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Fjrst fleets, then drivers 
who work in-or njean build­
ings that have fuel cells

Buildings use 2 /3  
o f US electric ity

Hydrogen appliance is 
sized for peak building

Marginal investm ent 
in H2 compression, storage, and' 
fueling, car-to -grid  connection, 
and more durable fuel cell

7 " '  -  — M  u s  f | e e t  h a s  t e n t i a ,  o f  5 _ 1 0  T W

loads that seldom occur { 6 _ 1 2 x  us capacity)
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Marginal investm ent 
in H2 compression, storage, and 
fueling, car-to-grid  conhfection, 
and more durable fuel cell 
US /le e t has potential o f 5 -1 0  TW  
((2-12x US capacity)
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Marginal investm ent 
in H2 com pression,
H2 fueling and grid connection 
US flee t has potential o f 5 -1 0 T W  
(6 -1 2 x  US capacity)
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H y d r o g e n - r e a d y  c a r s  +  i n t e g r a t e d  

w i t h  b u i l d i n g s  =  h y d r o g e n  t r a n s i t i o n

o  N o  t e c h n o l o g i c a l  b r e a k t h r o u g h s  r e q u i r e d  ( e . g . ,  o n b o a r d  

r e f o r m e r s )  — j u s t  d u r a b l e  a n d  c h e a p e r  f u e l  c e l l s

o  C a n  m a r k e t  f u e l - c e l l  c a r s  a s  s o o n  a s  d u r a b l e  f u e l  c e l l s  b e c o m e  

a v a i l a b l e ,  a n d  c a n  d o  s o  p r o f i t a b l y  m a n y  y e a r s  e a r l i e r  t h a n

i n e f f i c i e n t  v e h i c l e s  w o u l d  a l l o w
# ’ #

<0> M e a n w h i l e ,  e n g i n e  o r  e n g i n e - h y b r i d  H y p e r c a r  v e h i c l e s  w o u l d  

i m p r e s s  ( e . g . ,  ~ 7 0 +  m p g  f o r  a  m i d s i z e  S U V )

❖  N o  h e e d  f o r  n e w  l i q u i d - f u e l  i n f r a s t r u c t u r e  ( m e t h a n o l ,  u l t r a p u r e  

g a s o l i n e , . . . )  n o r  f o r  l i q u i d  h y d r o g e n

o  I n t e g r a t i n g  m o b i l e  a n d  s t a t i o n a r y  d e p l o y m e n t  m a k e s  t h e  

t r a n s i t i o n  p r o f i t a b l e  a t ' e a c h  s t e p  ( > l j o % / y  r e a l  r e t u r n ) *
%

❖  I t  d o e s n ' t  m a t t e r  w h e t h e r  d u r a b l e  s t a c k s  c o m e  f i r s t  ( f a v o r i n g  

b y i l d i n g s )  o r  c h e a p  S t a c k s  ( f a v o r i n g  c a r s ) ;  w h i c h e v e r  c o m e s  

f i i l ’S t  a c c e l e r a t e s  b o t h  m a r k e t s
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t r a n s p o r t a t i o n  •

o  H e a t  w i t h  e l e c t r i c i t y  a n d  

B C  g a s

O  E l e c t r i c i t y  f r o m ,  h y d r o  

• a n d  t h e r m a l  ( c o a l  b e i n g  

p h a s e d  o u t ,  g a s  c o m -  

b i n e d - c y c l e - p h a s e d  i n )

o  M i n o r  r e n e w a b l e s

o  K e y  e n e r g y  c a r r i e r  i s  

g r i d  e l e c t r i c i t y

o  I m p o r t  n o  o i l

o  F u e l - c e l l  v e h i c l e s ,  b u i l d i n g s ,  

m o s t  i n d u s t r i e s

O  H y d r o g e n  a s  m a i n  e n e r g y  

c a r r i e r ,  f r o m  g a s ,  " H y d r o -  

G e n , "  w i n d ,  a n d  P V s

o  M i n o r  d i r e c t  g a s  u s e  f o r  h e a t ,  

m a i n l y  i n d u s t r i a l

O  M i n o r  c e n t r a l  h y d r o

s u p p l y ;  s t i l l  o n p e a k  e l .  s a l e s ;
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D o  w e  h a v e  e n o u g h  p r i m a r y  e n e r g y  

* t o  m a k e  t h e  h y d r o g e n  w e  n e e d ?  1

• i ( r \  =  e f f i c i e n c y )

0  I f  f u e l i n g  5 r |  l i g h t  a n d  2 r \  h e a v y  v e h i c l e s ,  ~ 5 0  M T / y  

H 2  c o u l d  d i s p l a c e  a l l  U . S .  h i g h w a y - v e h i c l e  f u e l

o  U . S .  r e f i n e r i e s  u s e  ~ 7  M T / y  H 2  —  e n o u g h  t o  

d i s p l a c e  1 / 4  o f  U . S .  g a s o l i n e  ( 2 x  G u l f  s h a r e )
V

0  ~ 1 0  M T / y  H 2  c o u l d  b e  m a d e  f r o m  2 . 0  T C F  o f  

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

a n d  e l e c t r i c i t y  a n d . b y  e l e c t r i c  l o a d  m a n a g e m e n t

O  A l t e r n a t i v e l y ,  5 0  M T / y  H 2  c o u l d  b e  m a d e  b y  t h e  

D a k o t a f  c o s t - e f f e c t i v e  w i n d p o w e r  p o t e n t i a l ,  w i t h  

t u r b i n e s  o n  a  f e w  p e r c e n t  o f  t h e  w i n d i e s t  a v a i l a b l e

l a n d s ,  l e a v i n g  t h e  r e s t  f o r  f a r m i n g / r a n c h i n g / w i l d l i f e
«

* Virv«Q



^  " W o n ' t  w e  j  l i s t  r u n  o u t  o f  n a t u r a S

g a s  e v e n  f a s t e r ?  O r  o f  c a p i t a l ? "

G M  t h i n k s  U . S .  u s e  o f  n a t u r a l  g a s  w o u l d  b e  l o w e r  

w i t h  a  m i n i a t u r e - g a s - r e f o r m e r  H 2  t r a n s i t i o n
I

R M I  i s  c h e c k i n g ,  b u t  c a n  s e e  h o w  a n y  n e t  i n c r e a s e  

i n  n a t u r a l - g a s  u s e  c o u l d  a t  w o r s t  b ^ e  v e r y  s m a l l

o Natural gas used to make H2 could be approximately offset by 
gas saved in power plants, in boilers and furnaces, and in 
making H2 for gasoline

o Peak electricity demand is served by extremely inefficient gas- 
fired turbines...so shaving peak electric loads by 5% would 
save around. 9% of the total U.S. use of natural gas

S a n d y  T h o m a s  ( w w w . h 2 q e n . c o m )  a r g u e s  t h a t  

g l o b a l  c a p i t a l  i n v e s t m e n t  i n  a  g a s - b a s e d  H 2  

h y d r o g e n  f u e l i n g  i n f r a s t r u c t u r e  o v e r  t h e  n e x t  4 0  y  

w o u l d  b e  ~ $ 1  t r i l l i o n  l e s s  t h a n  f o r  g a s o l i n e ,  s a v i n g  

~ $ 6 0 0  o f  i n v e s t m e n t  p e r  c a r  s e r v e d ;  R M I  i s  

r e f i n i n g  t h i s  e s t i m a t e  t o o  '  .

vVnn>'V'

http://www.h2qen.com
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\  " H y d r o g e n  i s  j u s t  a  s h i l l  f o r

*. , n u c l e a r  p o w e r  a n d  f o s s i l  f u e l s "

<> • E v e n  i f  d ^ c t r o l y s i s  w e r e  a  c o m p e t i t i v e  w a y  t o  

m a k e  H ^ ,  n e w  n u c l e a r  p l a n t s ^ a r e  a  h o p e l e s s l y  

u n c o r r l ' p e ^ f t i v e  w a y  t o  m a k e  e l e c t r i c i t y  —  f o r g e t  i t

o, Delivered cost of new nuclear el. would be ~2-3x new wind- 
I power,; 5-10x gas cogen/trigen, 10-30+x end-use efficiency — 

so nucl'ear-el. H2 would cost 2-3x more/mi than record oil price
{ i . * , . • •

d> Far from saving nuclear power, H2 will hasten its extinction

o  I t ' s  O K  t o  u s e  r e s p o n s i b l y  e x t r a c t e d  f o s s i l  f u e l s  t o  

m a k e  h y d r o g e n . . !

o Temporarily to mdke H2 from natural gas without carbon 
sequestration, because C02 released per mile would fall by 
~2-5x (DOE: 2.5x).^ '*

o And long-run to make H^wth  carbon sequestration (at large or 
probably, with emerging methods, small scale) — or its 
backstop technologies, whfch don't require geological success;

■ -■ ■ * ; m



J  ^  A

R e n e w a b l e s  w i l l  c o m p e t e  w e l l  

. ^  t o o  —  e v e n  b e t t e r  w i t h  h y d r o g e n

o  A s  a l r e a d y  n o t e d ,  H 2  b o o s t s  r e n e w a b l e s '  e c o n o m i c s

O  F u e l  c e l l s '  d i s t r i b u t e d  b e n e f i t s  a r e  s y n e r g i s t i c  w i t h  . 

t h o s e  o f  r e n e w a b l e s  s u c h  a s  p h o t o v d l t a i c s
;  I '

o  R e v e r s i b l e  f u e j  . c e l l s  g o  e s p e c i a l l y  w e l l  . w i t h  P V s

o  D O E  s h o u l d  f u l l y  f u n d  b o t h  H 2  a n d  r e n e w a b l e s  —  

n o t  s w i p e  H 2  f u n d i n g  f r o m  r e n e w a b l e s  a s  n o w
I

o  H u g e  s t r a n d e d  r e n e w a b l e s ,  s u c h  a s  D a k o t a s  w i n d ,  

w i l l  r e q u i r e  s u b s t a n t i a l  d e l i v e r y  i n v e s t m e n t s  ( b u t  

w i l l  s t i l l  b e  v e r y  w o r t h w h i l e ) -

o  S y n e r g i e s  f r o m  c o m b i n i n g  H 2  w i t h  r e n e w a b l e s

o All Danish energy — not just el. — could be cost-effectively,
reliably obtained from windpower with two weeks' H2 storage





M o r e  p r o f i t a b l e  f o r  h y d r o c a r b o n  

o w n e r s  t o o ?  J u s t  t r y  t h i s  q u i z . . .

❖  ( H  -  C )  >  ( H  +  C ) ?  v
* >• « ■ •

o  I s  t h e  h y d r o g e n  w o r t h  m o r e  w i t h o u t  t h e  c a r b o n

' t h a n  w i t h  t h e  c a r b o n ? .
\  , *

o  I ^ h y d r o ^ e n  p l u s  n e g a c & r t ? o n  ( w h i c h  s o m e o n e

m a y  p a y  y o u  n o t  t o  p u t  i n t o  t h e  a i r )  w o r t h  m o r e

t h & n  h y d r o c a r b o n ?  W h a t  j f  c a r b o n  i s  w o r t h  z e r o ?
<• '

<> I s  a  h y d r o c a r b o n  w o r t h  m o r e  f e e d i n g  a  r e f i n e r y  o r  

a  r e f o r m e r ?  k
* \  

o  S h o u l d  r e f i n e r i e s  b e c o m e  m e r c h a n t  H 2  p l a n t s ?

• ( L e f t  a s  a n  e x e r c i s e  f o r  t h e .  r e a d e r .  T h e n  r u n ,  d o  n o t  

• r  w a l k ,  t o  t h e  h y d r o g e b  e c o n o m y . )  *  ,



\  T h e  d a w n  o f  t h e  h y d r o g e n  e r a

h a s  b e g u n
, . , .   ... ■ * *

o  H y d r o g e n - f u e l e d  s u p e r e f f i c i e n t  v e h i c l e s  w i l l  b e  

s a f e r  a n d  c l e a n e r ,  c o s t  l e s s  t o  d r i v e ,  c o s t  a b o u t  

t h e  s a m e  t o  b u y ,  a n d  o f f e r  t h e  p o t e n t i a l  t o  r e p a y  

m o s t . o r  a l l  o f  t h e i r  c o s t  f r o m  p o w e r  s e l l - b a c k s

o  F u e l  c e l l  a n d  v e h i c l e  t e c h n o l o g y  e n a b l e r s  a r e  

w i t h i n  r e a c h

O  E n o u g h  h y d r o g e n  c a n  b e  m a d e  c o s t - e f f e c t i v e l y  

f r o m  N o r t h  A m e r i c a n  e n e r g y  s o u r c e s  ( e v e n  f r o m  

j u s t  r e g i o n a l  r e n e w a b l e s )  t o - e l i m i n a t e  g a s o l i n e  

a n d  d i e s e l  u s e  —  c r e a t i n g  r e a l  s e c u r i t y

< v  A  f a s t  t r a n s i t i o n  t o  a  h y d r o g e n  e c o n o m y  i s  a l r e a d y

a n d  c a n  b e  p r o f i t a b l e  a t  e a c h  s t e p
A V' i* •



I t ' s  tim e — we ju s t  need  
leadersh ip

" P e o p l e  a n d  n a t i o n s  b e h a v e  w i s e l y  — •

o n c e  t h e y  h a v e  e x h a u s t e d  a l l  o t h e r  a l t e r n a t i v e s . "

—  C h u r c h i l l

" S o m e t i m e s  o n e  m u s t  d o  w h a t  i s  n e c e s s a r y . "

—  C h u r c h i l l

" W e  a r e  t h e  p e o p l e  w e  h a v e  b e e n  w a i t i n g  f o r . "

H o p i  E l d e r s  . , w w w . h y p a r c a r . c o i n

www.rmi.org
• y t ^ i

http://www.hyparcar.coin
http://www.rmi.org


vstJUDninuiu i

H ydrogen  C o o r d in a t io n  G roui  

J unk 2 0 0 3  .

O f f i c e  o f  F o s s il  E n e r g y  - 

H y d r o g e n  P r o g r a m  P l a n

Hydrogen fro m  N a tu ra l Gas and  Coal: The Road to a Sustainable Energy Future



Hydrogen prom Natural Gas and Coal: The Road to a Sustainarle Energy Future

T a b l e  o f  Co n t e n t s
Page

E xecutive Sum m ary................................................................................................................................................. 1

Introduction................................................................................................................................................................ 8

K ey D rivers................................................................................................................................................................. 10

F E  H ydrogen from  Fossil Fuels -  T oday’s T echnology...........................................................................  13

H ydrogen from  Fossil Fuels-T he R D & D  Program ..................................................................................  17

Hydrogen D em and S cen arios.....................................................................................................................  17

F E  Program G oal ...........................................................................................................................................  20

H ydrogen from  Natural G a s ........................................................................................................................ 20

Hydrogen from  Coal........................................................................................................................................ 24

Spotlight on F u tu reG cn ......................................................................................................................... 24

Delivery................................................................................................................................... 27

H ydrogen from  Fossil Fuels -  A  Budget for the Hydrogen from  Fossil Fuels P ro g ra m   29

Future T echnologies to Produce H ydrogen from  Natural G a s ............................................................  32

Future T echnologies to Produce H ydrogen from C oal............................................................................  35

F E  A ssociated P rogram s....................................................................................................................................... 38

Integrated Program M anagem ent and C oordinauon.................................................................................. 40

A cron ym s....................................................................................................................................................................  41

A p p en d ix .....................................................................................................................................................................  43



Hydrogen prom Natural Gas and Coal: The Road to a Sustainaiile Energy Future

E x e c u t i v e  S u m m a r y
The President's National Energy Policy calls for conducting a review o f  funding for alternative 

energy supplies, including hydrogen. In response, the O ffice o f  Fossil Energy (FE) established a 

H ydrogen Coordination G roup to develop the FE Hydrogen Program Plan. T h e coordinadon  

group was com prised o f  F E  personnel from the O ffices o f  Coal & Power System s and Natural Gas 

& Petroleum  T echnology in G erm antow n, M D  ant' W ashington, D C  and the N E T L  Pittsburgh and 

Tulsa offices. T he F E  H ydrogen Program Plan, along with input from the O ffices o f  Energy 

Efficiency and Renewable Energy, Nuclear, and Science and the tw o docum ents -  A National Vision 
of America’s Transition to a Hydrogen Economy - to 2030 and Beyond and the National Hydrogen Energy 
Roadmap - provided the input to the Departm ent o f  Energy’s (D O E ) H ydrogen Posture Plan. T he  

Posture Plan, w ith the O ffice o f  Energy Efficiency and Renewable Energy (E E R E ) as lead, was 

D O E ’s response to the N E P  recom m endadons, w hich was used to support D O E 's FY 04 budget to 

Congress.

