogen for each 
area because of d~fferences in invesEment cost and coal price. The data 
for hydrogen manufaeturlng costs for each of the four areas sh-wn in 
Table 3.03 are further summarized as follows: 

Sunnnary of Hydrogen ManufacturSng Costs 
By Coal Gasiflcatlon at.Va~-lous Locations 

i00 SCF/SD Plants, 1980 Operation, 19805 

Locations East Coast Midcontinent Gulf Coast ~es~ Coast 
Coal Source W. VlrgSr~a Illinois ~yoming Wyoming 

Cost o f  Coal feed,  
$/MBL~ 1.04 0.96 1.54 1.25 

P lan t  investment  $1~ l l i ons  
K-T 240 246 272 272 
Nev 191 200 224 224 

Cost o f ~ y d r o g e n  i n c .  
r e t u r n  S/MBtu 

~-T 9.73 9.81 11.56 11.06 
New 7.98 8.17 9.85 9.39 
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The production cost data for new coal gaslf£catlon in the four geographical areas 
are compared to that for reforming in Figure 3.02. Costs are lo~er for the 
East Coast and M£dcontlnent areas thkn for the Gulf Coast and West Coast 
locations. However~ hydrogen costs in the year 2000 by new coal gaa£f~catlon 
are somewhat highe= than for reforming for all four 1ocatlons. 

Several economic factors that may have an important effect on total 
production costs have been studied as sens~t£v~tles. These factors ~ere pre- 
viously discussed (pate 49). The calculated sensitivity data for methane 
reforming and res~d partial oxldat~on are shown In Table 3.0&; for K-T coal 
gaslflcat*on ~n Table 3.05; and for new coal gasification in Table 3.05. 

The Important relatlonsh~p shown by these sens£tlvltydata Is the 
comparison of manufacturlnE costs for reformlng ~ersus those for hey coal 
Easlflcatlon~ ~he process that provides closely competitive production cost:s. 
Tbuts relatlonshlp is shown for the East Coast iocatlon in Table 3.07; for the 
M£dcont~nent location in Table 3.08; for the Gulf Coast location In Table 3.09; 
and for the West Coast location In Table 3.10. In each of these tables and for 
each of the sensltlvlt~es except one, ~eformlng has a cost advantage over new 
coal Easiflcatlon. The only excep~Ion is for the sensitlvlty of construction 
costs esca]atlon of IZ/yT. belo~ that of general ~nflatlon. In thls case new 

coal gaslflcatlon would provide sllghtly lower production costs in theyear 2000. 
However~ In all the other sens£tivitles reforming]ms a c~mpetltlve edge over 
new coal gasification. Th~s advantage is much greater for the year ~980 when 
natural gas prlces (19805) are l~er than for the year 2000. These data for 
the Gulf Coast iocatlon, where 42Z of the total U.S. refinery hydrogen w~ll be 
required In the year 2000 are further summarlzedas follows: 

S e n s l t l v ~ t l e s . f o r  HydroRen Manufacture 

Natural Gas Reformlngvs New Coal Gaslflcatlon 
100HSCF/D Plants, 1980 $ 

Gulf Coast Locatlon 

Most 11kely fuel prices 
High fuel prices 
Low fuel prlces 

l O X a d d * t l o n a l  investment 

~dvantage for Natural 
Gas ReformlnE,_~/14Btu 
198___oo 2o0.__~o 

3.73  2.31 
3 .82  2.28 
4 .22 3 • 09 

4 . 1 4  2.72 

C o n s t r u c t i o n  c o s t s  e s c a l a t e  + i Z / y r .  
C o n s t r u c t i o n  c o s t s  e s c a l a t e  - I Z / y ~ .  

N 

m 

3.44  
1.39 

Coal pr lces  esca la te  + l ~ / y r .  
Coal pr ices  esca la te  - l Z / y r .  

