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FOREWORD 

This  is  one of a series of r e p o r t s  on nuc lea r  process  hea t .  The 
o v e r a l l  summary i s  Assessment of Ve3y High-Y’errperatinre Keact;oiqs in Process 
AppZieations (ORNL/TM-5242). Details and background informat ion  are 
presented  i n  Appendix I - Evaluation of t he  Reactor System (ORNL/TM-5409) ; 
Appendix I1 - VHTK Proeess AppZieation Studies (ORNL/TM-5410); and 
Appendix 111 - Engineering EvaZuution o f  P ~ o c e s s  Heat AppZieations f o r  
VflTf<S (OKNL/TM-5411) . 
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ABSTRACT 

A c r i t i c a l  review i s  p resen ted  of t h e  technology and economics f o r  
coupling a ve ry  high-temperature gas-cooled r e a c t o r  t o  a v a r i e t y  of 
p rocess  a p p l i c a t i o n s .  It i s  concluded t h a t  n u c l e a r  steam reforming of 
l i g h t  hydrocarbons f o r  c o a l  conversion could b e  a near-tern a l t e r n a t i v e  
and t h a t  d i r e c t  n u c l e a r  c o a l  g a s i f i c a t i o n  could b e  R f u t u r e  cons ide ra t ion .  
Thermochemical water s p l i t t i n g  appears  t o  b e  more c o s t l y  and i t s  a v a i l -  
a b i l i t y  f a r t h e r  i n  t h e  f u t u r e  t h a n  t h e  coal-conversion systems. Nuclear 
s teelmaking i s  competi t ive wi th  the  d i r e c t  r educ t ion  of i r o n  ore from 
convent ional  coal-conversion processes b u t  n o t  compet i t ive wi th  the 
reforming of n a t u r a l  gas at p r e s e n t  gas p r i c e s .  Nuclear pkocess h e a t  
f o r  petroleum r e f i n i n g ,  even wi th  t h e  necessa ry  backup systems, is 
competi t ive wi th  f o s s i l .  energy sources .  The p rocess ing  wi th  n u c l e a r  
heat: of o i l  s h a l e  and tar  sands is  of marginal  economic importance.  

a l s o  made. It i s  concluded t h a t  s t e a m  reforming methane f o r  energy 
s t o r a g e  and product ion of peaking power i s  n o t  a v i a b l e  economic alter- 
n a t i v e ?  but  t h a t  energy s t o r a g e  wi th  a high-temperature h e a t  t r a n s f e r  
s a l t  (HTS) i s  c.ampetitive wi th  convent ional  peaking sys  t a n s .  A n  examina- 
t i o n  of t h e  materials r e q u i r e d  i n  p rocess  h e a t  exchangers i s  made. 

An a n a l y s i s  of peaking power a p p l € c a t i o n s  us ing  nuc lea r  h e a t  w a s  





INTRODUCTION 

I n  A p r i l  1974,  t h e  Energy Research and Development Adminis t ra t ion 
(ERDA) au tho r i zed  General Atomic Company, General E l e c t r i c  Company, 
and Westinghouse Astronuclear  Laboratory t o  assess t h e  a v a i l a b l e  tech- 
nology f o r  producin p rocess  h e a t  u t i l i z i n g  ve ry  high-temperature nuc lea r  
r e a c t o r s  (VHTRs) . The f i n a l  r e p o r t s  of t h i s  work w e r e  submit ted i n  
December 1974 .  

e v a l u a t i n g  t h e  vendor VHTR s t u d i e s  and a s s e s s i n g  t h e  a p p l i c a t i o n  of 
VHTRs i n  a number of s p e c i f i c  h igh  temperature  processes  and i n  i n t e r -  
mediate and peaking power gene ra t ion .  

This is  a n  Appendix of a summary r e p o r t  e n t i t l e d  Assessmmb o f  
Very 9igh-2’errperature Reactors i n  FPocess Applications (ORNL/TM-5242) . 
The o t h e r  two appendices are Evaluation of the  Reactor System - Appendix 
I (ORNL/TM-5409) and Engineering Evaluation o f  Process Heat Applications 
f o r  Very High-Temperature 1Vuclear Reactors - Appendix I11 (ORNL/TM-5411) 

This  Appendix i n c l u d e s  t h e  d i s c u s s i o n  o f  process  h e a t  a p p l i c a t i o n s  
and peaking power a p p l i c a t i o n s .  Each s e c t i o n  is organized t o  p r e s e n t  a 
d i s c u s s i o n  of t h e  m e r i t s  of t h e  s p e c i f i c  a p p l i c a t i o n s .  

Oak Ridge Na t iona l  Laboratory (ORNL) w a s  a s s igned  a l e a d  r o l e  i n  

i x  





1. PROCESS HEAT APPLICATIONS 

1..1 Summary 

A very  wide range of p r o r c s s  h e a t  a p p l i c a t i o n s  has  been considered.  
Because oE the  d i v e r s i t y  of  process  h e a t  a p p l i c a t i o n s ,  i t  i s  not  prac- 
t i c a l  t o  p r e s e n t  d i r e c t  comparisons of  t h e  a l t e r n a t i v e s  considered.  A l l  
a p p l i c a t i o n s  appear  to  b e  t e c h n i c a l l y  ach ievab le  w i t h  development of  t h e  
VHTR. 

1.1.1 Coal conversion 

The major long-term p rocess  hea t  a p p l i c a t i o n  of  t h e  VHTR i s  i n  
s y n t h e t i c  f u e l s  v i a  coa l  conversion.  A s  many as 132 3000-MW(t) VHTRs 
could b c  used i n  s y n t h e t i c  f u e l  product ion  by t h e  yea r  2 O 3 O e 4  
t h i s  a p p l i c a t i o n  could  n o t  have a s i g n i f i c a n t  impact u n t i l  a f t e r  t h e  
y e a r  2000. 

i s  i t s  a p p l i c a t i o n  i n  t h e  s t e a m  reforming of  l i g h t  hydrocarbons.  i n  
t h e  modif ied Hydrocarbon Research 11-Coal process  t o  produce crude l i q u i  ds  
the  n u c l e a r  reformer a p p l i c a t i o n  i s  economically compet i t ive  w i t h  the 
a l l - f  oss il p l a n t  and produces less environmental  p o l l u t i o n .  Direct coa l  
g a s i f i c a t i o n  us ing  nuc lea r  hea t  i s  a promising n u c l e a r  coal-conversion 
a p p l i c a t i o n  f o r  t h e  long  t e r m .  Triis gene ra l ly  r e q u i r e s  highcr- temperature  
o r  ca t a lyzed  coa l .  Use of t h e  VHTR t o  produce hydrogen f o r  coa l  conver- 
s i o n  via thermochemical o r  e l e c t r o l y t i c  w a t e r  s p l i t t i n g  is  no t  economically 
Competit ive w i t h  hydrogen v i a  coa l  g a s i f i c a t i o n .  

However, 

1%~ most reasonable  near-term use of the VlITR i n  c o a l  conversion 

1.1.2 Nuclear s tee lmaking  

Steelmaking via d i r e c t  r educ t  ion us ing  s y n t h e s i s  gas  from a nuclear-  
hea t ed  reformer appears  t o  b e  compet i t ive  w i t h  t h e  convent ional  coke-oven- 
b l a s t - fu rnace  process  and wi th  the  d i r e c t  r educ t ion  process  us ing  syn- 
t h e s i s  gas from a Koppers-TotLck g a s i f i e r .  I t  i s  not  compe t i t i ve  wi th  
s y n t h e s i s  gas from a convent iona l  natural-gas  reformer,  when cons ide r ing  
p r e s e n t  n a t u r a l  gas  c o s t s .  

Because of s i z e  mismatch t h e  s t e e l  i n d u s t r y  does no t  appear  t o  
r ep resen t  a major market f o r  t h e  VHTR i n  number of  u n i t s ,  bu t  that 
market iiiay be  a very i tnportant one. The Japanese  have launched a m a j n r  
program i n  n u c l e a r  s teelmaking,  a l l o c a t i n g  about  $26 m i l l i o n  over  a 
s ix-year  pe r iod .  Nuclear  s teelmaking technology may b e  r e q u i r e d  t o  
keep t h e  U.S. steel  i n d u s t r y  compet i t ive  i n  t h e  f u t u r e .  