Hydrogen is seen by many as the energy carrier o f  the future that will lead to efficient and clean fuel 

for use by utilides and especially in transportadon systems. The use o f  hydrogen in fuel cells to 

elecu-ochemically produce electricity and for com bustion in hearing an d /o r  engine system s is seen as 

a means to provide an im portant part o f  the N a d o n ’s need for power, heat, and transportadon while  

achieving very low  em issions o f  criteria pollutants as well as greenhouse gases.

This FE  H ydrogen Program Plan focuses on the research, developm ent and demonstrarion 

(R D & D ) acdvides that are required to develop advanced hydrogen producdon, storage and delivery 

technologies from fossil fuels. T he result o f  these acdvides will im prove current technology and 

make available new, innovadve technology that can produce and deliver affordable hydrogen from  

natural gas and coal with significandy reduced or near-zero em issions.

Natural gas and coal have the potendal to be affordable resources that can produce the la ge 

am ounts o f  hydrogen needed in the near to mid term for the Narion to begin the transition to a 

hydrogen econom y. H ydrogen produced from these resources and used in advanced technologies, 

especially in efficient fuel cell vehicles (FCVs), will improve energy security by reducing the United  

States’ oil im ports by over 3 m illion barrels per day for ever)' 100 m illion FC V s or nearly half o f  the 

U.S. fleet. Even without sequestration, producdon and use o f  coal-derived hydrogen in 100 million  

FCVs is estimated to also reduce carbon dioxide, a greenhouse gas (G H G ), by 278 m illion tons per 

year, a reduction o f  24 percent o f  the carbon dioxide em issions associated with the current U.S. 

light-duty vehicle fleet. N itrogen oxide (N O x) em issions will be reduced by about 100,000 tons per 

year, while sulfur oxides (SOx) and particulate matter em issions w ould be reduced by 43 thousand  

tons and 40 thousand tons, respectively. Criteria pollutants and carbon dioxide em issions w ould be 

reduced by about the same or a greater am ount for natural gas-derived hydrogen in FCVs.

W hen hydrogen production from fossil fuels is com bined with carbon sequestration, carbon dioxide 

em issions will be reduced by over 530 m illion tons per year for each 100 million FC V s, a reduction

1
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o f  45 percent for the current U.S. light-duty vehicle fleet. A lso , the use o f  the N ation ’s dom estic  

natural gas, its huge potential resource o f  m ethane hydrates (estimated at 320,000 trillion cubic iect), 

and 250-year supply o f  coal to produce hydrogen ensures that there will be a clean and affordable 

alternative to im ported oil. This will enable the transition to a hydrogen econom y until other  

sustainable energy resources for hydrogen production becom e econom ic.

Where do we get hydrogen?

M olecular hydrogen does not occur on  Earth but m ust be produced from other hydrogen- 

containing materials. This process requires a primary energy source, such as fossil fuels, nuclear, or 

renewables. Fossil fuels (e.g., natural gas and coal) as that energy source can provide the transition 

to a hydrogen econom y by delivering a near- to mid-term  source o f  hydrogen. W ith sequestration, it 

is envisioned that natural gas and coal could be used to produce hydrogen for many decades. A  

sustainable hydrogen supply in the future may com e from renewables and nuclear energy-supplied  

heat and electricity used to split water into hydrogen and oxygen.

Need for hydrogen research

W hile som e hydrogen production technologies are com m ercial now  and others are making rapid 

progress, hydrogen faces many technical, econom ic, and infrastructure challenges before it can 

becom e a significant energy carrier. T he Bush Adm inistration has initiated major efforts in research 

and developm ent that will lead to a hydrogen econom y. T he President's budget calls for increases in 

funding for hydrogen-related research, developm ent a nd dem onstration (R D & D ) activities, with a 

shift in em phasis to higher risk, longer term issues. This includes, for exam ple, the Freedom CAR  

program, the FutureG en project, and the H ydrogen Fuel Initiative.

T he Freedom C A R  program is focused on  the developm ent o f  fuel cell technology for autom obiles 

to efficiently convert hydrogen's electrochem ical energy into electric power. Hydrogen fuel cell 

vehicles con su m e only one-third the energy o f  a current gasoline internal com bustion engine per 

mile driven while achieving zero em issions. Natural gas and coal can provide the m ost affordable 

source o f  abundant hydrogen to allow early introduction o f  fuel cell vehicles in the Freedom CAR  

program and can continue to provide hydrogen as an energy carrier until hydrogen from renewable 

and nuclear energy becom es affordable. In this way, the Nation's im ports o f  petroleum  can be 

reduced and our air and environm ent can becom e cleaner.

FutureG en is a $1 billion, 10-year verification project that will build the world’s first, coal-based, 

near zero-em ission  electricity and hydrogen plant integrated with sequestration. FutureGen will 

enable cutting-edge technologies, such as revolutionary separation m em branes, to leapfrog mature 

technologies to lower the cost to separate hydrogen from  m ixed gas streams while dem onstrating  

greenhouse gas capture and sequestration technologies.

T he long-term  vision o f  a hydrogen econom y looks attractive for a number o f  reasons including: (1) 

the gradual transformation o f  the U.S. econom y from one that currently relics on  significant
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quantities o f  im ported energy, primarily oil for the transportation sector, to on e  that will be able to 

harness dom estic resources to a greater and greater extent, while being less damaging to the 

environment; (2) the potential for significant reductions in criteria pollutants (e.g., particulate matter, 

oxides o f  nitrogen, and oxides o f  sulfur) and corresponding im provem ents in air quality; and (3) the 

potential for reduced em ission o f  greenhouse gases, especially carbon dioxide.

Fossil Fuel Research

Fossil fuels are an obvious choice as energy resources from w hich the large quanddcs o f  hydrogen 

needed to begin the transition to a sustainable hydrogen econom y can be produced. Currendy, 

hydrogen for industrial and com m ercial use is produced from steam  reform ing o f  natural gas with 

attendant water-gas shift rcacdons. This is a mature technology widely used in the petroleum  

processing industry. Significant opportunities exist for developm ent o f  new  technologies with 

potential to reduce the costs o f  hydrogen producdon from natural gas. A nother fossil fuel, coal, is 

the Nation's largest dom estic energy resource, and can also be an energy source for producing 

hydrogen. W ith associated carbon dioxide capture and sequestration technologies, hydrogen from  

natural gas and coal can make significant contributions toward achieving an im proved environment.

Hydrogen from Natural Gas Program

This program will develop new  technologies that lower the cost o f  producing hydrogen from natural 

gas and allow capture o f  associated carbon dioxide. In keeping with the N ational Energy Policy and 

relevant climate change initiatives, research will develop those technologies that will provide a 

primary source o f  hydrogen in the near to mid term, allowing developm ent o f  infrastructure and 

end-use applications that will transition the N ation to a sustainable hydrogen econom y. O ne  

technology, m em brane reactors, will revolutionize the way hydrogen is produced from natural gas. 

W hen developed, this technology wall simplify the process o f  producing hydrogen from natural gas 

by com bining the process o f  air separation to produce oxygen with partial oxidation o f  natural gas to 

produce synthesis gas into a single step that will lower costs and increase efficiencies.

Hydrogen from Coal Program

Coal resources offer a viable mid-term  energy resource for producing the large quantities o f  

hydrogen that will be required to fuel the Nation's needs. Initially, hydrogen w ould be produced via 

coal gasification-based facilities also capable o f  co-producing electric power, rcform able liquid fuels, 

and high-value chem icals. T hese m ultiple-product, co-production plants will be less costly, 

com petitive, m ore efficient, and less polluting than current technology. Additionally, they will 

produce a concentrated stream o f  carbon dioxide that wall facilitate its econ om ic capture and 

sequestration.

T o  accelerate the developm ent o f  hydrogen from  coal production technologies, Presidci George 

W. Bush and Secretary o f  Energy Spencer Abraham announced on  February 27, 2003, a SI billion, 

10-year governm ent/industry integrated sequestration and hydrogen research initiative titled
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FutureGen, FutureGen w ould be designed, built, and operated as a large-scale, prototype plant that 

will serve as an engineering verification test-bed for many cutting-edge coal technologies, including  

technologies such as advanced catalysts and reactors and mem brane separation units developed in 

the hydrogen from  coal program. T he prototype plant will b ecom e a m odel for future hydrogen  

from coal producdon facilides that will produce the necessary am ount o f  hydrogen for the 

transportadon sector.

Commonalities and Differences

There appears to be much similarity in the technology and processing concepts used to produce  

hydrogen from  natural gas or hydrogen from coal, and indeed there is a need for coordinadon in the 

effort to develop the respective technologies.

At the sam e time, there are significant system  differences in these concepts that make ll& D  planning 

and im plem entation m ore effective on a resource-specific basis. A  synthesis gas m ixture from  coal 

is carbon m onoxide-rich and the synthesis gas mixture from  natural gas is hydrogen-rich, making it 

necessary to explore w hether the same production/separation m em branes wall be effective. Coal- 

derived synthesis gases, even after a primary clean-up stage, have m ore impurities than their natural 

gas counterparts that may require different clean-up system s, in  addition, integration o f  the 

hydrogen separation technology into the coal gasification-based hydrogen production facility is more 

com plex, requiring different system  integration efforts.

Hydrogen Delivery

Today, m ost hydrogen used in refineries and chemical facilities is produced on  site. In addition, 

merchant hydrogen producers w h o  supply the refining and chem ical industries locate generation  

facilities near end-users, use dedicated hydrogen pipelines and storage facilities, and, for low -volum e  

users at greater distances from  the supplier, use on-road trucks for deliver}'. T he unique properties 

o f  hydrogen may make the use o f  existing natural gas deliver}’ infrastructure difficult because o f  

potential material and valve incom patibility resulting in hydrogen leakage and em brittlem ent o f  

com ponents. Therefore, system s analyses and research are needed to determ ine the viability o f  

using natural gas pipelines to transport hydrogen. From  a larger perspective, tlris sam e approach 

m ust be extended to other options to determ ine the m ost optim um  system  that can be used to 

deliver hydrogen. T he analyses should consider the trade-off betw een large capital investm ents in 

central location hydrogen plants, associated pipelines, and deliver}'versus the use o f  liquid and 

natural gas infrastructure to deliver hydrogen-rich fuels that can be converted on  site.

O ne prom ising option  for the delivery o f  hydrogen uses the current fuel infrastructure to transport 

synthesis gas-derived liquids. A t or near the point o f  end use, the hydrogen can be produced from  

the liquid by a reform ing process. T he technologies for producing these liquids from  natural gas are 

com m ercial or near commercial, H ow ever, for the conversion o f  coal-derived synthesis gas to a 

liquid, ll& D  is necessary’ to make the process econom ically viable for deploym ent in this country’. In 

addition, for these hydrogcn-carrier liquids, whether produced from coal or natural gas, further
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research is needed to determ ine the optim um  fuel(s) for reform ing and the associated reaction  

chemistry database required to develop econom ic, sm all-scale reform ing system s for m obile and 

small-scale distributed pow er generation.

Associated Programs

T h e successful developm ent o f  low -cost, affordable hydrogen production from fossil fuels, with  

sequestration o f  carbon dioxide, is dependent on  technologies being developed in a num ber o f  

ongoing associated R D & D  programs within the O ffice  o f  Fossil Energy (FE). T h ese technologies 

arc needed for:

^  carbon dioxide capture and sequestration;

>• advanced coal gasification, including feed handling system s; 

y efficient gasificr design and materials engineering; 

y advanced synthesis gas clean-up technologies;

y advanced mem brane separation technolog" to produce a low er-cost source o f  oxygen from  

air; and

y fuel cell m odules that can produce electric pow er at coal-fired integrated gasification  

com bined-cycle power plants.

Key Hydrogen R&D Milestones

A  future hydrogen econom y will require m ultiple energy supply sources. Natural gas and coal will 

provide the transition to a sustainable energy supply. T he key m ilestones o f  FE's H ydrogen  

Program are:

>  By 2011, an alternative hydrogen deliver)' system  utilizing hydrogen-rich synthesis gas- 

derived liquid fuels will be optim ized and available,

y By 2013, m odules to reduce the cost o f  hydrogen and synthesis gas production from natural 

gas by 25 percent will be available,

y By 2015, a zero-em ission, coal-based plant that co-produces hydrogen and electric power  

w ith sequestration to reduce the cost o f  hydrogen by 25 percent w hen com pared to existing 

coal-based technolog)' will be dem onstrated.

Testing o f  coal-based technologies developed by the program in the FutureG en prototype plant will 

significantly reduce the technical and econom ic risk associated with program R D & D  activities, 

helping the F E  hydrogen program achieve its key goals and m ilestones.
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Benefits

H ydrogen from fossil fuel energy sources is an obvious near- to m id-term  econ om ic and technically 

feasible m ethod to transition from  fossil fuel to hydrogen as an energy carrier. Specific benefits o f  

the O ffice  o f  Fossil Energy's H ydrogen Program activities are discussed below.

y Production o f  low er cost hydrogen from natural gas could provide the earliest transitional 

source o f  hydrogen for the FreedomCAR. program. It can provide the transition between  

the current econom y and a hydrogen econom y.

Production o f  low -cost hydrogen from coal or synthesis gas-derived liquid fuels will reduce 

reliance on  imported oil, increase the propordon o f  dom esdc energy resources used in the 

total dom esdc energy' m ix, and provide a cost-effecd ve source o f  hydrogen for the 

Freedom CAR program.

y T he producdon o f  hydrogen from dom esdc coal and natural gas along with natural gas from 

secure foreign energy resources and from abundant m ethane hydrates will be a significant 

step towards achieving energy security in the near term as well as the long term.

y The use o f  hydrogen in fuel cells and other efficient applicadons will reduce polludon  

compared to other alternatives and 'ally r e d u ^  greenhouse gas em issions. This

technology will im prove human h ’ environm ent.

y T he hydrogen from coal tcchnof .uegrates long-range R & D  goals for innovative

technology developm ent o f  a co-production, highly efficient facility for the com bined  

production o f  pow er and hydrogen while achieving the objectives o f  a zero-em issions fossil 

energy' plant.

y Successful developm ent and im plem entation o f  carbon dioxide sequestration technology', an 

R& D effort supporting the hydrogen from natural gas and coal effort, will ensure the 

continued availability o f  coal and natural gas as viable sources o f  hydrogen while m oving  

toward a sustainable hydrogen econom y.