~ u  

m e  

2.89 
1 .84  
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The use of the new coal process to produce refinery hydrogen would 
release natural gas or light hydrocarbon feed stock required if the hydrogen 
were produced by reforming. The cost of releasln 8 the natural gas feed 
is shown in Table 3.11 for the new coal process and the M/dcontlnent 
(Illinois) location. The cost of the released natural gas is $~.55/~tu 
for the most likely coal price, $~.15 for the low coal price, and $5.06 
for the high coal price. These calculated natural gas "release" prices 
correspond to $25.35/bbi. of crude equivalent for the most llk-;y coal 
price; $23.13/bbl. for the low coal price; and $28.13/bbi. lot ne high 
coal price. These release values are substantlally higher than the antic- 
ipated prices of imported crude oil durln 8 the 1980-2000 period thus 
conflrm~ng that coal ~aslfication will no.__~he compet~tlve with reform~n& 
for produclnE refinery hydrogen during f..e 1980-2000 period. 

Electrolysis 

Costs for producing electrolytic hydrogen are very high compared to 
those for reforming for ?lanEs of large capacity and when electricity 
is purchased at regular commercial rates. Today electrolysis is more 
expensive than reforming for plants of i0,000 SCF/Hr capacity or greater. 
Below this capacity, electrolysis may be more attractive than reforming; 
however, the exact break even point is affected by the prices.of electric- 
ity and hydrocarbon feed. Capital costs per unit of electrolTtlc hydrogen 
product chan~e only sli~htlywith plant capacity, while reformlnE plants 
of small capacity have relatively high unit capital costs. The capital 
costs for current technology electrolysis, advanced (solid polymer 
electrolyte) electrolysis and reform~n E for plants of several capacities 
are as follows: 

Capital Costs of Hydrogen Plants of Various Cg. pacit~es 

Capacity SCF/SH 
Capacity, kwhydrogen product 

4,000 20,000 I00,000 4.17 M 
380 1,903 9,517 0.397 M 

Iavestment~.~/l~ (19805) 
electrolysis, current technoloBy 510 510 51U 510 
electrolysls, advanced 213 210 208 204 
natural gas reforming 1,970 683 273 158 

Electrolysis plants are currently manufactured by Luigl Apparate- 
Technlk BmBH (Frankfort, West Germany); several other European mauufacturers; 
The Electrolyzer Corp., Ltd. (Toronto, Canada); General Electric (U.S.); 
and Teledyne Isotopes {U.S.). Data from Reference 17 and other sources 
were used in this study to estimate costs for manufacturing electrolytic 
hydrogen uslnE "current" electrolysis technology. 
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A new e l e c t r o l y s i s  process i s  be ing  developed by General E l e c t r i c .  
Th~s proces s  (d:Lscussed £n References  17 and 18) employs a s o l i d  polymer 
e l e c t r o l y t e  as  a replacement f o r  the  t r a d i t i o n a l  aqueous potass:Lum hydro- 
:~Lde (KOH) solut:ton.  The s o l i d  polymer e l e c t r o l y t e  has i o n  exchange 
p r o p e r t i e s  and ~rlth the a d d i t i o n  o f  l i q u i d  ~ a t e r ,  hydrogen i o n s  f l ow 
through the e l e c t r o l y t e  and are converted to  hydrogen gas at  the  cathode.  
Chem Systems Inc .  (Append:/x A) have used data obtained from General 
Electr;Lc t o  e s t i m a t e  product ion  c o s t s  f o r  th~s advanced e l e c t r o l y s i s  pro-  
c e s s  which is referred to as "SPE Electrolys~s." 