1.1 .3  P e t  roleurii re f i n e r y  

The high-temperature gas-cooled r e a c t o r  (HTGR) (or low-range VHTR) 
has  been eva lua ted  as a source  of high-temperature p rocess  hea t  and 
s t e a m  f o r  petroleum r e f i n i n g .  Although t h e  heat t r a n s f e r  system w a s  

1 



made more complex (and expensive)  by the  n e c e s s i t y  f o r  a backup heat 
source  t o  a s s u r e  very  high a v a i l a b i l i t y ,  hea t  can be  d e l i v e r e d  to  t h e  
r e f i n e r y  f o r  $1 .91  to  $3 .92  p e r  l o 6  Btu. 
t i t i v e  range wi th  most f o s s i l  f u e l s  f o r  d e l i v e r e d  energy cos t .  

This  appears  t o  be  i n  a compe- 

1.1.4 O i l  s h a l e  and tar sands 

The r e l a t i v e  cos t  of o i l  s h a l e  recovery us ing  t h e  VHTR appears  t o  
be  margina l ly  compet i t ive  w i t h  convent ional  a l t e r n a t i v e s .  P o t e n t i a l  
b e n e f i t s  o f  the VHTR a p p l i c a t i o n  are the  24% t o  50% g r e a t e r  y i e l d  from 
the  o i l  s h a l e  resource  and t h e  approximately 20% lower water requirement .  

The market p o t e n t i a l  f o r  t h e  VHTK i n  s h a l e  o i l  recovery and proc- 
e s s i n g  is  n o t  p ro jec t ed  to be  s i g n i f i c a n t  a t  p re sen t .  The market 
p o t e n t i a l  i n  tar  sands recovery i n  the  United S ta t e s  i s  n i l ,  bu t  poten- 
t i a l  a p p l i c a t i o n s  i n  Canada, Venezuela, and Colombia could provide an 
expor t  market. 

1 . 2  Coal Conversion 

1 . 2 . 1  Discussion of r a t i o n a l e  f o r  developing n u d e a r  process  
h e a t  f o r  coa l  conversion 

Nuclear conversion o f  coa l  t o  s y n t h e t i c  p i p e l i n e  gas ,  s y n t h e s i s  
gas ,  and l i q u i d  f u e l s  i s  an o p t i o n  that w i l l  n o t  be  r e a l i z e d  u n t i l  t h e  
twenty- f i r s t  cen tury  because t h e  necessary r e a c t o r  technology w i l l  n o t ,  
i n  a l l  p r o b a b i l i t y ,  b e  demonstrated be fo re  1995.  However, t he  appl ica-  
t i o n  of nuc lea r  power to  coa l  conversion could  be  of  g r e a t  importance.  
I n  t h e  nex t  cen tu ry ,  p o s s i b l e  l i m i t a t i o n s  i n  t h e  a v a i l a b i l i t y  of f o s s i l  
f u e l s  could cause coa l  t o  be  r e s t r i c t e d  to  feeds tock  f o r  s y n t h e t i c s  
ded ica t ed  t o  t r a n s p o r t a t i o n ,  chemicals ,  and consumer f u e l s .  With the 
expected commercial izat ion o f  a b reede r  r e a c t o r ,  which would provide  
n u c l e a r  resources  i n  excess of  our  p ro jec t ed  coal r e sources ,  the 
development of  n u c l e a r  power €or  t h e  conversion o i  c o a l  could become 
an  a t t rac t ive  and economic op t ion .  

For the conversion of  coa l  t o  s y n t h e t i c  f u e l s ,  there are fou r  
processes  t h a t  are amenable t o  t h e  a p p l i c a t i o n  of nuc lea r  process  heat: 

1. Hydrogas i f i ca t ion  of coa l .  ( T h i s  type  of process  has 
been s t u d i e d  and developed e x t e n s i v e l y  i n  West Germany. 5, 

2. So lu t ion  hydrocracking of  coa l .  (General. Atomic a n d  
Stone & Webster have i n v e s t i g a t e d  t h e  product ion  o f  
s y n t h e t i c  p i p e l i n e  gas6 and hydrogen. 7 ,  

3. Direct  s t e a m  g a s i f i c a t i o n  o.E coa l .  (‘Chis type of 
process  has  a l s o  been s t u d i e d  and developed ex tens ive ly  
i n  West Germany. 5, 

4 .  Thermochemical and e l e c t r o l y t i c  product ion  of hydrogen 
from w a t e r  f o r  coa l  conversion.  
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This  assessment w a s  conducted as a p re l imina ry  a n a l y s i s  of t h e  f e a s i -  
b i l i t y  of n u c l e a r  c o a l  conversion,  r a t h e r  than as an exhaus t ive  
i n v e s t i g a t i o n  of a l l  p o s s i b l e  coal-conversion t echn iques .  Because of 
t h i s  l i m i t e d  scope,  only t h r e e  s p e c i f i c  p rocesses  w e r e  chosen f o r  
e v a l u a t i o n :  

1. A modified H-Coal ( s o l u t i o n  hydrocracking) process  
which i n c o r p o r a t e s  convect ive reforming wi th  h o t  helium 
t o  produce crude l i q u i d s .  

2 .  G a s i f i c a t i o n  of c o a l  i n  a s team-fluidized bed heated by 
helium i n  tubes  immersed i n  t h e  bed t o  produce 
s y n t h e s i s  gas (112 4- C O ) ,  

3 .  The use of hydrogen and oxygen produced by thermochemical 
water s p l i t t i n g ,  u s ing  a n u c l e a r  energy source ,  t o  
produce syncrude, methanol., and o t h e r  products  f r u m  coal.. 

These processes  w e r e  f e l t  t o  b e  s u f f i c i e n t l y  d i v e r s e  t o  provide an over- 
v i e w  of t h e  coupl ing of n u c l e a r  r e a c t o r s  t o  provide p rocess  h e a t  f o r  
c o a l  conversion. 

1 .2 .2  Evaluat ion of a c o a l  l i q u e f a c t i o n  p rocess  us ing  e i t h e r  
a nuclear-  o r  a f o s s i l - h e a t  sou rce  f o r  r e fo rming  

The s tudy  of c o a l  l i q u e f a c t i o n  via a nuclear-  o r  a fossil .-heat 
sou rce  w a s  conducted under subcon t rac t  by United Engineers ti Constructors  
I n c .  (IIEtiC) and i.s r e p o r t e d  s e p a r a t e l y . *  The r e s u l t s  are summarized 
below. The s tudy  c o n s t i t u t e s  t h e  p re l imina ry  design of a c o a l  l i que fac -  
t i o n  p l a n t  t h a t  uses e i t h e r  a n u c l e a r  r e a c t o r  o r  f u e l  gas produced i n  
t h e  p l a n t  as t h e  primary h e a t  sou rce  f o r  t h e  p rocess .  The process  is  
based on a modified H-Coal process .  The c o s t s  of products  produced by 
t h e s e  tv70 processes  are es t ima ted  and are compared wi th  each o t h e r  and 
wi th  some competing products .  A b lock  flow diagram of t h e  process  i s  
shown i n  F ig .  1. 

The p l a n t  conve r t s  60,000 tons  p e r  day of western Kentucky high- 
volat i le-b-bi tuminous (hvbb) c o a l  i n t o  l i q u i d  hydrocarbons wil:h b o i l i n g  
p o i n t s  i n  t h e  range o f  180' t o  975°F. Coker gas ,  a mixture  of gaseous 
hydrocarbons w i t h  a h e a t i n g  v a l u e  of 1080 B t u / f t 3 ,  is  a coproduct of 
t h e  nuclear-heated p l a n t .  The p l a n t  a l s o  produces s a l a b l e  q u a n t i t i e s  
of ammonia, e l emen ta l  s u l f u r ,  and a s o l i d  r e s i d u e  w i t h  a h e a t i n g  va lue  
of 8235 Btu/ lb .  This  s o l i d  r e s i d u e  (char)  is  r e l a t i v e l y  high i n  s u l f u r  
and a sh  b u t  would be an a c c e p t a b l e  f u e l  under some circumstances.  
Table 1 i s  a summary of t h e  material requirements and t h e  product 
q u a n t i t i e s  f o r  t h e  f o s s i l -  and nuclear-heated p l a n t s .  I n  Table 2,  
t h e s e  q u a n t i t i e s  are normalized t o  p rov ide  a b a s i s  f o r  comparison w i t h  
o t h e r  p rocesses .  