H ydrogen could eventually be produced from fossil energy resources, renewables, including  

biom ass, and nuclear energy. Analyses have show n that an aggressive fossil fuel-based hydrogen  

production program can yield a sufficient supply o f  hydrogen to m eet projected market dem and for 

fuel cell vehicles. W hen utilized in these vehicles, hydrogen will substantially reduce em issions o f  

sulfur dioxide (SO;), carbon m onoxide (CO), nitrogen oxides (N O x), Volatile organic com pounds 

(Y O C ), and particulate matter 10 m icrons in diameter (PM 10). In this way, hydrogen from  natural 

gas and coal provides a near- and mid-term transitional fuel source until the long-term  goal o f  

producing hydrogen from nuclear and renewable energy is realized. Successful developm ent o f  

carbon dioxide capture and sequestration technology will elim inate public concerns over projected
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increases o f  greenhouse gas em issions from fossil fuels and will make coal an option for the longer 

term.

In conclusion, within D O E , the O ffice  o f  Fossil Energy already has considerable expertise in the 

production, separation, storage, delivery and end-use applications o f  hydrogen from natural gas and 

coal. This expertise includes production o f  clean synthesis gas from  coal and natural gas, gas 

separations and purification, fuel cells, and novel hydrogen storage and deliver)' technologies. 

H ow ever, there are significant technical and econom ic barriers that m ust be surm ounted before 

hydrogen can seriously be considered as a candidate energy carrier in the United States. This 

docum ent discusses the rationale tor using hydrogen as an energy carrier, reviews the current and 

future technolog)' options, and provides a strategic framework for overcom ing the current barriers 

to large-scale hydrogen production and utilization.

A s a result o f  synergism in R & D  activities, the currcndy ongoing and planned fossil energy 

associated programs (gasification, carbon sequestration, and fuel cells) will reduce the developm ent 

time and cost o f  the proposed hydrogen initiative and will gready contribute to the ultimate 

developm ent o f  m ore efficient, less cosdy, environmentally preferred, hydrogen production and 

delivery processes from natural gas and coal.
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increases o f  greenhouse gas em issions from  fossil fuels and will make coal an option  for the longer  

term.

In conclusion, within D O E , the O ffice  o f  Fossil Energy already has considerable expertise in the 

production, separation, storage, delivery and end-use applications o f  hydrogen from natural gas and 

coal. This expertise includes production o f  clean synthesis gas from coal and natural gas, gas 

separations and purification, fuel cells, and novel hydrogen storage and delivery technologies. 

H ow ever, there are significant technical and econom ic barriers that m ust be surm ounted before  

hydrogen can seriously be considered as a candidate energy carrier in the U nited States. Tltis 

docum ent discusses the rationale for using hydrogen as an energy carrier, reviews the current and 

future technology options, and provides a strategic framework for overcom ing the current barriers 

to large-scale hydrogen productio and utilization.

A s a result o f  synergism in R & D  activities, the currently ongoing and planned fossil energy 

associated programs (gasification, carbon sequestration, and fuel cells) wall reduce the developm ent 

time and cost o f  the proposed hydrogen initiative and will greatly contribute to the ultimate 

developm ent o f  m ore efficient, less costly, environmentally preferred, hydrogen production and 

deliver}' processes from natural gas and coal.
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I n t r o d u c t i o n
T wo o f  the major concerns in the U.S. energy sector today are energy security and the 

environm ental im pact o f  energy use. T o  address these issues, the President's 2001 National Energy 

Policy and the U.S. D eparunent o f  Energy's Strategic Plan ca’J for expanding the developm ent o f  

new  and diverse energy supplies. H ydrogen - a prom ising solution for the future - holds the 

potential to provide a virtually lim idess carrier o f  clean energy supplies in the long term.

T he U.S. D epartm ent o f  Energy (D O E ) is im plem enting an initiative that could eventually lead to 

dom estic energy sustainability for the transportation and pow er sectors through the widespread use  

o f  hydrogen. Hydrogen is the ultimate clean fuel with a w ide range o f  uses - from direct 

com bustion to efficient fuel cells. T he con version /com b u stion  by-product o f  hydrogen is 

essentially water. A n econom y that uses hydrogen derived from dom estic fossil (with carbon  

dioxide capture and sequestration), nuclear, and renewable resources will have increased energy 

security and reduced em issions.

" o begin the im plem entation o f  the hydrogen initiative, D O E  convened  m eetings am ong  

representatives from industry, the National Laboratories, public interest groups and the Federal 

G overnm ent to develop A National Vision of America’s Transition to a Hydrogen Economy — to 2030 and 
Bcjond and the National Hydrogen Energy Roadmap. T hese docum ents introduce actions that will be 

needed to im plem ent a national hydrogen econom y, one in which hydrogen is used for both m obile  

and stationary applications. Subsequently, using these docum ents as a guide, D O E ’s O ffices o f  

Energy Efficiency and Renewable Energy, Fossil Energy, Nuclear Energy and O ffice o f  Science 

prepared a H ydrogen Posture Plan. T he Hydrogen Posture Plan encom passes all elem ents in the 

hydrogen energy system  - production, deliver)’, storage, conversion, and application. This O ffice o f  

Fossil Energy Hydrogen Program Plan includes the contributions that the O ffice o f  Fossil Energy  

will make in the im plem entation o f  the N ational H ydrogen V ision , the Roadm ap, and the D O E  

H ydrogen Posture Plan.

Before the vision  o f  producing hydrogen from nuclear and renewable energy becom es a reality, a 

technology bridge m ust be developed to connect near- to mid-term  technology to the technologies 

o f  the future. H ydrogen is n^t a primary source o f  energy, but an energy carrier. Conscquendy, it 

m ust be produced ro u . primtry energy source, such as fossil fuels, nuclear, or renewables, and 

subsequently converted to energy at or by the utilization device.

Fossil fuels are the obvious transitional source o f  hydrogen for the near and mid term. Natural gas 

has the low est carbon intensity’ o f  all fossil fuels and is the cleanest burning. Its existing  

infrastructure and its current econom ic availability arc important factors to ensure successful 

developm ent and public acceptance o f  a hydrogen energy system. D evelop m en t o f  the large 

potential resource o f  m ethane hydrates can provide a stable, dom estic supply o f  natural gas that will 

enhance energy’ security. Utilization o f  our abundant, domestic, supply o f  coal resources to produce 

hydrogen will reduce U.S. reliance on foreign im ports o f  petroleum. W hen utilized in FCVs,
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hydrogen from fossil fuel resources will reduce em issions o f  greenhouse gases and criteria pollutants 

such as N O x , SO x, and particulate matter less than 10 m icrons in diameter (PM 10).

O f  the five elem ents o f  a hydrogen energy system  - production, storage, conversion , delivery, and 

applications - the O ffice o f  Fossil Energy's H ydrogen Program Plan focuses on  the developm ent o f  

advanced production, storage, and delivery technologies. T h ese  developm ents w ill be coordinated  

and collaborated with the O ffice  o f  E E R E  and other appropriate D O E  organizations including co ­

sponsorship and funding. T hese activities will im prove current echnology and develop new  

innovative technology that can produce, store, and deliver affordable hydrogen from natural gas and 

coal while achieving significandy reduced or near-zero em issions. Successful developm ent o f  carbon 

dioxide capture and sequestration technology will rem ove public concern over greenhouse gas 

em issions and will also m ake coal an option  for the longer term.

T esting and evaluation o f  these advanced technologies in the FutureG en prototype plant will help 

the FE Hydrogen Program reduce the technical and econ om ic risk associated with new, innovative 

technology developm ent. T he FutureG en project will design, build, and operate a large-scale, 

integrated, coal-based prototype plant that will provide the opportunity to test new, cutting-edge, 

clear power and hydrogen from  coal technologies along with carbon capture and sequestration.
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K e y  D r i v e r s
T he F E  H ydrogen Program strives to create public benefits for the N ad on  by addressing three key 

drivers: energy security, the Clear Skies Inidadve that addresses air polludon, and global climate 

change. Each o f  these drivers has or potendally could have a significant im pact on  the N ad on  and 

the econom y. T he F E  Hydrogen Program wall address these drivers by perform ing R D & D  that will:

r- develop advanced clean and efficient technologies that will produce hydrogen from  natural 

gas and coal, enhancing the tise o f  dom esdc energy resources;

^  eliminate environm ental concerns associated with the producdon o f  hydrogen from  fossil 

fuels; and

r- partner with industry to prom ote the com m ercialization o f  these technologies.

By developing new  and innovadve technology to produce hydrogen from natural gas and coal, the 

FE  H ydrogen Program will benefit the public by enhancing U.S. energy and environm ental security 

in a cosl-effecd ve manner through the use o f  dom esdc resources.

Figmv 1: Historic and Pmjected Domestic Crude Oil Supply 
ami Imports (I960 — 2020)

Energy Security

T he Nation's energy consum ption is direcdy 

linked to econ om ic growth. H ow ever, the 

N ation's producdon o f  dom estic fossil 

fuels, particularly petroleum , is expected  

to be insufficient to m eet the needs o f  our 

grow ing econom y. Therefore, a secure 

supply o f  affordable energy is critical for 

the continued econom ic growth and 

prosperity o f  the United States.

Maintaining energy security in the future 

may be difficult because: 1) the United  

States is forecast to increase the volum e o f  

already large oil im ports in the com ing  

years, and 2) there is concern expressed by 

som e analysts that world conventional oil 

production may peak in the next few  

decades before it begins a long decline.

Currently, the United States im ports about nine million barrels per day o f  crude oil. Natural gas 

im ports are increasing as well. By 2020, the Energy Inform ation Adm inistration (EIA) projects that 

im ports will rise to 11 million barrels per day o f  crude oil, excluding petroleum  products, accounting  

for nearly 67 percent o f  supply (sec Figure 1). O ver this period, world oil consum ption is projected 

to rise from 76 to 119 million barrels per day. In China and India alone, consum ption is expected to 

increase by over nine million barrels per day during this period, with a corresponding increase in 

im ports in those countries.

Source: HJA
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t'/i’jirp ?.• World Conivntioual Oil Pmdnetiou.C onventional petroleum  is a finite 

resource and its producdon will eventually 

peak and irreversibly decline in the face o f  

predicted increasing demand. Som e  

analysts csdm ate th \t the world's average 

ultimately recoverable convendonal oil 

resource is 2,70^ billion barrels, which  

im plies that the peak world convendonal 

oil production w ould occur around the 

year 2015. E ven  i f  the remaining 

recoverable resource o f  convendonal oil 

w ;re  nearly double this csdm ate so  that 

the i ldmatcly recoverable resource was 
4 ,700  billion barrels, the producdon Some: J.l I. luihmvre, Oil and Gas journal, Pebrtiuiy 1999.
peak would occur only about 20 years later (Figure 2). For both  estim ates, alternative energy 

resources need to be available to ensure the N ation’s future energy security.

Environment

O ther challenges facing energy use are the issues surrounding em issions from  fossil fuel utilization 

(e.g., com bustion, conversion), increased levels o f  greenhouse gases, especially carbon dioxide, and 

their impact on  urban/regional air pollution and climate.

I 'ipir? Transportation and S/a/iotian Power Contributions 
to Criteria Air Pollutant Emissions
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A ir Pollution

O f  the m an-m ade em issions, U.S. 

transportation and pow er production arc 

responsible for over 84 percent o f  the 

carbon m onoxide, 95 percent o f  the 

N O x , 48 percent o f  die V O C s, and over 

92 percent o f  S O , em issions (Figure 3). 

There have been im provem ents in 

em issions, as the N E P  states: "An 

individual car m eeting 2004 Federal 

requirements will em it 95 percent less 

carbon m onoxide, 94 percent fewer N O x  

em issions, and 98 percent fewer 

hydrocarbons than an average car did 

before laws limiting such vehicle pollution  

were im plem ented." E ven  so, these 

remaining em issions can have a significant 

impact on human health and the 

environm ent.
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Climate Change
F ossil fuels account for over 70  percent o f  the electricity generated in the U nited States and nearly 

all o f  d ie fuel consum ed in  the transportadon sector. T he continued use o f  fossil fuels in these 

sectors presents many environm ental challenges, particularly global climate change. T o  address this 

environm ental challenge, the President has proposed the Climate Change Research and N ational 

Ciim ate Change T echnology Initiatives to im prove scientific understanding o f  the global climate 

system  and to w ork toward long-term  reductions o f  carbon dioxide em issions resulting from the use 

o f  fossil fuels. T he production o f  hydrogen from domestically available and econ om ic fossil fuels 

and subsequent capture and sequestration o f  carbon dioxide dirccdy respond to these initiatives.
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FE H y d r o g e n  f r o m  F o s s i l  F u e l s  — 
T o d a y ' s T e c h n o l o g y
Today's hydrogen production technologies are adequate to produce and deliver hydrogen in 

sufficient quantities to m eet refining and chemical industries' needs. H ow ever, before large-scale 

hydrogen use can be a clean, affordable option , there is a need for considerable cost reduction and 

technical im provem ents throughout the entire hydrogen system  - production, delivery, storage, 

conversion, and application.

It is anticipated that coordination am ong O ffice o f  Fossil Energy R& D programs will be needed to 

low er cost, im prove efficiency, and accom plish carbon dioxide capture and sequestration w hen fossil 

resources are used to produce hydrogen. T he m ost econom ic and environm entally responsive  

process for the production o f  hydrogen will be one utilizing the potential o f  advanced technologies 

now  in, or being proposed as part o f, the FE R D & D  programs. Table 1 com pares the cost to 

produce hydrogen from selected technologies and resources. A m ore detailed version o f  Table 1 

and the analyses cited can be found in the Appendix (Table A-1). Table 1 show s that natural gas 

and coal are the m ost econom ical choices to provide the hydrogen necessary to begin the transition 

to a sustainable energy system . I f  the technology developm ent objectives o f  the F E  I Iydrogen 

Program are achieved, the production co st o f  hydrogen from natural gas and coal, including carbon 

capture and sequestration, will be about $4.00 per m illion Btu or lower by 2020.

1'iildf I: Cost Companion of Sckclcd 1 [ydroien I’loditdion t echnologies

Resource Technology Hydrogen Cost 
($/MMBtu) / ($/kg)

YearTechnology is 
Available

Natural Gas’ Steam Methane Reforming. PSA, No Sequestration 5.54 / 0.75 Current
Natural Gas* ITM Synthesis Gas Generation, Advanced Membrane 

Separation, CO2 capture 4.15 / 0.56 2913
Coal Gasification, Shift. PSA, No Sequestration 6.83 / 0.92 Current
Coal Advanced Gasification, Membrane Separation, CO2 

Sequestration 5.89 / 0.79 2015*

Coal** Advanced Gasification, Membrane Separation, Co- 
Production of Power, CO2 Sequestration 3.98 / 0.54 2015*

Biomass Pyrolysis to bio-oil followed by steam reforming (9-16) 1 

(1.21-2.16) 2015*

Nuclear Sulfur-lodine Cycle (Thermochemical Process) 9.70 / 1.31 2020+

Electrolysis Electricity Cost at 4 cents/kWh (19-22) 1 

(2.56-297) Current

•These two cases are based upon a natural g;;»s price o f $3 .15/M M lhu. I Iydrogen costs will increase or decrease from 
these values at roughly 1.5 limes the change in natural gas price above or below $3.15/MMIMu.
• ’The hydrogen cost in this case is based upon achievement o f  the associated Vision 21 Program  goals. The value o f  
pow er produced in the process is assum ed to be 53.fi m ils/kW h.
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It should be noted also that the success o f  the R& D effort to econom ically utilize fossil fuels as a 

source o f  hydrogen is dependent upon successfully achieving the goals o f  a num ber o f  associated  

R& D efforts o f  the F E  program. T hese associated programs include, but are not limited to:

y carbon dioxide capture and sequestration,

>  conversion o f  hydrogen to pow er through fuel cells, and

r' im provem ents in gasification technologies to im prove efficiency o f  producing synthesis gas.