The ~nves~nent and operating costs for current technology 
electrolysis and SPE electrolysis are compared in Table 3.12 for contin- 
uously operati~ plants of I00 H SCF/SD capacity using electricity priced 
at 2.7¢/kwhr. The cost of the hydrogen £ncludlnE 20Z/yr before tax return 
is $20.99 and $13,22/MBtu respectively (1980 $), 

In the future, electricity may he pr£ced substantially less 
during off-peak periods than during on-peak periods. Table 3.13 sho~s the 
estlmateg costs for the SPE electrolysis process when electricity is 
available at l.O¢/kwhr. Assuming the electrolysls plsnt could operate 
3300 hours/year (I0 hours per day or 0.38 Capacity Factor) the electro- 
lytic hydrogen would cost $10.65/MBtu. Th~s figure is somewhat less than 
the $13.22 figure for continuous operation with 2.7¢/kwhr electrlclty; 
however~ most Industrlal hydrogen consuming plants require a steady 
constant rate of hydrogen ad~/tlon and would not be able to use hydrogen 
produced only in off-peak periods. 

Hydrogen produced interm2ttently could he suppl ied  c o n t i n u o u s l y  
to  a hydrogen consuming ope~at lon  i f  hydrogen s torage  were i~posed  
between the product ion  and consumption o p e r a t i o n s .  Hydrogen s torage  u s i n g  
Iron / t l tan£um hydride as the s torage  medium has been ex tens iveZy  s t u d i e d  
by Brookhaven Nat~ona~ Laboratory; d e s i g n  and c o s t s  f o r  the  i r o n / t l t a n l u m  
hydride  s t o r a g e  system are  d i s c u s s e d  i n  References  19 and 20. The diagram 
shown In F1gure 3.03 shows how the 4.167 SC¥/hr electrolyzer (i0 hours/ 
day operation) could be coupled to ~ron/t~tanlum hydride s~orage to provide 
a ~.ont~nuous flow of 1.736 MSCF/hr to the load. Investment data for the 
Iron/tIEanlum hydride storage fac!llty are shown in Table 3.1~. Costs 
for the alectrolyzer and iron titanium hydride storage facility are com- 
bined ~n Table 3.15. The cost of the hydrogen product from the system 
for l.O¢/kwhr elect.rlcity is $1~.71/MBtu which ~s somewhat h~gher than 
the $13.22/MBtu figure for continuous electrolyzer operation using 2.7¢/ 
kwhr e l e c t r i c i t y .  

Hydrogen product ion  c o s t s  i n c l u d i n g  20Z/yr b e f o r e  tax  re turn  
f o r  t h e s e  e l e c t r o l y s i s  systems are p l o t t e d  i n  F igure  3 .04 ;  hydrogen c o s t s  
by reformln8 are shown f o r  comparison.  As has been emphasized p r e v i o u s l y ,  
e l e c t r o l y t i c  hydrogen c o s t s  are  s u b s t a n t l a l l y  above those  f o r  reforming 
f o r  the l a r g e  c a p a c i t y  p l a n t s  (I00 F~CF/hr) used i n  th~s comparison.  

I t  i s  u n l i k e l y  that  a market f o r  the oxygen by-product  from 
e l e c t r o l y s i s  p l a n t s  could be found, p a r t i c u l a r l y  f o r  p l a n t s  o p e r a t i n g  wi th  
i n t e r m i t t a n t  o f f - p e a k  e l e c t r i c i t y .  However, i f  the  oxygen could  be s o l d  
a t  a p r i c e  o f  $ 2 4 / t o n ,  the  oxygen c r e d i t  would correspond t o  $1.54/MB~u 
.of  hydrogen. 
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S e u s ~ t i v ~ t y  dat:a £o~ e ~ e c t r o l y t ~ c  hydrogen are  shown :in Table 
3 . 1 6 .  The v a ~ o u s  f a c t o r s  c o n s i d e r e d  i n  t h e s e  s e n s t t i v ~ t y  c a l c u l a t i o n s  
prov ided  some change ~u ~he hydrogeu produ-t:~on c o s t s ,  but  t h e s e  var£at:~ons 
are small compared to the large d~fferences between the costs for electro- 
lysls and reform/ns. 
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