The c o s t  of t h e  energy contained i n  t h e  crude l i q u i d s  ranges from 
$1.70 t o  $4.06 p e r  I O 6  Btu f o r  t h e  ma te r i a l  and u t i l i t y  c o s t s  used i n  
t h e  e v a l u a t i o n .  Coal w a s  assumed t o  c o s t  between $12 and $42 p e r  ton ;  
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Table 1. P l a n t  o p e r a t i n g  character is t ics  

Item F o s s i l  Nuclear 

P lan t  s i z e ,  crude l i q u i d s  (Btu p e r  day) 923 109 

Energy e f f i c i e n c y ,  X 78 

Coal-use e f f i c i e n c y  , % 7% 

Plarit size, total product  (Btu p e r  day) 1,114 x IOga 

Stream f a c t o r ,  days pcr y e a r  330 

Ma t er ia 2 s 

Coal (7 .52  mois tu re ) ,  tons per  day 60,000 

Water, tons  p e r  day 150,000 

C a t a l y s t s  and chemicals,  $ p e r  y e a r  21.2 x 106 

PPodwts 

Heavy naphtha,  Btu p e r  day 334 109 

M i d d i s t i l l a t e ,  Btu p e r  day 298 x 109 

Heavy o i l ,  Btu per day 247 1 0 9  

Heavy gas o i l ,  Btu p e r  day 44 1 0 9  

Coker gas (1080 B t u / s c € ) ,  Btu p e r  day 

Ammonia, tons p e r  day 44 1 

S u l f u r  ( e l emen ta l ) ,  tons p e r  day 1,200 

Char (8,235 B t u / l b ) ,  tons  p e r  day 11,518 

PoZlutants, tons p e r  day 
S u l f u r  d iox ide  113 
Nitrogen oxides  

P a r t i c u l a t e s  

S o l i d  waste 

45 

2.6 

1,128 

1,033 109 

1,305 x loqb  
78 

90 

330 

40,000 

150,000 

21.2 x 106 

28 

12  

1.1 

494 

a 

h 
Inc ludes  char .  

Inc ludes  char and coker  gas. 
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Table 2. Normalized ope ra t ing  c h a r a c t e r i s t i c s  

I t e m  
~~ - 

F o s s i l  
. 

Nuclear 

Coal u t i l i z a t i o n ,  lb/106 Btupa 

Water use,  t ons  p e r  t on  of c o a l  

lb/106 Btup 

Pro duc ts 

Heavy naphtha,  b b l  pe r  t on  of c o a l  

M i d d i s t i l l a t e ,  b b l  p e r  t o n  of c o a l  

Heavy gas o i l ,  b b l  p e r  t on  of c o a l  

Heavy o i l ,  b b l  p e r  t on  of c o a l  

Coker gas ,  s c f  p e r  t o n  of c o a l  

Ammonia, l b  pe r  t on  of c o a l  

S u l f u r ,  l b  pe r  t on  of c o a l  

Char, t ons  pe r  t on  of c o a l  

107.7 

2.51 

270.5 

1.065 

0.875 

0.114 

0.687 

0 

14.7 

40.0 

0.192 

91.9 

2.51 

230.9 

1.324 

0.875 

0.114 

0.796 

80 2 

14.7 

40 .O 

0.221 

nBtup - Btu o f  usab le  product ,  i nc lud ing  cha r .  

o t h e r  c o s t  assumptions are s t a t e d  i n  Table 3 .  Figure 2 shows a break- 
down of t h e  product c o s t s  f o r  t h e  low- and high-cost bases .  The 
d i f f e r e n c e s  between t h e  nuclear-  and f o s s i l - h e a t e d  c o s t s  are mostly i n  
t h e  c o s t s  of c o a l  and c a p i t a l .  There is no s i g n i f i c a n t  d i f f e r e n c e  
between t h e  t o t a l  c o s t s  of t h e  nuclear-  and f o s s i l - h e a t e d  products  
(nuc lea r  p l a n t  products  are more c o s t l y  by 1% t o  6%) .  

The c o s t s  p e r  u n i t  energy of t h e  crude l i q u i d s  compared wi th  t h e  
approximate c u r r e n t  market c o s t s  f o r  o i l  and n a t u r a l  gas are shown i n  
Fig.  3.  The c o a l  c o s t s  used i n  t h i s  r e p o r t  are a l s o  shown. If a 
p l a n t  can be b u i l t  w i th  u t i l i t y  f i n a n c i n g  and can burn c o a l  c o s t i n g  
less than about $25 pe r  ton,  then crude l i q u i d s  produced by t h e s e  p l a n t s  
should be competi t ive w i t h  t h e  c u r r e n t  c o s t  of o i l .  Note t h a t  t h e  
s y n t h e t i c  crude l i q u i d s  produced have a h ighe r  h e a t i n g  va lue  and a lower 
s u l f u r  con ten t  than normal crude o i l  and should command a somewhat higher  
p r i c e .  

combined) should produce a s u l f u r  dioxide emission of 0.6 t o  0.8 lb /106  
Btu, which m e e t s  t h e  Environmental P r o t e c t i o n  Agency's new source  per- 
formance s t anda rds  f o r  a l i q u i d  f u e l  i n  l a r g e  electric gene ra t ing  p l a n t s .  
The s u l f u r  con ten t  o f  t h e  products  and i n t e r n a l  f u e l s  is given i n  Table 
4. The t o t a l  w a t e r  use  is  es t ima ted  t o  be 27.7 and 32.5 ga1/106 Btu of 
t o t a l  f u e l  products  f o r  t h e  n u c l e a r  and f o s s i l  cases r e s p e c t i v e l y .  

Combustion of t h e  crude l i q u i d  product ( a l l  l i q u i d  f r a c t i o n s  



Table 3. Cost estimate bases  
( Ju ly  1974 d o l l a r s )  

I t e m  Low estimate High estimate 

Coal, $ per 106 Btu 

$ per  ton @ 12,000 Btu/ lb  

Nuclear f u e l ,  $ per  l o 6  Btu 

Raw water, $ per  1000 g a l  

Fixed charge rate, % per  yea r  

Nuclear r e a c t o r  c o s t  

Cap i t a l  

Operating 

I n t e r e s t  during cons t ruc t ion  

Standard ope ra t ing  year  

Chemical p l a n t  l i f e t i m e  

P o t e n t i a l  c r e d i t s  

h o n i  aa 

Sulfura  

Char ( r e s idue ,  8235 Btu/ lb)  

0.50 

12  

0.25 

0.30 

15 

$800 m i l l i o n  

$9 m i l l i o n  p e r  year  

8% per  year  

330 days 

20 yea r s  

$60 per  ton  

$25 p e r  ton  

$ 3  per  ton  

1.75 

42 

0.60 

0.30 

25 

aProcess Evaluat ion Group, U.S. Bureau of Mines, E-CoaZ ?recess, L i q u d  Fuels from h’yodak Coal - 
!Pwenty-F<ue !Thousand BarreZs Per Day Liquid  Fue l s  P Z a n t ,  An Eeonornic Analysis,  Report 7523, U.S. 
Bureau of Mines, Morgantown, W. V a . ,  March 1975,  
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Fig .  2.  Product  c o s t s .  

1.2.2.1 Cost estimate bases  

COAL 

FIXED CHARGES 

OPERATING COSTS 

NUCLEAR FUEL 

WATER AND CATALYSTS 

The c a p i t a l  c o s t  of t h e  c o a l  l i q u e f a c t i o n  p l a n t  w a s  e s t ima ted  us ing  
UE&C c o a l  and chemical processing experience and estimates prepared by 
o t h e r s  f o r  similar p l a n t s .  Costs f o r  t h e  process  and o f f s i t e  s e c t i o n s  
w e r e  based on estimates publ ished by Hydrocarbon Research, Inc . ,  American 
O i l  Company, t h e  U.S. Bureau of Mines, and General Atomic Company. 
Applicable  c o s t s  of equipment and/or s e c t i o n s  w e r e  converted t o  J u l y  1974 
d o l l a r s  u s ing  t h e  Chemical Engineering (CE) p l a n t  c o s t  index. Because 
t h e  p l a n t  c o n s i s t s  of m u l t i p l e ,  i d e n t i c a l  equipment t r a i n s ,  t h e  c o s t  of 
t h e  equipment w a s  assumed t o  b e  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  p l a n t  
capac i ty .  
a d j u s t e d  as requ i r ed  f o r  d i f f e r e n c e s  i n  design.  E l e c t r i c i t y  gene ra t ing  
c o s t s  are based on r e c e n t  UE&C experience.  

The e s c a l a t e d  and e x t r a p o l a t e d  c o s t s  w e r e  then compared and 
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F i g .  3. Comparison of product  c o s t s .  