Hydrogen Industry Today

It has been estim ated by Air Products and Chem icals, Inc. that the U.S. dem and for hydrogen  

currently is about 9 m illion tons per year.1 O f  this am ount, about 1.5 m illion tons is m erchant 

hydrogen production that is sold to refineries and chem ical plants.

In refineries, hydrogen is produced as a by-product o f  naphtha reform ing, and any supplem ental 

hydrogen is produced from steam reform ing o f  natural gas. T he chem ical industry also utilizes 

hydrogen, m osdy in the m anufacture o f  am m onia and other nitrogen-based fertilizers. Hydrogen  

for the chem ical industry is also produced from  steam  reform ing o f  natural gas, although som e  

chem ical plants use coal gasification (i.e., partial oxidation) to produce hydrogen. In total, about 95 

percent o f  U.S. hydrogen production for supplem ental refiner)' needs and in the chem ical industries 

is produced from  natural gas utilizing steam  reforming technology.

Current Technology — Steam Reforming of Natural Gas

Steam reform ing is a catalytic process that involves a reaction betw een natural gas or other light 

hydrocarbons and steam  (Figure 4), T he result is a mixture o f  hydrogen, carbon m onoxide, carbon 

dioxide and water that is produced in a series o f  three reactions. T he first reform ing step  

catalytically reacts methane with steam  to form hydrogen and carbon m onoxide in an endothcrm ic  

reaction. T h e carbon m onoxide is then "shifted" w ith steam  to form  additional hydrogen and 

carbon dioxide in an exotherm ic reaction. T he carbon dioxide is rem oved using one o f  several 

adsorption processes. Trace am ounts o f  carbon m onoxide and carbon dioxide are rem oved by 

cxothcrm ically reacting the com pounds w ith hydrogen to form  m ethane and water. Finally, 

hydrogen is separated in preparation for its final use.

1 Kaisaros, A rthur. Atr Products atid Chemicals, Inc. U .S . Ind u stria lU yd nytn  Infrastructure Presentation. N ovem ber 2001.
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Figure 4: Steam Methane Reforming Technology

Current Coal Technology — Gasification and Conversion

Today, hydrogen is produced from coal by gasification and the subsequent processing o f  the 

resulting synthesis gas, and is used primarily to produce am m onia for fertilizer. A nother market is 

being developed whereby coal-derived synthesis gas is being converted to m ethanol for use as an 

intermediate for chem ical production, but which could also be used as a hydrogen carrier for 

subsequent reform ing applications. This m ethanol producdon technolog)' is being dem onstrated  

successfully at the Eastm an Chemical C om plex in K ingsport, T ennessee.

In its simplest form , the overall technology used to produce hydrogen from coal is show n  

schematically in Figure 5. The coal is first gasified w ith oxygen and steam  to produce a synthesis gas 

consisring essentially o f  carbon m onoxide and hydrogen. This synthesis gas is cleaned to rem ove all 

impurities and shifted to produce additional hydrogen. T he clean gas is then sent to a separation 

system  to recover hydrogen. T he residual gas from this separation can be recycled or com busted for 

its heat. T he synthesis gas can also be converted into hydrocarbons and oxygenates for upgrading to 

liquid transportation fuels, or reform able fuels to produce hydrogen for fuel cell applications.
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Fig/uv 5: Current I lyclmgeti frvm Coal Production Process

Synthesis Synthesis Clean
■ hr ) Gas
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H y d r o g e n  f r o m  F o s s i l  F u e l s  — 
T h e  R D & D  P r o g r a m
Hydrogen Demand Scenarios

H ydrogen derived from fossil fuels and consum ed in advanced fuel cell vehicles (FCVs) will have a 

significant benefit to the N ation’s energy' security and the environm ent. W hen light duly' FCVs 

reach 50 m illion vehicles, petroleum im ports will be reduced by 1.5 m illion barrels per day', and by 3 

million barrels per day w hen FCVs reach 100 million vehicles. T he N ation  currendy has about 210  

million light duty' vehicles that consum e about 8.1 million barrels per day o f  petroleum  in the 

producdon and use o f  gasoline and diesel fuels.

E m issions will be reduced significantly w ith fossil fuel-derived hj'drogen use in these advanced  

hydrogen-pow ered FCVs, w hich are esum ated to use one-third the energy per mile traveled 

com pared with future gasoline internal com busdon  engine (ICE) vehicles. For exam ple, even  

w ithout carbon sequestration, dom estic hydrogen from coal producdon and use in FC V s is 

estim ated to reduce carbon dioxide em issions by 278 m illion tonnes per year for every 100 million 

FCVs. This reduction is equal to about 24 percent o f  the N ation ’s current carbon dioxide em issions 

associated w ith all o f  today’s light duty vclticle fleet. W hen com bined with sequestration, this same 

hydrogen from  coal production and use in FC V s is estimated to reduce carbon dioxide em issions by 

537 million tonnes per year, an am ount that equals about 45 percent o f  current carbon dioxide  

em issions associated w ith today’s light duty vehicles.

T h ese estim ates are based on a com parison o f  the production o f  the fuel (either hydrogen or 

petroleum  products) and delivery to the sendee station, follow ed by use in either advanced FCVs or 

advanced gasoline IC E  vehicles. This system  pathway therefore includes the manufacture, 

transportation and consum ption o f  fuel in these tv'o transportation system  technologies (FCV and 

ICE).

Table 2 show s the im pact that centrally produced hydrogen from coal and natural gas, used in FCVs, 

will have on  criteria pollutants, imports o f  oil, greenhouse gas em issions, energy use, and other  

criteria. For the case in w hich FCVs reach 100 million vehicles, if  all hydrogen is produced from  

natural gas, SO x, N O x , and particulate matter less than 10 microns in diam eter (PM 10) are estimated 

to be reduced by 68,000 metric tonnes per year, 96,000 metric tonnes per year, and 28,000 metric 

tonnes per year, respectively. In the case o f  coal-derived hydrogen, reductions o f  SO x, N O x  and 

PM 10 arc estim ated to be 22,000 metric tonnes per year, 51,000 metric tonnes per year, and 20,000  

metric tonnes per year, respectively.

T he N ation currently consum es about 1,050 m illion tons o f  coal per year, all o f  w hich is produced  

dom estically. Coal dem and is estimated to increase only 14 percent, or 145 m illion tons annually, to 

produce the 20 million tons o f  hydrogen needed to fuel 100 million FCVs. In this case, energy
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savings arc estimated at nearly $35 billion annually as coal is used instead o f  3 million barrels per day 

o f  petroleum  im ports to fuel these light duty vehicles.

Energy savings estim ated at $23 billion annually could be realized with efficient natural gas-to- 

hydrogen producdon and use in FCVs. The natural gas needed to produce 20  million tons o f  

hydrogen per year to fuel 100 m illion advanced FCVs is 3.1 trillion cubic feet (tcf). H ow ever, 

natural gas consum ption  will be reduced by about 1.6 tcf/year in the refining sector and fuel 

production /b lending operations. A s a result, net annual natural gas consum ption  is estim ated to 

increase by 1.5 tcf, or about 7 percent o f  the N ation ’s current annual natural gas dem and o f  23 tcf.

This analysis assumra hydrogen from natural gas plants have a nom inal capacity o f  about 150 million 

standard cubic feet (M M scf) per day. T he technology used is efficient steam  m ethane reform ing  

(SMR) with heat recovery but w ithout sequestration. A  total o f  148 SMR plants are estim ated to be 

needed to produce 20 m illion tons o f  hydrogen needed to fuel 100 m illion FCVs. In the case o f  

hydrogen from natural gas w ith sequestration, advanced ITM  syngas reactors arc assum ed to have 

equal thermal efficiency with SMR technology, but with sequestration. T he size o f  these IT M  syngas 

reactor hydrogen plants is assum ed the same as SMR hydrogen plants.

Hydrogen from  coal technolog)- benefits analysis assum es that hydrogen plants also have a capacity 

o f  about 150 M M scf/day. T hese efficient 3,000 tons o f  coal per day plants use integrated 

gasification com bined-cycle (IGCC) technology with carbon capture and sequestration, as show n in 

Table 4, Case 2 (p. 35). A total o f  156 o f  these hydrogen from  coal plants w ould be required to 

provide enough hydrogen to fuel 100 m illion advanced FCVs.

A ssum ptions for both  advanced FCVs and ICE vehicle operation efficiency and fuel delivery arc 

from A rgonnc N ational Laboratory's G reenhouse G ases, Regulated E m issions, and Energy U se in 

Transportation (G R E E T ) m odel, version 1.5a. T echnology assum ptions arc based on  “Long-Term  

T echnologies” in the m odel, instead o f  current technolog)’. In addition, this m odel estim ates each 

portion o f  the full fucl-cyclc energy use and em issions associated with various transportation fuels 

and advanced vehicle technologies applied to m otor vehicles. T h e G R E E T  m odel has been used in 

numerous joint governm ent and industry studies, such as the June 2001 study “W ell-to-W heel 

Energy Use and G reenhouse Gas E m issions o f  Advanced F u el/V eh ic le  System s -  N orth  Am erican  
Analysis”.

The em ission reductions and benefits show n in Table 2 and previously discussed, are based mainly 

on the G R E E T  1.5a m odel. In that m odel, FCVs are three times as efficient as future gasoline ICE  

vehicles. U sing these estim ates, 20 million tons o f  hydrogen w ould be consum ed annually to fuel 

100 m illion FCVs. Since FC V  technology has not yet been developed, there is uncertainty in its 

ultimate efficiency. Som e have estimated that FCVs may only have twice the energy efficiency o f  

future ICE vehicles. I f  that scenario were to occur, som e benefits show n in Table 2 w ould be 

reduced, but petroleum  im ports w ould still decrease by the sam e am ount w hen hydrogen is 

produced from  natural gas or coal. H ow ever, if  FCVs were only twice as efficient as ICE vehicles, 

hydrogen dem and w ould  increase to 30 million tons per year for each 100 m illion FCVs. Criteria
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pollutants and greenhouse gas em issions from fossil fuel-derived hydrogen use in FCVs would  

increase by 50 percent, but they w ould still be significantly low er than gasoline use in future ICE  

vehicles, even w ithout sequestration. W ith carbon capture and sequestration, these em issions will be 

virtually eliminated. Table A -2  in the A ppendix provides m ore detail on the em issions reductions 

and benefits associated with FCVs that have twice the energy efficiency o f  future IC E  vehicles.

Table 2: Impact of Centrally-Produced Hydrogen from Natural Gas and Coal and Use in Light-Duly 
FCVs that are Three Times as Efficient as ICE Vehicles in the Long Term (a)

Hydrogen from  Coal Hydrogen from  Natural Gas
Number of Light Duty FCVs 50 million 100 million 50 million 100 million
Number of Hydrogen Plants 78 156 74 148
Hydrogen Production, million short Ions per year 10.1 20.2 10.1 20.2
Capital Cost of Hydrogen Plants; S billion (current dollars) 33 66 11 21
Em issions Reductions
S0», thousand tonnes per year 22 43 34 68
NOx, thousand tonnes per year 51 102 48 96
PM 10, thousand tonnes per year 20 40 14 28
CO2, million tonnes per year (no sequestration) 139 278 189 377
CO2, million tonnes per year (with sequestration) 269 537 278 555
Other Impacts
Energy Savings, S billion per year (current dollars) 17 35 12 24
Reduce Petroleum Imports, million barrels per day 1.5 3.0 1.5 3.0
Natural Gas Displaced trillion cubic feet per year 0.8 decrease 1.6 decrease 0.8 increase 1.5 increase

(a) Based on a system analysis from a central hydrogen plant, pipeline delivery o f  hydrogen to  refueling stations and use 
in efficient FCVs, com pared with oil refining, delivery o f  gasoline and use in IC E  vehicles.

Sources:

A rgonnc N ational Laboratory G R E E T  1.5a model, Per-Milc Fucl-Cyde Energy Use and Em issions for long-term 
technology light duty vehicles, assumed to he 55% passenger cars, 25% Light D uty T ruck Class 1, and 20% Light Duty 
T ruck Class 2. T he G R E E T  1.5a m odel provides B tu/m ile use o f  energy, broken dow n by fossil energy, petroleum  
energy and non-fossil energy, and SOx, N O x, and PM 10, am ong o ther emissions, on a fucl-cyclc basis. Except for the 
hydrogen from  coal plant analysis, G R E E T  1.5a assum ptions were used in the above table, including the assessment that 
FCVs use one third the energy per mile driven as IC E  vehicles.

Hydrogen from  C o d , Mitrctck Technical Paper, M TR 2002-31,July 2002. This case is also used in this Office o f  Fossil 
Encrg) Hydrogen from Natural Gas and Coal Program lan as Case 2 in Table -I (p. 35). This case defines the quantity 
o f  coal, and therefore carbon, used to produce hydrogen.

SAIC, March 2003 presentation, which indicates advanced coal-ftred IGCC plants emit 0.09 lbs N O x/M M B tu o f  coal, 
and 0.08 lbs o f  S 0 2 /M M B tu  at 98 percent recovery, Estimates used in the above analysis assume S O . recovery is 99 
percent with emission o f  only 0.0-1 lbs SO j/M M B tu  through more severe operation o f  a Rcctisol unit.

Hydmgen Production Facilities P lant Perfonnanct and C ost Comparisons, Parsons Infrastructure and Technology G roup, Final 
Report, M arch 2002. Use o f  current steam m ethane reform ing technolog)’ case. This case deGncs the quantity o f 
natural gas, and therefore carbon used to produce hydrogen. Since both the Parsons and G R E E T  1.5a natural gas to 
hydrogen energy efficiency w ere essentially identical, the G R E E T  1.5a assum ptions were selected for use.
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FE Program Goal

The overall goal o f  the H ydrogen from Natural G as Program and the H ydrogen from  Coal Program  

is to dem onstrate the capability and viability o f  producing hydrogen from our dom estic natural gas 

and coal resources in an econom ic, reliable, safe, and environm entally sound manner. In addidon, 

the program will evaluate the opuons available to achieve the m ost efficient and effecdve low -cost  

m ethods for distribudon o f  the produced hydrogen.

T o  reach these overarching program goals, the F E  hydrogen from natural gas and coal programs 

have set the follow ing three significant long-range goals:

r- By 2011, an alternative hydrogen delivery system  will be optim ized and available,

y By 2013, natural gas-based hydrogen system s will be capable o f  producing hydrogen with  

capture o f  carbon dioxide at 25 percent low'cr costs than current com m ercial m eans, and

y By 2015, coal-based hydrogen system s including carbon dioxide capture will be capable o f  

producing hydrogen at 25 percent lower costs than current coal-based com m ercial m eans.

T he achievem ent o f  these goals will result in technologies and processes for affordable hydrogen  

from  fossil fuels in adequate volum es to provide a pathway to a long-term , hydrogen-fueled  

infrastructure, subsequendy reducing urban and regional air pollution  and greenhouse gas em issions.

Hydrogen from Natural Gas

Goal
2013 - Natural Gas T echnology M odules Reduce the C ost o f  H ydrogen Produced from  Natural Gas 

by 25 percent

Milestones
Major m ilestones arc presented below . Figure 6 provides all intermediate and final m ilestones for 

ihc H ydrogen from Natural G as Program.

y 2005: A  0.5 million standard cubic feet per day (M M scfd) hydrogen ITM  production unit 

dem onstrated

y 2010: Pre-com m ercial ITM  technology unit producing 15 M M scfd o f  hydrogen  

dem onstrated

>  2011: L ow -cost, sm all-footprint plant for hydrogen production dem onstrated

y 2013: M odules to reduce cost o f  hydrogen (and synthesis gas) production from natural gas 

by 25 percent available
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B arriers

Steam reform ing o f  natural gas is a mature technology, operating at or near the theoretical limits o f  

the process that is used to produce nearly all the hydrogen (in the form o f  synthesis gas, a mixture o f  

hydrogen and carbon m onoxide) in the chem ical industry and for supplemental hydrogen 

production in refineries. O n ce synthesis gas is produced and shifted, hydrogen is separated from the 

mixed gas stream using another mature technology, pressure sw ing adsorption (PSA). The 

associated cost to produce and deliver hydrogen w ith  these technologies is too high for it to 

com pete econom ically with conventional Liquid fuels, such as gasoline or diesel fuel. A lso, these 

hydrogen production system  technologies are mature, and there is limited opportunity for cost 

a n d /or  efficiency im provem ents.

During the steam  reform ing process, som e natural gas is burned with air (80 percent nitrogen and 20 

percent oxygen) in the furnace to produce the high temperatures required in the reactor. The  

furnace flue carries the com busdon by-products o f  carbon dioxide, N O x , and inert nitrogen through 

the stack where it is emitted into the atm osphere. Capture o f  carbon dioxide from  the mixed flue 

gas stream w ould be expensive. T he developm ent o f  novel technologies that could reduce the cost 

to produce hydrogen or capture carbon dioxide are not undertaken by industry w ithout governm ent 

joint support because o f  the associated high financial risk and the absence o f  prom ising candidate 

technologies.

S o lu tio n s

T he econom ic barrier represented by the current use o f  steam m ethane reforming and PSA  

scparauon is being reduced a n d /o r  eliminated through the developm ent and potential use o f  the Ion  

Transport M em brane (ITM) syngas reactor system . In a single reactor, these system s are capable o f  

separating air to produce oxygen and subsequendy use the oxygen in the partial oxidation o f  natural 

gas to generate synthesis gas. This technology offers the potential to be scalable w ithout an 

associated significant increase in the unit cost. W ith the advanced ITM  syngas reactor systems, after 

shifting and hydrogen separation, the remaining concentrated carbon dioxide can be captured or 

sequestered or used for industrial or other applications.

T he mature steam  reform ing process, by contrast, burns a portion o f  the natural gas feed with air to 

generate the high temperatures needed for the process, which produces a m ixed carbon dioxide, 

nitrogen and N O x  gas stream that is emitted to the air through the flue. Separation o f  carbon 

dioxide from this flue gas stream is too cosdy to be an econom ic alternative. In addition, PSA  

hydrogen separation is an expensive technology that can be avoided if  advanced membrane 

separadon o f  synthesis gas technology is developed. Joint governm ent/industry' research is needed  

to identify, design, dem onstrate, and com m ercialize these new  and advanced technologies. An  

alternative technology with potential applicadons in small plants also being considered is advanced  

autothcrmal reforming.
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Benefits

D evelop m en t o f  technologies to low er the cost o f  hydrogen from natural gas will enable the early 

transition to use clean hydrogen technologies, such as fuel cell vehicles (FCVs). T he benefits o f  

using low -cost hydrogen from  natural gas and, in the future, potential resources o f  m ethane hydrates 

in advanced hydrogen utilization technologies w ould  be unproved energy' security' due to reduced 

petroleum  im ports, reduced criteria pollutants and reduced greenhouse gas em issions. Advanced  

FCVs pow ered by natural gas-derived hydrogen can replace gasoline internal com bustion engine 

vehicles. For every 100 million FC V s fueled by natural gas-derived hydrogen, oil im ports will be 

reduced by 3 million barrels per day and carbon dioxide em issions w ill be reduced by over 375 

m illion tonnes per year, with carbon capture, 550 m illion tonnes. Criteria pollutants such as SO x, 

N O x , and PM 10 will also be reduced by significant am ounts (sec Table 2, page 18).

Introduction o f  small-scale, low er capital cost hydrogen plants will allow  earlier production o f  low - 

cost hydrogen. Because o f  the small footprint, construction time is shorter than for large hydrogen  

plants. U se o f  sm all-fooiprint facilities will reduce the need for significant delivery' and 

transportation infrastructure. Large hydrogen plants that use novel ITM  reactor system s will have 

even  lower costs to produce hydrogen because o f  the econom y-of-sca lc benefits and can becom e a 

significant source o f  hydrogen in the near to mid term.

T h e low -cost hydrogen production from  natural gas technology can be the bridging technology to 

enable not only early transition to the hydrogen econom y but also provide a platform  for wider 

distribution o f  hydrogen production facilities that will support technologies such as fuel cell vehicles 

in a shorter period o f  time. For exam ple, both large-scale and sm all-footprint plants producing 

hydrogen from  natural gas can provide the earliest, low -cost transitional source o f  hydrogen for the 

Freedom C A R  program reducing the Nation's energy consum ption  and reducing pollution compared  

to transportation alternatives. It is the integration o f  this innovative technology' w ith the results o f  

associated technology that allows capture o f  carbon dioxide and reduces N O x .
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Hydrogen from Coal

Goal

2015 - 60 Percent Efficient, Zero E m issions, Coal-Fueled H ydrogen and Pow er Co-production  

Facility Operational

Milestones

Major m ilestones are presented below. Figure 

7 provides all intermediate and Final 

m ilestones for the Hydrogen from Coal 

Program.

^  2006: A dvanced hydrogen separation 

technology including membranes 

tolerant o f  trace contam inants 

identified

r 2011: Hydrogen m odules for coal 

gasification com bined-cyclc co ­

production facility dem onstrated

^  2015: Z ero-cm ission, coal-based plant 

producing hydrogen and electric 

pow er (with sequestration) which  

reduces cost o f  hydrogen by 25 

percent compared to current coal- 

based plants dem onstrated

Barriers

Partial oxidation o f  coal is a prom ising technology for the production o f  electric pow er that uses 

integrated gasification com bincd-cycle (IGCC) technology. H ow ever, there currently arc no  

commercial dem onstrations o f  these joint pow er and hydrogen production plants. Partial oxidation, 

or gasification, com bines coal, oxygen and steam to produce synthesis gas that is cleaned o f  

impurities such as sulfur or mercury. T o  produce hydrogen, this synthesis gas is shifted using  

mature water-gas shift reactor technology to generate additional hydrogen and convert carbon  

m onoxide to carbon dioxide. Hydrogen is subsequently separated from  the gas stream. Currently, 

this separation is accom plished through the use o f  mature PSA technology w hich operates near its 

theoretical limit. In order to reduce costs, novel and advanced technology m ust be developed in all 

phases o f  the gasification/hydrogen production and separation process. Carbon dioxide produced  

in the hydrogen production process w ould be rem oved utilizing capture and sequestration  

technology now  being developed in an associated program.

S p o t l ig h t  on  F u tu reG en
On February 27, 2003, Secretary o f  Energy 
Spencer Abraham announced the $1 billion 
FutureGen initiative to design, build, and operate 
the world’s first coal-tired, zero emissions plant 
integrated with carbon sequestration. The goal o f 
the project is to pioduce electricity at a cost 
increase no greater than 10 percent liigher than 
non-sequestcred systems, and hydrogen at a cost 
o f $4.00/MMBtu. The FutureGen prototype 
plant may provide a venue in which project 
researchers have the opportunity to gain large- 
scale, real-world experience for technologies 
developed by the Hydrogen from Coal Program. 
This experience can help reduce the technical and 
economic risks associated with developing new, 
innovative technologies while successfully meeting 
the program’s goals and milestones. The 
advanced technologies developed under the 
Hydrogen from Coal program will support die 
FutureGen initiative.
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Solutions
Within the H ydrogen from  Coal Program, R & D  activities are focused on the developm ent o f  novel 

processes that include:

y advanced water-gas shift reactors using sulfur-tolerant catalysts to produce m ore hydrogen 

from synthesis gas at lower cost; 

y novel m em branes for advanced, low er cost separations o f  hydrogen from  carbon dioxide 

and other contaminants; 

y advanced technolog)' concepts that com bine hydrogen separation and the water-gas rhift 

reaction; and

y technologies that utilize fewer steps to separate carbon dioxide, hydrogen sulfide, a n i other 

impurities from  hydrogen.

N ovel catalysts and materials m ust be developed for this to succeed. T echnology  and cngincering 

studies are also required for co-production and integration o f  coal gasification for power production  

with hydrogen production and separation. A t the sam e time, cost reduction and process efficiency  

im provem ent are dependent upon R & D  successes in a num ber o f  associated coal gasification  

technologies. T hese include:

y advanced ITM  technology for oxygen separation from air; 

y advanced cleaning o f  raw synthesis gas;

y im provem ents in gasifier design, materials and feed system s, and 

y carbon dioxide capture and sequestration technology.

jo in t governm ent/industry research is needed to identify, design and dem onstrate these new  and 

advanced technologies if  an econom ic alternative to current, mature technology is to be realized.

Benefits
L ow -cost, hydrogen from  coal technologies will allow the N ation ’s 250-ycar supply o f  dom estic coal 

to replace im ported oil and im prove the N ation ’s energy security when used in advanced hydrogen 

technologies such as fuel cell vehicles (FCVs). T he benefit o f  producing enough hydrogen in 

efficient coal-to-hydrogen technologies to pow er 100 m illion FCVs will be a reduction o f  3 million 

barrels per day o f  im ported oil. E ven  w ithout carbon sequestration, carbon dioxide em issions wall 

be reduced by over 275 million tonnes per year, and nearly 540 million tonnes per year with 

sequestration. Criteria pollutants o f  SO x, N O x , and PM 10 will be reduced significantly (see Table 2, 

page 18).

Production o f  low -cost hydrogen from coal will reduce reliance on  im ported oil, increase the 

proportion o f  dom estic energy resources that com pose the N ation's energy m ix, and provide a cost- 

effective source o f  hydrogen for the transportation sector and the associated Freedom CAR  

program. In this way, hydrogen from coal provides a mid-term  transitional source o f  energy until 

the long-term goal o f  producing hydrogen from renewable and nuclear energy is realized. Successful 

developm ent o f  carbon dioxide capture and sequestration technology will elim inate public concerns 

over any greenhouse gas em issions that may be generated by this technology,
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Delivery

Goal
2011 - Alternative Hydrogen Deliver}' System  O ptim ized and Available 

Milestones
'r 2005: Identify and evaluate the m ost prom ising approaches and opdons for econom ic  

storage, handling and delivery o f  hydrogen

r 2008: Com plete bench-scale tests o f  storage, handling and delivery technologies that, when  

integrated with the endre fuel producdon and deliver}' cycle, provide a cost to the consum er 

o f  no greater than S I .50 per gallon o f  gasoline equivalent (gge) by 2015.

y 2011: C om plete tests and evaluadons o f  the m ost prom ising hydrogen-rich, synthesis gas- 

derived liquid fuel candidates for reform ing applications.

Barriers
Currendy, hydrogen deliver}' infrastructure exists only for the small merchant hydrogen market that 

currendy exists in the chem ical and refining industries. This limited system  lacks the scope or scale 

needed to deliver hydrogen outside o f  these limited industrial areas to potential large-volume end- 

user applications such as the Freedom CAR program. The existing liquid fuel (e.g., gasoline, diesel 

fuel, and jet fuel) deliver}' infrastructure is an entrenched, capital-intensive network that consists o f  

pipelines, intermediate product storage, im port terminals, and rail, barge and on-road truck delivery 

to end-use distribution stations that links the entire N ation. T he existing natural gas delivery 

infrastructure is also a capital-intensive network that consists o f  im port L N G  terminals; significant 

storage to build inventory during low-dem and, off-peak seasons; and pipelines to deliver product to 

end-users. Hydrogen has physical properties that may cause em brittlem ent o f  som e high-strength  

steel piping materials and com ponents (e.g. com pressors and valves) currently used for natural gas. 

These system s would require m odification for use in the delivery and distribution o f  hydrogen. In 

addition, natural gas pipelines may not be available or able to handle the additional volum e. 

Therefore, it is likely that significant capital investm ent in dedicated hydrogen deliver}' infrastructure 

will be required before a hydrogen econom y can be realized. T he evaluation o f  options and the 

identification o f  the m ost optim um  delivery system  to include an alternative liquid fuel as 

consideration for a hydrogen carrier is a critical issue. In any consideration o f  advanced or m odified  

hydrogen delivery system s, the unique characteristics o f  hydrogen m ust be considered.

Solutions
Com putational studies and analysis o f  optimal, early-introduction hydrogen carriers is required in 

order to evaluate the m ost prom ising reaction catalysts and chem ical process routes. Analysis is also 

needed to evaluate the trade-off between massive capital investm ents in central location hydrogen 

plants, associated pipelines, and delivery in a dedicated hydrogen infrastructure against the use o f
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liquid and natural gas infrastructure to deliver hydrogcn-rich fuels. It may b e the case that these 

fuels can be reformed at end-use locations, instead o f  central locations, and the cost o f  small-scale, 

on-site reform ing m ust b e evaluated against the large capital costs o f  a d ed ’ ed hydrogen  

infrastructure.

Benefits
Identification and developm ent o f  the best alternatives to produce and deliver hydrogen in the near 

term is needed to achieve the early introduction o f  efficient fuel cell technology. T he efficient fuel 

cell will reduce the overall am ount o f  fossil fuels consum ed, thereby reducing greenhouse gas 

em issions and pollution from  conventional fossil fuels. Utilization o f  synthesis gas to produce liquid 

hydrocarbons as hydrogen carriers will enable the use o f  abundant coal resources and reduce oil 

imports. Som e synthesis gas-derived liquids can use existing refined liquid fuel infrastructure, which  

will reduce the need for significant capital investm ents in dedicated hydrogen infrastructure. The  

com bination o f  carbon dioxide removal at the production site o f  the liquid hydrogen carrier with the 

significandy higher potential efficiency o f  fuel cell vehicle technology could result, in substantially 

lower em issions per m ile in the transportation sector.



13

Hydrogen from Natural Gas and Coal: The Road to a Sustainable Energy Future

H y d r o g e n  f r o m  F o s s i l  F u e l s  —  A  B u d g e t  f o r  
t h e  H y d r o g e n  f r o m  F o s s i l  F u e l s  P r o g r a m
Office of Fossil Energy Hydrogen Program Budget

T he budget for the FE  hydrogen program for FY 04 as currendy planned is §11.6 million, with §5.0  

m illion provided 'o  the Hydrogen from Coal Program and §6.6 m illion to the H ydrogen from  

Natural Gas Program. Table 3 and Figure 8 show  the breakout o f  the FE  hydrogen budget for 

FY 04 by category and what percentage has been allocated for each o f  these categories.