The c a p i t a l  c o s t s  of t h e  uuclear- and f o s s i l - h e a t e d  p.Lants are 
sham i n  Table 5. The c o s t  of t h e  VHTR system was taken as $800 i n i l l i o n  
as a b a s i s  f o r  t h i s  s tudy .  

r e fe renced  c o s t  estimates and were e s c a l a t e d  to J u l y  1974 dollars using 
t h e  CE i n d u s t r i a l  chemicals wholesale  p r i c e  index.  These c o s t s  w e r e  
a d j u s t e d  f o r  t h e  s i z e  and stream f a c t o r  of t h e  p l a n t .  

estimates. Operat ing and supe rv i so ry  l a b o r  costs  w e r e  a d j u s t e d  f o r  
p l a n t  s i z e ,  stream f a c t o r ,  t h e  CE chemical products  hour ly  ea rn ings  
index,  and t h e  CE chemical products  p r o d u c t i v i t y  index.  Maintenance 
w a s  assumed t o  b e  4% of t h e  c a p i t a l  c o s t  for o n s i t e  f a c i l i t i e s  and 2% 
f o r  t hose  o f f s i t e .  

The cos ts  of c a t a l y s t s  and o t h e r  chemicals w e r e  ob ta ined  E r o m  t h e  

Direct o p e r a t i n g  c o s t s  w e r e  a l s o  ob ta ined  from t h e  r e fe renced  
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Table 4 .  S u l f u r  con ten t  of products  and i n t e r n a l  f u e l s  
- ____._ 

S u l f u r  con ten t  

w t  % lb/106 Rtu 
Products  -- 

.I_-- - 

Crude l i q u i d s  

Heavy naphtha Trace t o  0.15 Trace t o  0.08 

Niddis t i l l a t e  Trace t o  0.15 Trace t o  0.08 

Heavy gas o i l  0.8 0.45 

Heavy o i l  1.75 t o  2.35 1.0 t o  1.36 

Combined crude l i q u i d  ( f o s s i l )  0.57 t o  0.69 0.32 t o  0.39 

Combined crude l i q u i d  (nuc lea r )  0.59 t o  0.71 0.33 t o  0.40a 

Coker gas (1080 B tu / sc f )  0.5 0. 23b 

Burned i n  p rocess  

Residue 4.3 t o  4.75 5.2 t o  5.8 

Coal f eed  (as rece ived)  3.5 2.9 

F lu id  burner  gas (42 B tu / sc f )  0.16 3.0 

Equivalent  t o  0.8 l b  S02/106 Btu [which equa l s  t h e  EPA new source 
performance s t anda rds  (NSPS) f o r  l i q u i d  f o s s i l - f u e l e d  s t e a m  
g e n e r a t o r s ] .  

Equivalent  to 0.46 l b  S02/106 Btu. New Mexico r e g u l a t i o n  is 0.16 f o r  
gas - f i r ed  power p l a n t s  a s s o c i a t e d  wi th  c o a l  g a s i f i c a t i o n  p l a n t s .  The 
EPA NSPS is 0 . 1  f o r  petroleum r e f i n e r y  f u e l  gas of 250 B t u / f t 3 .  

- 
d 

b 

The c a p i t a l ,  ope ra t ing ,  and f u e l  c o s t s  f o r  t h e s e  p l a n t s  w e r e  cal- 
c u l a t e d  i n  d o l l a r s  pe r  m i l l i o n  Btu of products  and are p resen ted  i n  
Table 6 .  Two cases, high and low, are shown f o r  each p l a n t .  

Also shown i n  Table 6 are c r e d i t s  f o r  ammonia, s u l f u r ,  and t h e  
r e s i d u a l  char .  The ammonia and s u l f u r  are u s e f u l  i n d u s t r i a l - q u a l i t y  
products  i f  a customer i s  found f o r  t h e s e  q u a n t i t i e s .  The va lues  of t h e  
ammonia and s u l f u r  were ob ta ined  from t h e  U.S. Bureau of Mines. The 
char  has a h e a t i n g  va lue  of 8235 B tu / lb ,  b u t  t h e  s u l f u r  and a sh  c o n t e n t s  
are f a i r l y  high (4.3 and 36 w t  % r e s p e c t i v e l y ) .  
of char  w a s  a r b i t r a r i l y  assumed by UE&C. 

The c r e d i t  of $3 p e r  t on  

1.2.2.2 Conclusions 

United Engineers concluded t h a t  t h e  modified H-Coal p rocess ,  e i t h e r  
f o s s i l  o r  n u c l e a r ,  can produce s y n t h e t i c  crude l i q u i d s  t h a t  are competi- 
t i v e  wi th  and maybe cheaper (with u t i l i t y  f i n a n c i n g  and cheap c o a l )  than 
imported crude o i l .  
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Table 5.  C a p i t a l  c o s t  estimate 
( J u l y  1974 d o l l a r s )  

Sec t ion  C a p i t a l  c o s t  ($ x l o 6 )  
F o s s i l  Nuclear 

100 - Coal p r e p a r a t i o n  

200 - Coal hydrogenation 

300 - Liquid products /Solvent  recovery 

400 - F l u i d  coking 

SO0 -Reforming and s h i f t  conversion 

600 - Hydrogen product ion 

700 - Ammonia and s u l f u r  recovery 

1000, 1100, 1200, 1300 -Misce l l aneous  

1400 - E l e c t r i c i t y  gene ra t ion  (by char  

o f f s i t e  

combus t i o n )  

Tankage 

Sub t o t a l  

Interest  du r ing  c o n s t r u c t i o n  (1I)C) - 

VHTR system ( inc ludes  I D C  a t  8% f o r  

8% f o r  f o u r  y e a r s  

e i g h t  y e a r s )  

T o t a l  

80 

320 

60 

320 

9 

1 7 8  

64 

33 

1064 
-- 

177 

1 2 4 1  

80 

320 

60 

2 35 

9 

1 7 8  

36 

33 

951 
_II 

15 a 

800 

1909 
.._II 

The use of nuc lea r  p rocess  h e a t  f o r  c o a l  l i q u e f a c t i o n  by t h i s  
p rocess  r e s u l t s  i n  a more e f f i c i e n t  u t i l i z a t i o n  of t h e  energy i n  t h e  
coa l .  However, t h e r e  is no o t h e r  s i g n i f i c a n t  advantage t o  be gained.  

1 . 2 . 3  Concepcual des ign  of a coal-steam g a s i f i c a t i o n  process  heated_ 
by a gas-cooled r e a c t o r  

1 .2 .3 .1  General 

Conceptually,  a gas-cooled r e a c t o r  can b e  designed t o  o p e r a t e  a t  a 
high enough gas o u t l e t  temperature  t o  permit  t h e  use  of nuc lea r  hea t  f o r  
t h e  promotion of c e r t a i n  chemical r e a c t i o n s .  
u se  n u c l e a r  h e a t  t o  promote t h e  steam-carbon r e a c t i o n ,  producing a 
s y n t h e s i s  gas ( p r i m a r i l y  carbon monoxide arid hydrogen) which may b e  used 
t o  s y n t h e s i z e  compounds such as methane ( f o r  s y n t h e t i c  p i p e l i n e  gas) ,  

One such proposal  i s  t o  
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Table 6 .  Product c o s t  estimate 
(July 1974 d o l l a r s )  

Product c o s t  ($ / lo6  Btu)n 

F o s s i l  h e a t  Nuclear h e a t  

I t e m  
--- 

Low High Low High 
h 

Coal 
Nuclear f u e l  

0.78 2.71 0.66 2 . 3 1  
0.06 0.14  

Raw water 0.01 0.01 0.01 0.01 
C a t a l y s t s  and chemicals 0.12 0.12 0.10 0.10 

Direct o p e r a t i n g  c o s t  
Process p l a n t  0.15 0.15 0.12 0.12 
E l e c t r i c i t y  gene ra t ion  0.03 0.03 0.02 0.02 
HTGK 0.03 0.03 

Fixed charges 0.61 1.02 0.80 1.33 
-__ 

T o t a l  product c o s t  1.70 t o  4.04 1.80 t o  4.06 

P o t e n t i a l  c r e d i t s  
Ammonia 
S u l f u r  
Char 

0.03 
0 .03  
0.04 

0.02 
0 . 0 3  
0 .04  

P o t e n t i a l  product  c o s t  1 .60 t o  3.94 1 . 7 1  t o  3.97 

a O f  gas and l i q u i d s ,  excluding cha r .  