Tub/e 5: FE 11 ydmgen budget Brr/ikoutfor F ) '04 (Smlllion)

FE Hydrogen Budget Category

Production Delivery Outreach Total

Coal 4.3 0.5 0.2 5.0

Natural Gas 5.4 0.6 0.6 6.6

Total 9.7 1.1 0.8 11.6

Figure X; FE FY04 Hydrogen Fudge! Fnukoul I'uventugc by Cutegmy

Outreach ! □ Production
7% | □ Delivery

Delivery \ | ■ Outreach

Figures 9 and 10 are Gantt charts that sh ow  a m ore detailed program planning breakout for the 

hydrogen from natural gas and coal programs, which is required to m eet the program m ilestones and 

metrics. T hese charts also show  som e o f  the potendal areas for research that will be conducted by 

the programs.
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FY 03 04 05 06 07 08 09 10 11 12 13 14 15
Production

NETL fuels research pertaining to hydrogen from natural gas
■yrrnr;: ~  . ' • • ' 7 -m?-'-?mtr:-7Ti7n.T?r'rr-y?,T^r~? r " , y v " . • r ^ i - t j r r

. • ■ • . . . . . .  . .  --J tu S H  IvB - v . 1 . . . .

Engineering analysis and support to defino advanced configurations and applications
. . . . . . .

Ceramic rnombrano reactors for hydrogen from natural gas
y^it4:. -u.

1; jlicilation for National Lab (NL) development of now technologies for hydrogen production and separation (Round 1)

Solicitation for development of new technologies for hydrogen production and/or separation; mav include CO. capture (Round 1)
— m £ ?

NL solicitation for development of new technologies for hydrogen production and separation (Round 2)
. . .

Solicitation for development of new technologies for hydrogen production and/or separation; may include CO; capture (Round 2)

NL solicitation for development of new technologies for hydrogen production and separation (Round 3)

Solicitation for development of new technologies for hydrogen production and/or separation (Round 3) 
■

Solicitation for demonstration of a H, production/distribution park 
■

Delivery
Scientific basis needed to develop components for safe storage, handling and transport of H. from natural gas-derived synthesis gas

Other
Program support • Outreach to public on H, and tho challenges that we face in developing and Implementing a H2 economy

»  t V .  -  . . . . . .  . . .  . ,

DOE HU program support/SBIR. STTR etc. about 4% of project budget
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Production

NETL (uols re' jarch employing computalional Ecionce/analysis und laboratory research on novel separations and reformer liquid fuel hydrogen carriers
" - c t .-

Engineering analysis lo define advanced configurations to significantly reduce hydrogen cost and carbon reduction (including capture and disposal)
' *. i - .■ . y. -- ^ .̂.v .L.-Rija&Vvi&kj.Ci-

Engineering analysis to determine mosl promising candidates for reforming applications
. . . .  . . .  .  . . .  . . .  . .  .

Solic tation lo develop the most promising coal-derived liquid hydrogen carriers

=
 ■. :;;v; '
Solicitation for development of new technologies for hydrogen production and/or separation; may include COr capture (Round 1)

Solicitation for development of new technologies for hydrogen production and/or separation; may include CO2 capture - (Round 2)
■

Solicitation for deve.opment of advanced technologies for producing hydrogen which would combine separation and disposal
' I ii'A/.v • ifr iv  -SSiSi':

Prepare engineering design for advanced hydrogen production & separation modules

Engineering modu'es dovolopmont testing

Delivery

Integrated demonstration of coproduction hydrogen and 
electricity with carbon capture and disposal
; .  - . . .

Provide Iho scientific basis needed to develop components for safo storage, handling and transport of hydrogen from coal-dorivod synthesis gas
. . .

.AT .-■■A>
Conduct larger scale development study for promising delivery modules
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F u t u r e  T e c h n o l o g i e s  t o  P r o d u c e  H y d r o g e n  
f r o m  N a t u r a l  G a s 2' 3' 4
Steam reform ing o f  natural gas is a mature process approaching its maxim um  theoretical process 

efficiency and is the primary one used to produce hydrogen from natural gas. H ow ever, there are 

advanced technologies, currently in various stages o f  developm ent, which have the potential to 

reduce the cost to produce hydrogen from natural gas on  both large and small scale.

O ne o f  the prom ising technologies under 

developm ent that show s significant 

potential in reducing the co st o f  producing  

hydrogen from natural gas is the application  

o f  ITM  technology to generate synthesis 

gas. Tltis technology com bines the 

processes o f  oxygen separation from  air and 

partial oxidation o f  natural gas into one, 

com pact step (Figure 11). ITM  synthesis 

gas generation technology utilizes non- 

porous ceramic m em branes fabricated from  

m ulticom ponent metallic oxides that 

conduct both electrons and oxygen ions at 

temperatures greater than 700”C. D uring  

operation, oxygen from  a hot air stream is 

reduced by catalysts at one surface o f  the 

mem brane to create oxygen ions. The  

oxygen ions flow  through the m em brane  

under a chem ical gradient to the opposite  

membrane surface w here they partially 

oxidize a pre-reform cd hot mixture o f  steam and natural gas to form synthesis gas, a mixture o f  

carbon m onoxide and nydrogen. T h e ratio o f  hydrogen to carbon m onoxide is pardy dependent 

upon the am ount o f  steam  that is used. T he synthesis gas men proceeds to a water-gas shift reactor 

where additional steam  is added to convert the steam  and carbon m onoxide to m ore hydrogen and 

carbon dioxide. This mixture o f  hydrogen, carbon dioxide, and trace am ounts o f  carbon m onoxide  

is subsequently separated to produce a hydrogen product stream and a concentrated carbon dioxide 

stream. T he carbon dioxide can be captured and eventually sequestered. Currendy, tbc 

comparatively expensive PSA technology is used to separate hydrogen from synthesis gas.

H ow ever, advanced mem brane technologies that are under developm ent have the potential to 

reduce the cost o f  this process step. Figure 12 is a schem atic o f  the advanced technology process.

:  O ffice o f  Fossil Energy and die N ational Energy Technology Laboratory Project Factshects, 2002.
3 Air Products and Chemicals, Inc. technical literature, 2002.
4 Proceedings o f  the 2000 to  2002 D O E  Hydrogen Program  Reviews.
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There are several key challenges that the ITM  synthesis gas generation technology needs to address 

to reach its potential as a com pact, low -cost hydrogen producdon process alternadvc to steam  

reforming. The membrane material used m ust show  long-term  stability in both reducing and 

oxidizing environm ents. The membrane m ust also allow  large fluxes o f  oxygen to pass through so  

that optimal oxidadon o f  the natural gas occurs. Long-term  com paubility between the oxidadon and 

reform ing catalysts along the surface o f  the membrane m ust be exhibited. Reliable, leak-proof, 

mctal-ccramic seals are also required.

In addidon to the potential cost benefits o f  ITM  synthesis gas generadon technology, another 

benefit is its versatility due to its com pact size. The technology has the potendal to be used in small- 

footprint plants for distributed hydrogen generation purposes, as w ell as in large-scale industrial 

plant applications.

Distributed generadon o f  hydrogen from sm all-footprint plants allows hydrogen to be produced  

near the end-user for fuel cell vehicle applications or industrial uses. T he L .nefit o f  producing 

hydrogen near the end-user is that hydrogen delivery capital costs can be avoided. A sm all-footprint 

plant based on ITM  synthesis gas reactor technology that produces 0.5 M M scfd o f  hydrogen at 

5,000 pounds per square inch (psi) for FCVs was com pared to trucked-in liquid hydrogen.

Including the costs o f  hydrogen com pression, storage, and dispensing, a recent industry study 

estimated that the sm all-footprint ITM plant could save 27 percent o f  the high-pressure hydrogen 

production costs com pared to trucked-in liquid hydrogen.

Large-scale hydrogen production using ITM synthesis gas generation technolog)' also has the 

potential to achieve cost benefits. A n  ITM synthesis gas generation process that produces 760 

M M scfd o f  hydrogen at 100 bars (1,450 psi) and 14,000 ton n es/d ay  o f  carbon dioxide at 80 bars 

(1,160 psi) for sequestration was compared to a conventional oxygen-blow n autothcrmal reformer 

with a cryogenic air separation unit to supply oxygen. T he com parison indicated that the ITM  

synthesis gas generation process could potentially save over 30 percent o f  the capital cost o f  

synthesis gas generation and over 20 percent o f  the capital cost for the overall process. In addition, 

the process has a predicted thermal efficiency o f  74 percent com pared to 71 percent for the 

autothcrmal reformer process.
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F u t u r e  T e c h n o l o g i e s  t o  P r o d u c e  H y d r o g e n  
f r o m  C o a l 5
A t the present tirr ■, no coal-based facilities based on m odern entrained gasification have been  

constructed that produce both hydrogen and electric power. Conceptual com m ercial plants have 

been simulated using com puter m odels to estimate the technical perform ance and econom ics o f  a 

co-production plant producing hydrogen and power, based on current technolog)7. C om puter  

sim ulations have also been developed for conceptual plants that produce hydrogen and som e excess  

power, based on advanced technologies that arc presendy not available for com m ercial deploym ent. 

T he status o f  these advanced technologies varies. Som e are already close to com m ercialization and 

others arc further back in the R & D  pipeline. Table 4 summarizes the inform ation developed from  

tw o o f  these com puter simulations. A  m ore detailed evaluation o f  additional co-production cases 

can be found in the Mitretek report (5), and these cases are included in the hydrogen production  

cost table in the Appendix.

I'M •/: Stwmwy ojllydrogciifroiii Coal Cases

CASE 1 i CASE 2
Carbon Sequestration YES (87%) Yes (100%)
Hydrogen (MMscfd) 119 158
Coal (Tons/day) (AR) 3000 3000
Efficiency (%HHV) 59 75.5

Excess Power (MW) 26.9 25
Power Value (mills/kWh) 53.6 53.6

Capital (Smillion) 417 425
RSP of Hydrogen (5/MMBtu) 8.18 5.89

Notes:
1 ) Cnal cost is $ 2 9 /to n  (and is assum ed to de-escalate at 1.5 percent below general inflation), and the assum ed plant 
capacity factor is 85 percent.
2) F or carbon sequestration, the co-produced pow er is assumed to have a value o f $5.3.6/M\Vh, based on an additional 
cost o f  pow er production from N atural Gas Combincd-Cyclc (N GCC) plants with sequestration o f  18 m ills/k\Vh 
(reference EPR.I report 1000316).
3) F or sequestration, it is assumed that $10 per ton o f  carbon is added for sequestration after the concentrated carbon 
dioxide stream  has been isolated, and the carbon dioxide stream  is compressed to 200 bars (2,900 psi).
•I) Financial assum ptions used for these simulations: 25-year plant life; 67/33%  debt/equity  financing; 15% return on 
equity; 8% interest for a 16-year term; 3% inflation with coal de-escalation o f  1.5% per annum  below general inflation; 
16-ycar double declining balance depreciation; -10% combined Federal and State tax rate; 3-ycar construction w ith 50% 
output in start-up year; carbon sequestration cost o f  $10/ton .

s Hydrogen from Coal, M itretek Technical Paper MTR 2002-31, July 2002.
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Case 1, show n schematically in Figure 13, is a process to produce hydrogen based on convendonal 

technology utilizing carbon scquestradon. T he process assum es that a T exaco quench gasificadon  

system  w ith convendonal acid removal and a PSA system  for hydrogen recovery is used. All o f  die 

carbon dioxide is rem oved prior to the PSA  unit, is com pressed to 200 bars (2,900 psi), and is 

assumed to be. sequestered for an additional cost o f  $10 per ton o f  carbon. In this configuration, 87 

percent o f  the carbon in the feed is sequestered. T he capital cost o f  the plant is estimated at S417 

million w ith a retail selling price (RSP) o f  the hydrogen at $8.18/M M B tu. T he am ount o f  hydrogen 

produced is 119 M M scfd, and there is 27 M W  o f  excess power.

I ‘igure 13: S'cbe/fieitie of Current 1 'echnn/ngy la Produce 
I ljdrope/i from Coal with Carbon Sequestration

Case 2 represents a process for hydrogen production from  coal that uses advanced gasification  

technology, advanced mem brane technology for hydrogen separation with carbon dioxide removal, 

and carbon sequestration. A schem atic o f  the process is show n in Figure 14. In this configuration, 

advanced E-gas gasification with hot gas cleanup is used in com bination with a ceramic membrane 

system  ope.ating at nearly 600°C that is capable o f : 'ting and separating hydrogen from  clean

synthesis gas. It is assum ed that 90 m ole percent o f  the synthesis gas is converted in this membrane 

system , assum ed to be similar to the K 25 system  under developm ent by O ak Ridge National 

Laboratory (O R N L). T he hydrogen produced is separated at low  pressure and m ust be com pressed. 

T he remaining synthesis gas, containing m ostly carbon dioxide with som e carbon m onoxide and 

hydrogen, is then com busted with oxygen in a gas turbine to provide pow er for the plant. Oxygen is 

used so  that a concentrated stream o f  carbon dioxide is produced for sequestration. H eat is 

recovered from  both the gas turbine exit gas and from  the hot hydrogen in heat recovery steam  

generators (I IRSGs) where the steam  produced is sent to a steam  turbine to provide additional 

power. T he capital cost for the facility is $425 m illion, vith the required selling price o f  hydrogen  

estimated at S5.89/M M Btu.

Advanced concepts arc planned to be developed after 2015 wltich would em ploy advanced 

gasification, com bustion and turbine system s, mem brane separation, and carbon capture and 

sequestration in a co-production plant producing hydrogen and electric power. T hese highly 

efficient, hydrogen and electricity co-production  plants could provide significant additional 

reductions in the cost o f  hydrogen, reducing the cost to $4.00/M M B tu.





H ydrogen from N atural G as a n d Coal: The Ro ad to a Sustainaiile Energy Future

FE A s s o c i a t e d  P r o g r a m s
T h e successful developm ent o f  low -cost, affordable hydrogen production from fossil fuels with  

sequestration o f  carbon is dependent on successful com pletion o f  several associated R D & D  

programs within the O ffice  o f  Fossil Energy. T he technologies are discussed below .

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

A dvanced coal gasification technologies will reduce the cost to produce electric pow er from  coal 

using Integrated G asification C om bined-C ycle (IGCC) technology. The initial IG C C  process 

technology produces synthesis gas that is cleaned and used to efficiently produce electric pow er in 

advanced com bined-cycle turbines. H ydrogen from coal is produced from  the synthesis gas 

generated by IGCC technology. Im proved technologies developed in R D & D  in the F E  program  

will com plem ent, and are necessary to produce, low -cost hydrogen from co;d. T h ese  technologies  

include: im proved feed handling system s, efficient gasifier design and materials engineering, 

advanced synthesis gas clean-up technologies, and advanced mem brane separation technolog)' to 

produce a lower cost source o f  oxygen from air.

C a r b o n  D i o x i d e  S e q u e s t r a t i o n

W hile hydrogen is a clean fuel with water as essentially its only by-product, em issions o f  greenhouse  

gases will be generated during its production from natural gas and coal. T h e hydrogen from natural 

gas program will investigate technologies to capture carbon dioxide as part o f  its activities to  

augment the carbon dioxide sequestration program w here appropriate, because there is a difference 

in the concentration and pressures o f  the carbon dioxide in its effluent stream s com pared to process 

streams o f  coal-derived hydrogen system s. T he H ydrogen from Coal Program will separate carbon 

dioxide from mixed hydrogen streams and wall collaborate w ith, and take advantage o f, the capture 

technologies being developed by the O ffice  o f  Fossil Energy carbon sequestration program. Both  

the H ydrogen from Natural Gas Program and the H ydrogen from Coal Program , h ow ever, will 

utilize these sequestration technologies.

T he FE  carbon sequestration program is currently investigating technologies to inject carbon  

dioxide into enhanced oil and gas production system s and enhanced coalbed m ethane projects; to  

store carbon dioxide in underground reservoirs; to utilize the natural ability o f  vegetation and soils 

to store carbon; and to convert carbon dioxide into safe, harmless minerals. D ev e lo p m en t o f  

carbon sequestration technology will also benefit the F E  hydrogen program by sequestering carbon 

dioxide that is rem oved from the concentrated product streams that result during hydrogen  

production.

The goals o f  the FE carbon sequestration program are to provide econom ically and environm entally  

safe sequestration technologies. T hese technologies wall o ffse t projected grow th in carbon dioxide 

em issions by 2015 at a cost o f  $ 1 0 /to n  o f  avoided carbon, w ith the potential to eventually offset at
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least one-half o f  any required reductions in em issions o f  global greenhouse gases. T he developm ent 

o f  cost-effective, safe sequestration m ethods will provide the U nited States w ith the opportunity to 

fully utilize its dom csdc fossil fuel resources to produce hydrogen during the N a d o n ’s Lransidon to a 

sustainable hydrogen econom y.

F u e l  C e l l s

Solid State Energy Conversion Alliance (SECA) fuel cell technology is in its inidai stages o f  

developm ent and requires im provem ents in all aspects o f  system  technology. In distributed 

generation, a primary market for stationary fuel cell applications, the market risk and market 

potential are higher because o f  uncertainty surrounding the slow  deregulation o f  the U.S. electric 

power industry.

N o  fuel cell type has been successfully com m ercialized. Early fuel cell marketers have had to rely on  

high-price, lim itcd-niche markets to support the high cost o f  the technology. T he SECA program is 

a joint governm ent/private cost-shared program that has low  fuel cell cost targets. SEC A  has 

identified fuel cell technologies to m eet those low -cost targets that include: fuel processing, 

manufacturing, controls and diagnostics, power electronics, m odeling and sim ulations, and materials. 

Successful developm ent o f  novel and advanced low -cost processes will allow the SECA industry 

partners to have a wider, deeper market penetration from the start. In SECA, a 5- to 10-fold cost 

reduction and m ass-custom ization manufacturing are required over existing technology to aclrieve 

widespread national deploym ent o f  fuel cells.

T he key m ilestones for the SECA fuel cell program arc- by 2010, 3 to 10 kW  SECA fuel cells at 

SiOO/kW  with target efficiencies o f  i 0  to 60 percent dem onstrated, and by 2015, hybrid SECA fuel 

cell/turbines that m eet $ 400 /k W  system  requirements with 70 to 80 percent efficiencies 

demonstrated.
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I n t e g r a t e d  P r o g r a m  M a n a g e m e n t  a n d  
C o o r d i n a t i o n

The H ydrogen from  Natural Gas Program and the H ydrogen from Coal Program will be managed 

separately by their respective program managers. H ow ever, the programs will be coordinated so  

that the potential for duplicadon o f  efforts is eliminated and better leveraging o f  resources occurs. 

It is expected that coordination o f  the hydrogen from natural gas and coal programs within F E  will 

occur through the H ydrogen Coordination Group.

In addition, the hydrogen from  natural gas and coal programs will coordinate their efforts with  

associated programs w ithin the O ffice  o f  Fossil Energy. Success o f  the F E  hydrogen program is 

dirccdy tied to the success o f  the fo llow ing F E  programs: coal gasification, carbon sequestration, 

and fuel cell developm ent. Each o f  these programs will play a vital role in achieving the overall 

econom ic and environm ental goals o f  the hydrogen energy system. T o  ensure a sm ooth  and 

successful transition to a hydrogen energy system , it is im portant that there is com m unication  

between these programs. Figure 15 show s a schem atic o f  on e option  that these programs may use 

to coordinate.

Figure IS: Coordination oj Referant FE Program

FE Hydrogen Program

Hydrogen from 
Coal Program

Hydronen from 
Natural Gas 

Program

 ..... ~arbonGasification Fuel Cells Sequestration

FE Associated Proarams

T he F E  hydrogen program  will also need to coordinate its activities w ith  the hydrogen programs in 

the O ffice o f  Energy E fficiency and Renewable Energy, the O ffice o f  N uclear Energy, and the 

O ffice o f  Science w ithin D O E . C oordination o f  efforts and sharing o f  inform ation and experience 

will help ensure the successful transition to a hydrogen energy system.
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A c r o n y m s
gge -  gallon gasoline equivalent 

kg -  kilogram  

kW -  kilowatt 

kWh -  kilowatt-hour 

mills -  one-tenth o f  on e cent 

psi -  pounds per square inch  

t c f -  trillion cubic feet 

tpy -  tons per year

A T R  -  autothermal reform ing

C O  -  carbon m onoxide

C 0 2  -  carbon dioxide

D O E  — Departm ent o f  Energy

E IA  -  Energy Inform ation Adm inistration

EPRI -  Electric Power Research Institute

FCV -  fuel cell vehicle

FE -  O ffice  o f  Fossil Energy

FY  -  fiscal year

G H G  -  greenhouse gas

G R E E T  - T h e  G reenhouse gases, Regulated Em issions, and Energy use in Transportation m odel

H 2 -  hydrogen

H H V  — higher heating value

HRSG -  heat recovery steam  generator

ICE -  internal com bustion engine

IGCC -  integrated gasification com bined-cycle

ILWG -  Intcrlaboratory W orking G roup

ITM  -  ion  transport m em brane

L N G  -  liquefied natural gas

MW  - m egawatt

MWh -  megawatt-hour

M M Btu -  million British thermal units

M M scfd -  million standard cubic feet per day

N E M S -  National Energy M odeling System

N E P  -  N ational Energy Policy

N E T L  -  N ational Energy Technolog)' Laboratory

N G C C  — natural gas com bined-cycle

N L  -  N ational Laboratories

N O x  -  nitrogen oxides

O R N L  -  Oak Ridge N ational Laboratory
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PM 10 -  particulate matter 10 microns in diameter or less

PSA -  pressure swing adsorption

R& D -  research and developm ent

R D & D  -  research, developm ent, and dem onstration

RSP -  retail selling price

SBIR -  Small Business Innovative Research

SECA -  Solid State Energy Conversion A lliance

SMR -  steam  methane reform ing

SO , -  sulfur dioxide

SO x -  sulfur oxides

SO FC -  solid oxide fuel cell

STTR -  Small Business T echnology Transfer

T P D  -  tons per day

U.S. -  United States

V O C  — volatile organic com pounds
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H y d r o g e n  P r o d u c t i o n  C o s t  C o m p a r i s o n
T he follow ing table provides a summary o f  hydrogen production cost com parisons for various 

resources and technologies and an estimate o f  when these technologies could be available. 

References to the sources o f  the inform ation and notes on som e o f  the relevant assum ptions used  

for each resource and technology are also included at the end o f  the table. T hese tables are 

representative only, and other analyses o f  these costs m ight be found for the same pathway, w hich  

could be low er or higher.

Tabic A-l: Hydrogen Production Cost Con/putisonsJhw/ Various Sources

Resource Technology Efficiency
(%HHV)

Cost
(S/MMBtu)

Notes Estimated
Timeframe

Data Source Notes

Coal Gasification/Shift/PSA 63 6.83
Current 

Technology 
No Sequestration

Current Milrelek (1) 1,2,3

- 6.20 • • Williams (2) 4

Gasification/Shifl/PSA

59 8.18 Current
Technology

Sequestration

2005+ Milrelek (1)

- 7.90 • • Williams (2) 5

60 6.91 ■ ■ Parsons (3)

Advanced
Gasification/Shift/PSA

62 5.42 Co-production ol 
Hydrogen & 

Power 
No Sequestration

2005 Mitretek (1)

Advanced
Gasification/Shift/PSA

56 5.64 Co-production ol 
Hydrogen & 

Power 
Sequestration

2015+ Mitrelek (1)

Advanced
Gasification/Membrane

Separation

59 3.98 Co-production of 
Hydrogen & 

Power 
Sequestration

2015+ Mitretek (1) 6

Advanced
Gasification/Membrane

Separation

75 5.89 Production of 
Hydrogen 

Sequestration

2015+ Mitretek (1)

80 5.06 • 2015+ Parsons (3)

Advanced
Gasification/SOFC/

Membrane Separation

65 2.40 Co-produclion of 
Hydrogen & 

Power

Sequestration

2020+ Mitretek (1) 7
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Resource Technology Efficiency
(%HHV)

Cost
(S/MMBtu)

Notes Estimated
Timeframe

Data Source Notes

Coal Water Electrolysis from 
electric power derived from 

Advanced IGCC

40 14.00 No sequestration 2005 Mitretek (1)

Water Electrolysis from 
electric power derived from 

Advanced IGCC

35 17.50 Sequestration 2015+ Mitretek (1)

Petroleum
Coke

Current
Gasification/Shift/PSA

54 4.50 Co-produclion of 
Hydrogen & 

Power 
No Sequestration

Current Mitretek (4) 8

Natural Gas Steam Methane Reforming 
(SMRJ/PSA

83 5.54 Includes export 
steam 

No Sequestration

Current Parsons (3) 9

Natural Gas Steam Methane Reforming 
(SMRJ/PSA

78 5.93 Sequestration 2015+ Parsons (3) 10

Natural Gas ITM Synthesis Gas 
Generation, Advanced 

Membrane Separation, CO2 
capture

4.15 Sequestration 2015+ FE Hydrogen 
Program Plan 

Goal

11

Gravity Hydropower 
Water electrolysis

- 21.90 Hydropower 
capital cost of 

S3260/kW

Ogden (5) 12

Nuclear

Water electrolysis 14.50 Assuming capital 
cost of nuclear 

S1620/kW

Ogden (5) 13

Sulfur-lodine cycle 45-55 9.70 Preliminary
estimate

2020+ General
Atomics

(6)

14

Biomass Gasification 9-18 Feedstock cost 
range: $1.0- 

$2.7 per MMBtu

NREL Survey
(7)

Pyrolysis to bio-oil/Steam 
reforming

‘

9.4 -16.3 Bio-oil cost of 
$7.1 per MMBtu

NREL Survey
(7)

Wind Wind 
Water electrolysis

• 21 1998 estimate for 
the year 2000

Current NREL Survey 
(7)
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Resource Technology Efficiency
(%HHV)

Cost
;</MMBtu)

Notes Estimated
Timeframe

Data Source Notes

Wind Wind 
Water electrolysis

11.6 Assumes 
technology 

improvements 
that will reduce 

the cost

2010 NREL Survey 
(7)

Geothermal Geothermai 
Water electrolysis

- 25-45 Based on current 
electricity cost of 
5 to 8 cents/kWh

Current EERE/TMS 
estimates (8)

15

Geothermal 
Water electrolysis

- 13-15 Based on 
electricity cost ol 

3 ce its/kWh

2010+ EERE/TMS 
estimates (8)

16

Sunlight Photovollaics 
Watei electrolysis

44 1998 estimate for 
the year 2000

Current NREL Survey 
( ')

Photovollaics 
Water electrolysis

'/.(j Assumes 
technology 

improvements 
that will reduce 

the cost

2010 NREL Survey 
(7)

Concentrated Solar 
Water electrolysis

43-68 Ambient
Temperature
Electrolysis

2010 Glatzmaier et 
al. 199H

0)

Sunlight

i

Concentrated Solar 
Water electrolysis

36-64 Ambient
Temperature
Electrolysis

2020 Glatzmaier et 
al, 1998

(9)

Concentrated Solar 
Water electrolysis

- 52-66 High-
Temperature
Electrolysis

Glatzmaier et 
at, 1998

(9)

Water and 
Sunlight

Pho'.obiolog'cal - Algal 
growth process

- 10.6 Highly speculative 
preliminary 
estimate

2020+ Bencmann
(10)

Secondary
Electricity

Electrolysis - 10-13 Electricity cost Jt 
2 ot >ts/kWh

Current NREL Survey 
(7)

17

Electrolysis - 1st-22 Electricity cost at 
4 cim'.s/kWh

Current NRELSuvl '/
(7)

17

Electrolysis - 41 -45 Electricity cost at 
8 cents/kWh

Current NREL Survoy 
(7)

17

•16
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D ata Source:

1) H ydrogen from  Coal, Mitretek Technical Paper M T ll 2002-31, July 2002

2) H ydrogen Production Costs with Alternative T echnologies, Robert H. W illiams, Princeton  

Environm ental Institute, Presentation, W ashington, D .C . July 17, 2002

3) I ljd ro g cn  Ptnduction Facilities Plant Perform ance and C ost C om parisons, Parsons 

Infrastructure and T echnology G roup, Final Report, March 2002

4) O pportunities for Petroleum  Coke G asification under Tighter Sulfur Limits for 

Transportation Fuels, Mitretek Paper MP 2000-61, D ecem b er 2000

5) O gden, Joan, M. & W illiams, Robert. H  , Solar H ydrogen, M oving B eyond Fossil Fuels, 

W orld Resources Institute Report, O ctober 1989.

6) Schultz, K en, General A tom ics, E con om ic Production o f  H ydrogen from Nuclear Energy, 

Presentation to D O E , Septem ber 2002.

7) Padro, C .E.G . & P uischc, V ., N ational Renewable Energy Laboratory, Survey o f  the 

E conom ics o f  H ydrogen T echnologies. Technical Report, Septem ber 1999.

a. Note: This survey includes inform ation from  the fo llow ing sources: Larson, 1992;

Mann et al, 1995; Mann et al, 1998; Andrcasscn 1998.

8) EE11E G eotherm al Program W ebsite (h ttp ://w w w .eren .d o e .g o v /g co th erm a l/); W illiams, 

Hydrogen Production C osts with Alternative T echnologies, ^.002; and T echnology & 

M anagem ent Services, Inc., Hydrogen Production C ost C om parison Spreadsheet Estim ates, 

2002.

9) Glatzmaier, G reg (Peak D esign), Blake, D an (National Renewable Energy Laboratory), & 

Showaltcr, Steve (Sandia N ational Laboratory), A ssessm ent o f  M ethods for Hydrogen  

Production U sing Concentrated Solar Energy, January 1998.

10) Bcncm ann, John R., Consultant, Process Analysis and E con om ics o f  B iophotolysis o f  Water, 

IE A  Report, March 1998.

N otes:
1) Coal cost is $ 2 9 /to n  (and is assum ed to de-escalate at 1.5 percent below  general inflation) 

and the assum ed plant capacity factor is 85 percent.

http://www.eren.doe.gov/gcothermal/
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2) For those cases w ith no sequestration, the co-produced pow er value is assum ed to be 

$35 .6 /M W h , based on the cost o f  pow er producdon from  Natural G as C om bined-Cycle  

(N G C C ) plants i f  natural gas costs $3 .75/M M B tu . In cases w here there is carbon  

sequcstradon, the co-produced pow er is assumed to h ve a value o f  $53 .6 /M W h , based on  

an additional cost o f  pow er producdon from  Natural G as C om bined-C ycle (N G C C ) plants 

with sequestration o f  18 m ills/kW h (reference EPRI report 1000316).

3) For cases with sequestration, it is assum ed that $10 per ton o f  carbon is added for 

sequestration after the concentrated carbon dioxide stream has been isolated and the carbon 

dioxide stream is com pressed to 200 bars.

4) Coal cost is $ 0 .9 5 / M M Btu ($ 2 0 /ton w ith coal at 20.8 M M B tu /ton ).

5) Coal cost is $0 .95/M M B tu. Includes carbon dioxide capture and disposal cost o f

$1.70 /m illion , but excludes reported 112 storage c o s l o f  $0 .43 /M M B tu  (for consistency with  

Mitretek reported costs).

6) Assum es ceramic m em brane hydrogen separation device operating at 600 degrees 

Centigrade.