For low- and high-cost assumptions,  see Table 3. b 

ammonia, methanol, o r  l onge r  cha in  hydrocarbons, such as gaso l ine ,  v ia  
t h e  Fischer-Tropsch r e a c t i o n .  

f i e d  material and h e a t  ba l ance  flow s h e e t  f o r  one such scheme has been 
developed. The flow s h e e t  is based on a VHTR w i t h  a gas o u t l e t  t e m -  
p e r a t u r e  of 982°C (1800°F) and a thermal r a t i n g  of 3000 MW(t) .9 

process ing  system by r e c i r c u l a t i n g  helium gas. To accomplish t h i s ,  p a r t  
of t h e  r e a c t o r  h e a t  contained i n  a primary helium r e c i r c u l a t i n g  stream is 
t r a n s f e r r e d  t o  a secondary helium r e c i r c u l a t i n g  s t r e a m  by an in t e rmed ia t e  
h e a t  exchanger (IELY). 
is  then used i n  t h e  c o a l  p rocess ing  p l a n t .  The h e a t  remaining i n  t h e  
primary helium i s  used t o  gene ra t e  high-pressure s t e a m ,  p a r t  of which 
s u p p l i e s  power t o  t h e  helium c i r c u l a t o r s  and t o  t h e  coal-plant  product 
gas compressor; t h e  remainder gene ra t e s  e l e c t r i c i t y  f o r  in-plant  use 
and f o r  sale. About 62% of t h e  VHTR thermal ou tpu t  is  used i n  t h e  c o a l  
processing p l a n t ;  t h e  remainder is  used t o  gene ra t e  e l e c t r i c i t y .  

To al low e s t i m a t i o n  of t h e  f e a s i b i l i t y  of such a p rocess ,  a s impl i -  

The h e a t  from t h e  nuc lea r  r e a c t o r  is t r a n s f e r r e d  t o  t h e  c o a l  

The h e a t  con ten t  o f  t h e  secondary helium s t r e a m  
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The secondary helium stream, hea ted  to  932°C (1710°F) i n  the  TIIX, 
is  routed  to  t h e  steam-carbon r e a c t o r  where i t  i s  cooled t o  850°C 
(1562'F) by hea t  exchange wi th  t h e  r e a c t i n g  bed of coa l  a t  800°C 
(1472'F). The hel ium flow l eav ing  t h e  steam-carbon r e a c t o r  is  s p l i t ,  
wi th  about  16.5% flowing t o  the  carbonizer  and the  remainder flowing 
t o  the  process  steam genera tor .  The hel ium leaves  the carbonizer  and 
t h e  steam gene ra to r  a t  the  s a m e  temperature (662'C o r  1224"F), is  
recombined, compressed, and r e tu rned  to  t h e  IKX. 

t h e  coal. p rocess ing  system from the n u c l e a r  r e a c t o r  system t o  reduce the 
danger of cross-contamination from l eaks  that  might occur  as a r e s u l t  of 
the  hi-gh-temperature, co r ros ive  condi t ions  i n  t h e  coal-conversion p l a n t .  

The use of t he  I H X  decreases  the  p l a n t  capac i ty  as a r e s u l t  of t he  
i n h e r e n t  temperature  g r a d i e n t s  a s s o c i a t e d  wi th  hea t  exchange equipment. 
An approach temperature  o r  minimum temperature d i f f e r e n c e  of 50°C (90'F) 
w a s  ass igned  to  the I H X  and to  t h e  steam-carbon process  heat exchanger 
(PHX) i n  the high-temperature s e c t i o n  of  the secondary helium loop .  The 
sum of these approach temperatures  (the temperature  drop r equ i r ed  t o  
achieve the d e s i r e d  heat t r a n s f e r )  f o r  the in t e rmed ia t e  and the steam- 
carbon r e a c t o r  hea t  exchangers is 100°C (180°F)- T h i s  temperature  
decrease  lowers the  q u a n t i t y  of h e a t  a v a i l a b l e  f o r  t r a n s f e r  to  the r e a c t o r  
f l u i d  bed and t h e r e f o r e  limits the  g a s i f i e r  product ion rate. Higher o r  
lower f luid-bed temperatures  a f f e c t  t h e  q u a n t i t y  of hea t  t r a n s f e r r e d  and 
thus  t h e  r e a c t o r  throughput.  Add i t iona l ly ,  s i n c e  the e f f e c t  o f  tempera-  
t u r e  on t h e  r e a c t i o n  rate i s  marked, changes i n  bed temperature change 
t h e  g a s i f i e r  s i z e  (and i t s  c a p i t a l  c o s t ) .  Lower bed temperatures  r e q u i r e  
l a r g e r  r e a c t o r s  and v i c e  versa f o r  a cons tan t  g a s i f i c a t i o n  rate. With a 
s u f f i c i e n t  carbon supply ,  a h ighe r  helium temperature  r e s u l t s  i n  a higher  
heat t r a n s f e r  rate and bed temperature  and t h u s  a h ighe r  gas  gene ra t ion  
rate.  

and the  r e a c t i o n  rate as expressed  by 

Lncorporation of an IHX i s  d i c t a t e d  by the need f o r  i s o l a t i o n  o f  

The r e a c t o r  bed temperature  is  a func t ion  of the  heat t r a n s f e r  rate 

where 4r is the  hea t  o f  r e a c t i o n ,  k i s  the  s p e c i f i c  reacti-on rate as a 
func t ion  of temperature ,  and w is  t h e  q u a n t i t y  of carbon a v a i l a b l e  f o r  
r eac t ion .1°  This product  is  equated t o  the product  of U, the o v e r a l l  
hea t  t r a n s f e r  c o e f f i c i e n t ,  m u l t i p l i e d  by A ,  t h e  heat t r a n s f e r  area, and 
ATlm, the log  mean temperature d i f f e r e n c e ,  which i s  a func t ion  of the 
i n l e t  and o u t l e t  helium temperatures  and t h e  bed temperature .  By f i x i n g  
va lues  f o r  W ,  A, and 4,, c a l c u l a t i n g  the  o v e r a l l  hea t  t r a n s f e r  c o e f f i -  
c i e n t  I/, and s u b s t i t u t i n g  t h e  appropr i a t e  va lue  f o r  k (from t h e  Arrhenius 
equa t ion ,  k = k,e-E/RT) as determined by experiments on the coal t o  b e  
processed,  a bed temperature  and gas  gene ra t ion  rate may b e  ca l cu la t ed .  

a nominal r e a c t i o n  temperarure of 800°C (1472'F) w a s  assumed, t h u s  
f i x i n g  the  average temperature d i f f e r e n c e ,  the heat inpu t  rate to  the 
r e a c t o r ,  and, i n  tu rn ,  the coa l  consumption rate. W i t h  these va lues  
f i x e d  ~ the remaining f lows were c a l c u l a t e d  and the heat balance 
determined. 

For this  f l o w  sheet, s i n c e  s p e c i f i c  experimental  da t a  w e r e  l ack ing ,  
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1 .2 .3 .2  Coal r e a c t i v i t y  

The rate of coal g a s i f i c a t i o n  i n  t h e  steam-carbon r e a c t i o n  is 
p r i m a r i l y  a f u n c t i o n  of t h e  r e a c t i o n  temperature and t h e  i n h e r e n t  
r e a c t i v i t y  of t h e  c o a l .  
e n t  on i t s  rank ,  ranging from a maximum f o r  l i g n i t e  t o  a minimum f o r  
a n t h r a c i t e . l l  For example, as shown i n  F ig .  4 ,  at 800°C (1472'F) t h e  
s p e c i f i c  r e a c t i o n  rate f o r  l i g n i t e  i n  a l a b o r a t o r y  test w a s  about 38% 
of t h e  carbon g a s i f i e d  p e r  minute,  whereas a n t h r a c i t e ,  i n  semicommercial 
tests,12 showed a s p e c i f i c  carbon conversion rate of only about 0.19%/ 
min, a d i f f e r e n c e  of 200-fold. 