7) A ssum es operation o f  a solid oxide fuel cell (SOFC) topping cycle operating at 2,000 degrees 

Fahrenheit with an efficiency o f  60 percent with a capital cost o f  the SO FC  stack at 

$400 /k \V .

8) A ssum es current gasification with pet coke at $10 per ton.

9) A ssum es natural gas cost o f  $3 .15/M M B tu.

10) A ssum es carbon dioxide capture by Atninc Process.

11) Based upon a natural gas price o f  $3 .15/M M B tu. H ydrogen costs will increase or decrease 

from this value as natural gas price fluctuates above or b elow  S 3.15 /M M Btu.

12) Capacity factor for hydropow er assum ed to be 47 percent.

13) A ssum ed capacity factor for nuclear o f  65 percent.

14) Based on  using S00 degrees Centigrade nuclear heat for the sulfur-iodinc water splitting 

cycle.
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15) Based on current geotherm al electricity cost o f  5 to 8 ccn ts/k \V h  and electrolysis cost 

estim ates from  N R E L  survey.

16) Based on future geotherm al electricity cost estim ate from E E R E  and electrolysis cost 

c amatcs from  N R E L  survey.

17) Based on  a plant size o f  50 - 250 m illion standard cubic feet o f  hydrogen produced per day.
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H y d r o g e n  f r o m  F o s s i l  F u e l  — 
B e n e f i t s  S e n s i t i v i t y  C a s e

The benefits o f  using hydrogen from  fossil fuel in advanced hydrogen powered fuel cell vehicle 

(FCV) technology are discussed throughout the F E  H ydrogen Program Plan with specific impacts 

show n in Table 2. T hese benefits are based on A rgonne NaUonal Laboratory’s G R E E T  1.5a m odel 

assum ption that long-term  fuei cell vehicles (FCVs) w ill use one third the energy per m ile driven as 

future internal com bustion  engine (ICE) vehicles. A s a sensiuvity case, an analysis has been made to 

assess the im pact i f  FCVs use only one half the energy per m ile driven as future IC E vehicles. Table 

A -2 below  provides a summary o f  that analysis. T he table show s that, even at twice the efficiency o f  

future ICE vehicles, com pared to Table 2 in w hich FC V  efficiency is three dmcs an IC E veliicle, 

centrally-produced hydrogen from natural gas and coal used in light-duty FCVs provides significant 

benefits.

Table A-2: Impart of Centra/ly-Prvdnced I lydrugenfiwn Natural Gas and Coal and Use in ' ft-Duly FCT'.r that are
Tn'icv as Efficient as ICE Vehicles in the laong Term (a)

Hydrogen from Coal Hydrogen from Natural Gas

Nu.aber of Light Duly FCVs 50 million 100 million 50 million 100 million

Number of Hydrogen Plants 117 233 111 221

Hydrogen Production, million short tons per year 15.1 30.3 15.1 30.3

Capital Cost ol Hydrogen Plants; S billion (current dollars) 50 99 16 31

Emissions Reductions

SOx, thousand tonnes per year 10 19 26 52

NOx, thousand tonnes per year 28 55 12 25

PM10, thousand tonnes per year 17 33 7 14

C02, million tonnes per year (no sequestration) 69 139 144 288

C02, million tonnes per year (with sequestration) 264 528 238 476

Other Impacts

Energy Savings, $ billion per year (current dollars) 16 32 8 16

Reduce Petroleum Imports, million barrels per day 1.5 3.0 1.5 3.0

Natural Gas Displaced trillion cubic feet per year 0.8 decrease 1.6 decrease 1.5 increase 3.1 increase

(a) Based on a system  analysis from  a central hydrogen plant, pipeline delivery o f  hydrogen to refueling stations and use 
in efficient FCVs, com pared with oil refining, delivery o f  gasoline and use in IC E  vehicles.
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Table A -2  Sources:

A rgonne N ational Laboratory G R E E T  1.5a m odel, Pcr-M ile Fuel-Cycle Energy U se and E m issions  

for long-term  technology light duty’ vehicles, assum ed to be 55% passenger cars, 25% Light Duty' 

Truck Class 1, and 20% Light Duty’ Truck Class 2. The G R E E T  1.5a m odel provides B tu /m ile  use 

o f  energy, broken dow n by fossil energy', petroleum  energy and non-fossil eneigy', and SO x, N O x ,  

and PM 10, am ong other em issions, on a fucl-cycle basis. E xcept for the hydrogen from  coal plant 

analysis, and adjusting FCV efficiency to twice instead o f  three times IC E efficiency in the m odel, 

G R E E T  1 .5a assum ptions w ere used in the above table.

H ydrogen from  Coal, M itretek Technical Paper, M TR  2002-31, July 2002. This case is also used in 

this O ffice o f  Fossil Energy' H ydrogen from  Natural Gas and Coal Program Plan as Case 2 in Table 

4. This case defines the quantity o f  coal, and therefore carbon used to produce hydrogen.

SAIC, March 2003 presentation, which indicates advanced Coal fired IG C C  plants em it 0.09 lbs 

N O x /M M B tu  o f  coal, and 0.08 lbs o f  S 0 2 /M M B tu  al 98 percent recovery. Esdm ates used in the 

above analysis assum e SO : recovery is 99 percent with em ission o f  only 0 .04 lbs SCL/M M Btu  

through m ore severe operation o f  a Rcctisol unit.

H ydrogen Production Facilities Plant Perform ance and C ost C om parisons, Parsons Infrastructure 

and T echnology  G roup, Final Report, March 2002. U se o f  current Steam  M ethane Reform ing  

T echnology case. This case defines the quantity o f  natural gas, and therefore carbon used to 

produce hydrogen. Both the Parsons and G R E E T  1.5a natural gas to hydrogen energy efficiency  

w ere essentially identical, the G R E E T  1.5a assum ptions w ere selected for use.
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Viewers o f  National Geographic Today in the 
United States can watch an update on 
hydrogen -car technology in tonight's 
broadcast, which fo llow s  yesterday's 
announcement by President Bush that he 
proposes U.S. $1.2 b illion in fu nd ing  f o r  this 
research over the next few  years.

In the clean, "green" future envisioned by 

energy expert Amory Lovins, cars not only get 

99  miles per gallon emissions-free, but they 

may also play a key role in providing 

electricity to a power-hungry world.

The solution, according to Lovins, is a 

"hypercar"—a lightweight vehicle powered by 

a hydrogen fuel cell, with enough style and 

space to compete with luxury sport utility 

vehicles (SUVs). Lovins is with the Rocky 

Mountain Institute, a think tank in Colorado.
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and chairman of its corporate spin-off 
venture Hypercar, Inc.,.

Some o f the giant car companies are also designing 

hydrogen-powered cars. H ypercar Inc. hopes to have 

its f irs t model ready to  ro ll o ff the production  Une by 

2005 .

Today, an estimated 210 m illio n  vehicles are stuck in 

tra ff ic  on America's roadways. Collectively they spew 

nearly a b illio n  and a h a lf tons o f gieenhouse gases 

in to  the atmosphere each year. According to a recent 

EPA report, the latest conventional models average a 

lit t le  m ore than 20  m iles per ga llon—the worst 

showing since 1980 .

W h ile  some blame America's love a ffa ir w ith  the 

fue l-hungry SUVs, Lovins says the problem  comes 

down to  design.

A  decade ago, Lovins was asked to  address a N ational 

Academy o f Sciences meeting about how to bu ild  cars 

w ith  greater fuel efficiency. The general th in k in g  was 

tha t fue l efficiency could be increased by on ly 10 
percent because otherwise the car w ould become too 

expensive, says Lovins.

He was unconvinced o f tha t assertion, however, and 

set up an in fo rm a l team to re th ink  the automobile 

from  the tires up. " I'm  not a car guy, which actually 

was a b it  o f an advantage because I d idn 't k ro w  too 

much about how i t  ought to be done," said Lovins.

The result is a car tha t is as much as eight times as 

e ffic ien t as most standard models.
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L ig h tw e ig h t P arts , H eavy  R esu lts

H ow  d id  the Lovins team do it? They began by 

'ligh t-w e igh ting" the car.

They started w ith  the body, which is made from  a 

composite o f carbon fibers set in  a plastic m atrix . It 's  a 

stronger version o f the m ateria l used in  skis and 

tennis rackets—and, per pound, five  times as strong as 

steel.

A lthough carbon composites are a lo t more expensive 

than steel, a sm aller quantity  is needed. Even more 

im portan t, Lovins pointed out, " it's  cheaper to 

m anufacture."

W hile  the Hypercar weighs less than 2,000  pounds 

(907 k ilogram s), i t  is s till tough enough to  meet 

federal safety standards, based on a 

com puter-sim ulated 30 -m iles-per-hour fixed ba rrie r 

crash. In  a cyber smash-up w ith  a Ford Exp lorer—a 

vehicle tw ice the weight—all the damage to  the 

I-Iypercar occurred in  the fro n t end.

There are other, less obvious, ways to  ligh tw eight. 

Special low -ro lling  resistance tires developed w ith  

M iche lin , not on ly cut down on fr ic t io n —which can 

use up to a th ird  o f a car's fuel energy—but are also 

designed to run fla t. I f  a tire  blows, the car can s till be 

driven fo r  another 100 miles, m ore than enough to get 

to a gas station. The need to carry a spare is 

e lim inated, fu rth e r reducing weight.

Soon the savings in  weight starts to snowball. A  

ligh te r car requires a smaller engine to power it, less 

braking to stop it, and less suspension to hold it  up. 

And because the Hypercar runs 011 an
plprtripitv-nrnrlnpm o ftipl ppll rn tlipr limn an intprnal

H y d r o g e n  S a f e t

For m any  people, 
o f  h yd ro g e n  as a 

up  im ages o f th e  
H indenbe rg  explc 
fla m e s . But hyd rt 

a c tu a lly  sa fe r tha 
g a so lin e  and had 
to  do  w ith  th e  19 
d isa s te r. Ins tead , 
te se a rch  has sho 
th e  o u te r  m e m b r 
th e  d ir ig ib le , w h ii 

m a d e  o f  a v o la tili 
c  o in a tio n  o f al 

and  iron  oxide  co 

c a u g h t fire  fro m  i 
s p a rk — poss ib ly  fi 
lig h tn in g  o r even 
e le c tr ic ity . Becau 
h y d ro g e n  is lightc 
a ir, i t  flow ed up £ 
o f h a rm 's  w ay.

L ikew ise , re ce n t i 
have  show n th a t 
h yd ro g e n  gas ta r  
w o u ld  be m uch k  
th a n  a gaso line  k 
h yd ro g e n  dissipat 
q u ic k ly  and d ispe 
u p w a rd , w h ile  ga 

te n d s  to  poo l—re 
fo r  an exp los ion .

RELATED LESSC

Use th is  N ational 
G eog raph ic  News 
in y o u r c lassroon 
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combustion engine, certain parts, inc lud ing  the 

starter, alternator, clutch, and transm ission, are 

elim inated.

"The car gets radically s im plified. And  then i t  costs 

less to make," said Lovins.

David Cole, president o f the Center fo r Autom otive 

Research in  Ann Arbor, M ichigan, said it's im po rtan t 

to be cautious about expectations. "The po tentia l on 

paper looks aw fu lly good," he said. "But getting i t  in to  

p roduction—things don 't necessarily tu rn  out as you 

m ight expect."

" I f  you th in k  o f this as a ten-step program, the firs t 

step is showing technical feasib ility ," said Cole. "They 

s till need to do this. Then it's nine more steps to 

commercial feasibility."

"B ra in s ,"  N o t B u lk

Brains replace bu lk  in  a Hypercar. "T h ink  o f i t  like  a 

computer w ith  wheels, no t a car w ith  chips," Lovins 

explained.

The car can diagnose, upgrade, and, to a certain 

extent, f ix  itself. I t  can also be programmed fo r a 

variety o f new features, such as recording everything 

that happened at the tim e o f a crash, like  an airplane's 

"black box."

Two years ago, Hypercar,Inc., was spun o ff from  the 

Rocky M ounta in  Institu te . The nine-person start-up 

team, based in  Basalt, Colorado, intends to "create the 

DNA o f the next generation o f vehicles," according to 

Hypercar's M ichael Brylawksi.

To do that, they're try ing to  sell not only the Hypercar

p la n : " On the  Ro; 
A g a in " : M oving  P 

P roducts , and Ide
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itself, but also the ideas tha t make i t  ru n  so 

effic iently—the "intellectual p roperty." By w orking  

\ / i th  automakers and suppliers, the company hopes to 

get th e technologies on the road faster.

W hile  none o f its  fu d-efficient, sm art features are 

unique to Hypercar, what's special is how  they're 

combined and optimized.

For example, at least h a lf a dozen automakers, 

inc lud ing  Ford, Daim ler-Chrysler, and BM W , are 

developing fuel cell-powered cars. But because those 

vehicles are s till fa ir ly  heavy, they need fuel cells, 

which are about three times bigger and heavier—and 

three times m ore expensive—as tha t used by the 

Hypeicar.

Cole th inks the Hypercar is "a huge step" in  the righ t 

d irection. "M y guess is where they [H ypercar Inc .] 

w ould make the most contribu tion  is in  a few o f the 

ideas," said Cole. "The real role o f the H y j '■rear is 

unleashing the im agination—that's one o f the real 

values o f it."

D o u b le  D u ty

Perhaps the biggest hurdle to overcome w ith  fuel 

cell-powered cars is setting up a d is tr ib u tio n  netw ork 

to supply the hydrogen gas that runs them .

A  fuel cell works by combining hydrogen w ith  oxygen 

from  the a ir in  a chemical process to generate 

electricity. The only by-products are heat and pure 

water. Hydrogen can be extracted fro m  natura l gas, 

using a device called a reformer, o r th rough a process 

called "electrolysis," which splits water in to  hydrogen 

and oxygen atoms.
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W hile th e re  are only a handful of hydrogen gas 

stations in  the  world, Lovins has a p lan  for m aking  it 

easy to fill up. "M any people assum e th a t before  you 

can sell the  first hydrogen car, you have to p u t in $ 1 0 0  

billion w orth  of hydrogen generating and  delivery 

sta tions an d  pipelines," said  Lovins. "That's no t 

correct."

H e says th e  first H ypercars should be leased to  people 

who w ork in  build ings w here fuel cells have already 

been  installed . The H ypercars could tap  in to  the  

build ings' supply of hydrogen to  refuel. But they  could 

also be hooked up to the grid.

As "portable pow er p lan ts on wheels," th e  cars' fuel 

cells could be p u t to  w ork during  the  day w hen they 're  

parked, generating—and selling—electricity.

"It doesn 't take m any  people w anting to  be p a id  to 

park , ra th e r th an  the  o ther way around...to  p u t the  

coal and  nuclear people ou t of business," said  Lovins. 

A nd of course, using  fuel cells would dram atically  

decrease th e  need for oil.

Cole disagrees w ith  Lovins' conclusions, arguing  th a t 

the  hydrogen in frastruc tu re  would take  billions of 

dollars to establish . But he does sup p o rt the  direction  

o f the  project. "I say, 'M ore pow er to them .' M y only 

reservation is to be  careful about generating  

unrealistic  expectations," he said.

"It does get people to th in k  out of the box," said  Cole. 

"You don 't w ant to clam p dow n on th ese  people who 

are  dream ing  at th e  edge."

Eventually, the H ypercar could change ideas abou t 

w hat people come to  expect from  autom obiles. 

Fittingly, th e  first m odel to com e off th e  draw ing
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boards is called the Revolution.
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