The r e a c t i v i t y  of t h e  coal i s  gene ra l ly  depend- 
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Higher temperatures  g r e a t l y  i n c r e a s e  t h e  r e a c t i o n  rates - as 
exempl i f ied  by t h e  Koppers-Totzek r e a c t o r  where t h e  g a s i f i c a t i o n  of 
c.arbon approaches 100% - and the  r e a c t i o n  e s s e n t i a l l y  i s  accomplished 
in s t an taneous ly  a t  the nominal o p e r a t i n g  temperature  of 1800°C (3272°F) . 
can be enhanced by p re t r ea tmen t  o f  t h e  f eed  c o a l  and by t h e  a d d i t i o n  of  
i n o r g a n i c  sa l t s ,  f o r  example, calcium ox:ides o r  carbonates .  A case i n  p o i n t  
i s  Bat te l le  Trea ted  Coal (BTC), where aqueous t r ea tmen t  w i th  l i m e  and NaQW 
(nominally t o  remove s u l f u r )  r e s u l t s  i n  an i n c r e a s e  by a f a c t o r  of about  
5 i n  t h e  carbon-steam r e a c t i o n  rate compared wi th  t h a t  o f  t h e  u n t r e a t e d  
c o a l ,  u s i n g  a P i t t s b u r g h  seam c o a l  as f eed ,  a r e a c t i o n  temperature  o f  
825°C (1517"F), and a p r e s s u r e  of 500 ps ig .13  

According t o  Van Heek, Juentgen,  and P e t e r s  , I 1  hard  coa l s  e x h i b i t  
a n e a r l y  c o n s t a n t  r e a c t i v i t y  over  a range of v o l a t i l e  matter from about 
5% t o  30%. Above about 35%-vola t i le  matter, t h e  carbon steam r e a c t i o n  
rate starts to  i n c r e a s e .  Van Iieek, Juentgen,  and P e t e r s  found t h a t  t h e  
e f f e c t  o f  steam p r e s s u r e ,  above 10 a t m  and up t o  70 a t m ,  on r e a c t i o n  
rates of coa l s  i s  small. (However, f o r  l i g n i t e ,  a minimum rate  appeared 
a t  about  35 a t m  and a maximum a t  about  50 atm.) P a r t i c l e  s i z e  a l s o  had 
no marked e f f e c t  below about 2 mm (0.08 i n . ) .  The on1.y e f f e c t  of an 
i n c r e a s e  i n  steam p r e s s u r e  on t h e  coa l  g a s i f i c a t i o n  reactLon appeared t o  
be  an in .crease i n  t h e  concen t r a t ion  o f  methane i n  the o u t l e t  gas ,  pre-  
sumably due t o  an i n c r e a s e  i n  t h e  h y d r o g a s i f i c a t i o n  and methanat ion 
r e a c t i o n  rates, which are p r e s s u r e  s e n s i t i v e  

r e s u l t i n g  from the  m u l t i p l e  t r a n s f e r s  of h e a t  r equ i r ed  t o  t r a n s p o r t  hea t  
from t h e  n u c l e a r  f u e l  t o  t h e  g a s i f i e r ,  r e q u i r e s  t h a t  a re la t ive1 .y  reactive 
coa l  be  used o r  t h a t  t h e  volume o f  t h e  r e a c t i n g  coa l  bed i n  t h e  conver te r  
be  extremely l a r g e .  Hence, i f  n u c l e a r  h e a t  i s  used f o r  t h e  steam-carbon 
r e a c t i o n ,  i t  w i l l  probably b e  app l i ed  t o  t h e  conversion of t h e  h ighe r  
v o l a t i l i t y  c o a l s ,  l i g n i t e s ,  o r  coa l s  whose r e a c t i v i t y  has  been enhanced 
c a t a l y t i c a l l y .  For t h i s  flow s h e e t ,  a P i t t s b u r g h  seam coa l  having a 
v o l a t i l e  conten t  o f  36.0% w a s  chosen as t h e  f eed  material. 

S p e c i f i c  r e a c t i o n  rates, a t  temperatures  up t o  about 900°C (1652"F), 

The use o f  n u c l e a r  h e a t ,  w i t h  i t s  i n h e r e n t  temperature  l i m i t n t i o a s  

1 .2 .3 .3  Process ing  p l a n t  chemistry 

I n  t h e  steam-carbon r e a c t i o n  system, t h e  fo l lowing  chemical 
r e a c t i o n s  are impor tan t :  

1. Coal d e v o l a t i l i z a t i o n  or carbonization - Coal vo l - a t i l e  
matter +- C + ( 3 4  + l i g h t  o i l s  and tars.  The heat r equ i r e -  
ment f o r  t h i s  r e a c t i o n  i s  e s t ima ted  t o  be  about 830 c a l / g  
o f  c o a l  (1500 B tu / lb ) .  For c o a l s  of  h i g h e r  v o l a t i l i t y ,  
t h e  temperature  r e q u i r e d  t o  i n i t i a t e  d e v o l a t i l i z a t i o n  i s  
about  300°C (57Z°F), and d e v o l a t i l i z a t i o n  is e s s e n t i a l l y  
complete a t  about  700°C (1292'F). 

2. Carbon-steam react ion - C f 1120 + H2 + CO, AH = 32,400 
cal/g-mole (58,300 Btu/lb-mole). Depending on c o a l  
r e a c t i v i t y ,  th i s  r e a c t i o n  w i l l  beg in  a t  a temperature  o f  
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about  650°C (1202°F) f o r  1 i g n i t e . l l  The r e a c t i o n  rate 
i n c r e a s e s  r a p i d l y  w i t h  temperature ,  w i t h  the r e a c t i o n  
becoming e s s e n t i a l l y  in s t an taneous  a t  temperatures  above 
about 1100°C (2012'F). C a t a l y t i c  materials such as l i m e  
w i l l  accelerate t h e  r e a c t i o n  a t  lower temperatures  w i t h  
some coa l s .  

3 .  Carbon monoxide s h i f t  reaction - CO + 1I2O + C 0 2  +- H 2 ,  AH = 
-9200 cal/g-mole (-16,600 Btu/lb-mole). With s u f f i c i e n t  
gas  res idence  t i m e  and i n  t h e  presence  of  c a t a l y t i c  s u r f a c e s  
such as ash re s idues  i n  t h e  r e a c t i n g  bed, th is  r e a c t i o n  
w i l l  approach thermodynamic equi l ibr ium.  l4-I6 
rate is  a c c e l e r a t e d  by h i g h e r  temperatures .  

The r e a c t i o n  

4. Hydrogasification reaction - C -I- 2H2 -f C H 4 ,  AH = -21,200 
cal/g-mole (-38,200 Btu/lb-mole). This  r e a c t i o n  proceeds 
p r i m a r i l y  a t  lower temperatures  (less than 1100°C o r  
2012°F) and a t  p re s su res  g r e a t e r  than atmospheric.  Higher 
p re s su res  and lower temperatures  i n c r e a s e  t h e  equ i l ib r ium 
methane concent ra t ion .  

The compositions shown on t h e  f l o w  sheet f o r  the steam-carbon 
r e a c t i o n  were c a l c u l a t e d  by assuming that the pe rcen t  water decomposition 
w a s  about  602, t h a t  t h e  s h i f t  r e a c t i o n  w a s  a t  thermodynamic equi l ibr ium,17  
and t h a t  t h e  amount of  methane formed w a s  s m a l l  (about 3 mole % > .  Higher 
q u a n t i t i e s  of methane would b e  formed i f  the r e a c t i o n  p r e s s u r e  w e r e  
i nc reased  [ t h e  equ i l ib r ium concen t r a t ion  be ing  about 8% t o  10% a t  20 a t m  
and 16% t o  18% a t  68 a t m  and 800°C (1472"F)I. Thus, i f  the u l t i m a t e  
product  o f  t he  r e a c t i o n  w e r e  t o  b e  s y n t h e t i c  p i p e l i n e  gas rather than 
carbon monoxide and hydrogen, i t  would be  advantageous t o  i n c r e a s e  the 
r e a c t i o n  p res su re ,  maximizing the conversion of  carbon t o  methane i n  
t h e  r e a c t o r  rather than  i n  an  e x t e r n a l  methanator.  

1.2.3.4 Flow s h e e t  d i scuss ion  

The nuclear-heat-dr iven s team-carbon process  as conceptua l ly  
dep ic t ed  i n  t h e  flow sheet (Fig. 5 )  r e s u l t s  i n  the p l a n t  y i e l d s  and 
thermal  e f f i c i e n c i e s  shown i n  Table 7. T h e  o v e r a l l  thermal  e f f i c i e n c y  
of t h e  system i s  de€ined  as the r a t i o  of the t o t a l  h e a t i n g  va lues  o f  t h e  
p l a n t  products  ( inc luding  the t h e r m a l  equ iva len t  o f  the e lec t r ic i ty  
genera ted  f o r  s a l e )  t o  t h e  t o t a l  h e a t i n g  val.ue of the c o a l  f eed  to  the 
p l a n t  p l u s  t h e  h e a t  genera ted  by the  VHTR heat source .  

n a t u r e ,  the assumption w a s  made t h a t  s u f f i c i e n t  w a s t e  and excess heat 
w e r e  a v a i l a b l e  i n  the  p rocess  o f fgases  and t h e  process  steam gene ra to r  
t o  supply h e a t  f o r  t h e  p l a n t  a u x i l i a r y  processes  such as c o a l  d r i e r s  and 
product  gas  p u r i f i e r s .  An in-plant  e l ec t r i ca l  requirement of 14 MW<e> 
was assumed to be  a v a i l a b l e  from the 319-MW(e) power p l a n t .  The l a r g e  
power consumers, t h a t  i s ,  the hel ium c i r c u l a t o r s  and the product  gas  
compressors,  w e r e  assumed t o  b e  d r i v e n  d i r e c t l y  by high-pressure s t e a m  

Because the  flow s h e e t  descr ibed  f o r  the process  w a s  conceptual  i n  
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F i g .  5 .  Steam g a s i f i c a t i o n  of coal using nuclear heat. 



Table 7. P l a n t  e f f i c i e n c y  summaries 

System 
Thermal 

Input  (Btu p e r  day) Output (Btu pe r  day) e f f i c i e n c y  ( W )  

Overal l  

To ta l  

Coal 
VHTR 

Coal conversion p l a n t  Coal 
SrHTR 
E l e c t r i c  power 

2.01 x 10l1 Coal products  
2.46 x 1 0 l 1  Electric power 

4.47 x 1011 

2.01 x 1011 Product gas 
1.59 x Coal gas' 
0 .01 x Tar and l i g h t  o i l  

2.57 x 1O1I 63.1" 
0.25 x 1O1I 

2.82 x loll 

1.96 x 1011 71. 2"' 

0.40 x 
0.21 x 1011 

To tal 

Power p l a n t  

3.61 x 1Ol1 

0.87 x 

2.57 x 1Ol1 

0.25 x 1011 28.7 

a 

bBtu i n  products /Btu i n  c o a l  feed = 128%. 
e 

d 

Not inc luding  char  hea t ing  va lue .  

Light  v o l a t i l e s  from carbonizer .  

Includes prora ted  energy inpu t  t o  primary helium c i r c u l a t o r s .  
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from t h e  VHTR steam gene ra to r .  
e f f i c i e n c y  w a s  found t o  be 63.1%. If t h e  gene ra t ion  of e l e c t r i c i t y  and 
t h e  corresponding VHTR h e a t  i n p u t  are excluded from t h e  energy ba lance ,  
t h e  o v e r a l l  thermal e f f i c i e n c y  of t h e  c o a l  p l a n t  is 71.2%- 

On t h i s  b a s i s ,  t h e  o v e r a l l  p l a n t  thermal 

1.2.3.5 ___- Materials of c o n s t r u c t i o n  

The o u t l e t  temperature  o f  t h e  VHTR w a s  assumed t o  b e  9 8 2 O C  (1800°F), 
High- which i s  about  222OC (400°F) h ighe r  than c u r r e n t  HTGR des igns .  

temperature  a l l o y s  such as Xncoloy 800H are t h e r e f o r e  e x t e n s i v e l y  
r equ i r ed  i n  t h e  high-temperature areas of t h e  p l a n t  such as'the IHX,  where 
t h e  m a x i m u m  o p e r a t i n g  temperature  is  982°C (1800°F), and t h e  ca rbon ize r  
and steam-carbon r e a c t o r  PHX, which c o n t a i n  helium a t  850°C (1562'F) and 
932OC (1710QF) r e s p e c t i v e l y .  I n  a d d i t i o n  t o  t h e  high i n t e r n a l  tempera- 
t u r e ,  t h e  PHXs are s u b j e c t  t o  t h e  e r o s i v e  a c t i o n  and stresses a s s o c i a t e d  
wi th  a l a r g e ,  t u r b u l e n t ,  f l u i d i z e d  c o a l  bed, as w e l l  as t h e  e f f e c t s  of 
t h e  c o r r o s i v e  environment of  t h e  g a s i f i e r .  

r e a c t o r  are cons t ruc t ed  o f  carbon steel  c l a d  on t h e  i n s i d e  w i t h  a 
c o r r o s i o n - r e s i s t a n t  l a y e r  of s t a i n l e s s  s teel .  To p r o t e c t  t h e  r e a c t o r  
vessel w a l l  from t h e  high r e a c t i o n  temperatures ,  i t  is  l i n e d  wi th  an 
i n s u l a r i n g  r e f r a c t o r y  material such as Kaolin.  

and of t h e  r e f r a c t o r y  vessel l i n i n g  w i l l  undoubtedly b e  r equ i r ed .  The 
frequency of such replacements cannot , a t  t h i s  t i m e ,  b e  e s t ima ted  wi th  
any degree of accuracy. However, f o r  conceptual  c o s t  es t i i i la t ion 
purposes,  t h e  l i f e t i m e  of t h e s e  components w a s  taken t o  be f i v e  yea r s .  

Standard materials of c o n s t r u c t i o n  used i n  convent ional  chemical p l a n t s  
handl ing similar compounds and i n  c o a l - f i r e d  s t e a m  p l a n t s  may b e  used 
f o r  m o s t  other components. 

The r e a c t o r  s h e l l s  of both t h e  ca rbon ize r  and t h e  steam-carbon 

P e r i o d i c  replacement of t h e  high-temperature h e a t  exchange s u r f a c e s  

The PHX materials problem is a n t i c i p a t e d  t o  b e  t h e  most s e v e r e .  

1.2.3.6 P o l l u t i o n  

N o  s i g n i f i c a n t  p o l l u t i o n  problems should b e  encountered i n  t h e  
coal-conversion p l a n t  because t h e  des ign  i n c o r p o r a t e s  adequate  abatement 
equipment i n  t h e  processing s t e p s .  S o l i d  wastes, p r i m a r i l y  cha r ,  w i l l  
b e  r e t u r n e d  t o  t h e  mine or t rucked t o  a s u i t a b l e  s i t e  for b u r i a l .  
Aqueous wastes w i l l  be  t r e a t e d  t o  remove o i l s  and tars,  then used as 
makeup t o  t h e  r e c i r c u l a t i n g  coo l ing  water system, where most o f  t h e  
remaining o rgan ic s  w i l l  b e  decomposed by o x i d a t i o n .  The coo l ing  tower 
blowdown w i l l  be  combined w i t h  t h e  s a n i t a r y  sewage and w i l l  b e  sub jec t ed  
t o  complete secondary treatment p r i o r  t o  d i scha rge  t o  a d j a c e n t  s u r f a c e  
waters. Waste gases  w i l l  be  scrubbed p r i o r  t o  d i scha rge  t o  t h e  atmo- 
sphe re  t o  remove noxious compounds. 
remove t h e s e  compounds p r i o r  t o  combination w i t h  o t h e r  plant w a s t e w a t e r .  
Any s u l f u r  compounds and ammonia removed dur ing  t h i s  t reatment  will be 
combined wi th  o t h e r  similar p l a n t  streams and recovered.  Minor amounts 
of ammonia and coal-derived o rgan ic s ,  i n  q u a n t i t i e s  t oo  small t o  be 
economically r ec l a imab le ,  w i l l  b e  disposed o f  by i n c i n e r a t i o n .  

The sc rub  w a t e r  w i l l  b e  t r e a t e d  to 
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1.2.3.7 Process  f l o w  d e s c r i p t i o n  .- 

1.2.3.7.1 Nuclear heat source  

The VHTR i s  t h e  sou rce  o f  a l l  heat used i n  the coal-conversion 
process .  The heat from t h e  nuc lea r  r e a c t o r  i s  t r a n s f e r r e d  t o  the  process  
by r e c i r c u l a t i n g  hel ium gas i n  two s e p a r a t e  loops ,  the priiiiary loop and 
t h e  secondary loop.  I n  ope ra t ion ,  heat i s  e x t r a c t e d  from the nuc lea r  
r e a c t o r  c o r e  by t h e  pr imary loop bel-ium and t r a n s f e r r e d  i n  the IHX t o  
t h e  helium i n  t h e  secondary gas loop and then  to the s t e a m  gene la to r  
where i t  i s  used t o  produce high-pressure s t e a m .  
steam i s  used t o  d r i v e  the  pr imary and secondary helium c i r c u l a t o r s  and 
t h e  gas  compressors f o r  t h e  coal-conversion-plant product  gas  and t o  
gene ra t e  e lec t r ica l  power (about 44 of w h i c h  i s  used i n  the coa l  p l a n t  
and t h e  remainder o f  which i s  s o l d ) ,  

The h e a t  t r a n s f e r r e d  t o  the secondary hel ium stream i s  used t o  
supply t h e  h e a t  r e q u i r e d  f o r  the ca rbon iza t jon  and the  s t c a w c a r b o n  
r e a c t i o n s  and t o  genera te  t h e  p rocess  s t e a m  needed f o r  f l u i d i z a t i o n  of 
t h e  c o a l  i n  t h e  carbonizer  and t h e  steam-carbon r e a c t o r .  

The high-pressure 

1.2.3.7.2 Coal p r e p a r a t i o n  

Cleaned c o a l  from the mine i s  r e t r i e v e d  from s t o r a g e ,  ground and 
s i z e d  t o  lOOX -10 mesh, and f ed  i n t o  t h e  fluid-bed c o a l  d r i e r ,  u s ing  
carbon d ioxide  from the  gas  scrubber  system as t h e  f l u i d i z i n g  gas. 
carbon d ioxide  i s  hea ted  by low-pressure steam obta ined  from the 
carbonizer  o f f  gas  condenser.  E s s e n t i a l l y  a l l  t h e  f r e e  mois ture  i n  the 
coa l  i s  assumed t o  b e  removed i n  t h e  dry ing  s t e p .  
i s  shown i n  Table  8. 

Dust c o l l e c t o r s  w i l l  be  i n s t a l l e d  a t  a l l  coa l  and char t r a n s f e r  
p o i n t s ,  as  w e l l  as i n  t h e  c o a l  g r ind ing  and p u l v e r i z i n g  system. The 
coal dus t  w i l l  b e  c o l l e c t e d  a t  a c e n t r a l  p o i n t ,  b r i q u e t t e d ,  ground, 
s i z e d ,  and combined w i t h  t h e  primary c o a l  flow f o r  use i n  t h e  p l a n t .  

The 

The feed  coa l  analysis 

1 . 2 . 3 . 7 . 3  __ Carbonizer  

Dried,  pu lve r i zed  c o a l  i s  f e d  from the c o a l  d r i e r  i n t o  a high- 
v e l o c i t y  s e c t i o n  of  t h e  f luid-bed ca rbon iza t ion  r e a c t o r .  Here t h e  c o a l  
is  r a p i d l y  hea ted  by c o n t a c t  w i t h  h o t  carbonized c o a l  and wi th  the 
superhea ted  f l u i d i z i n g  steam t o  the d e v o l a t i l i z a t i o n  temperature  of 
500°C (932'F) . The h igh-ve loc i ty  fluid-bed s e c t i o n  d i scha rges  i n t o  
a low-veloci ty  s e c t i o n ,  which provides  s u f f i c i e n t  r e s idence  t i m e  f o r  
about  60% o f  t h e  v o l a t i l e  matter i n  the coa l  to  vapor ize .  Be-at i s  
s u p p l i e d  t o  t h e  ca rbon ize r  by  a p o r t i o n  o f  the secondary hel ium stream 
(about 16.54 of  t h e  flow) a f t e r  i t  l e a v e s  the steam-carbon r e a c t o r .  

t o  remove p a r t i c u l a t e s  , t hen  pass  t o  a heat-recovery condenser where the 
s t e a m ,  l i g h t  o i l s ,  and tars are condensed and s e p a r a t e d  from the 

F l u i d i z i n g  steam and the contained v o l a t i l e s  pas s  through cyclones 
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Table 8. Dried f eed  c o a l  ana lyses  

I t e m  W t  % 

Proximate ana Zysis 

V o l a t i l e  matter 36 .O 

Fixed carbon 57.3 

H20 0.8 

Ash 5.9 

UZ & h a t e  anu Zysis (mots t w e  and ash- fylee basis 

Carbon 84.4  

Hydrogen 5.6 

Oxygen 5 .O 

Nitrogen 1.0 
S u l f u r  4 .Q 

Higher h e a t i n g  va lue  (Btu/ lb)  14,000 

noncondensable hydrocarbon gases .  Light  o i l s  and tars are recovered 
from t h e  condensate and are s t o r e d  and s o l d  w i t h  t h e  noncondensable 
hydrocarbons. 

H e a t  removed from t h e  vapor condenser i s  used t o  gene ra t e  low- 
p r e s s u r e  s t e a m  to  supply h e a t  t o  va r ious  p rocess  a u x i l i a r i e s .  

1.2 e 3 . 7 . 4  S team-carbon r e a c t o r  

Carbonized c o a l  from the carbonizer  i s  f e d  to  the  steam-carbon 
r e a c t o r  (a fluid-bed r e a c t o r  using s t e a m  as t h e  f l u i d i z i n g  gas ) .  
t h i s  r e a c t o r ,  t h e  steam-carbon and carbon monoxide s h i f t  r e a c t i o n s  occur ,  
g a s i f y i n g  about 90% of t h e  carbon i n  t h e  coal., r e s u l t i n g  i n  a raw product 
gas  c o n s i s t i n g  p r i m a r i l y  of hydrogen, carbon monoxide, carbon dioxide,  
and excess  steam. Residual v o l a t i l e s  i n  the  c o a l  are v o l a t i l i z e d  and 
reformed i n  t h e  r e a c t o r  to  hydrogen and carbon monoxide. H e a t  i s  
supp l i ed  t o  t h e  r e a c t o r  by t h e  secondary helium flow through t h e  PHX, 
a n  array of  m e t a l  tubes  immersed i n  the f l u i d  bed. The r a p i d i t y  of the 
r e a c t i o n  is  governed by t h e  c o a l  r e a c t i v i t y  and the temperature of  t h e  
bed. The a t t a i n a b l e  rate of  heat t r a n s f e r  t o  the bed and the tempera- 
t u r e  of  the c i r c u l a t i n g  helium are t h e  f a c t o r s  determining t h e  minimum 
g a s i f i e r  volume. 

In 
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1.2.3.7.5 Raw gas  p u r i f i c a t i o n  system 

The r a w  product  gas from t h e  steam-carbon r e a c t o r  pas ses  through a 
s t a g e d  cyclone gas-sol id  s e p a r a t o r  i n t o  t h e  gas  coo le r .  The 800°C 
(1472°F) gas i s  cooled t o  about  349°C (660"F), exchanging i t s  hea t  w i t h  
t h e  feedwater  stream t o  t h e  process  steam genera tor .  The r a w  product 
gas  i s  then  quenched and p a r t i c u l a t e s  removed i n  a water scrub  tower, 
compressed t o  1000 p s i a ,  and s e n t  to  an abso rp t ion  gas p u r i f i c a t i o n  
(Pur i so l )  un i t .  Here, t h e  sou r  gas  c o n s t i t u e n t s ,  p r imar i ly  carbon 
d ioxide  and hydrogen s u l f i d e ,  w i l l  be  removed by phys ica l  abso rg r ion  i n  
an organic  s o l v e n t  (if-methyl-pyrrolidone) e The carbon d ioxide  and 
hydrogen s u l f i d e  are sepa ra t ed  by t h e  abso rp t ion  process ;  t h e  carbon 
d ioxide  i s  r e tu rned  t o  t h e  head end of  t h e  p l a n t  f o r  use i n  t h e  c o a l  
dry ing  and g r ind ing  s t e p s  and as a n  i n e r t  gas b l anke t  i n  the coa l  
s t o r a g e  s i l o s  and f eed  hoppers ,  a f t e r  which i t  i s  vented t o  t h e  atmo- 
sphere .  The hydrogen s u l f i d e  is s e n t  t o  a Claus u n i t  and then  t o  a 
Claus ta- i l -gas  t rea tment  uni t  t o  convert  the hydrogen sulfi .de t o  poten- 
t i a l l y  s a l a b l e  e lementa l  s u l f u r .  

1.2.3.7.6 Process  s t e a m  gene ra to r  

Process  steam is requ i r ed  b o t h  as a r e a c t a n t  and as a f l u i d i z i n g  
gas  i n  the  steam-carbon r e a c t o r  and as a f l u i d i z i n g  gas  i n  the  carbon- 
i z e r .  All the r equ i r ed  process  steam i s  genera ted  i n  the process  s t e a m  
gene ra to r  by h e a t  in te rchange  with a p o r t i o n  of the secondary helium 
stream (approximately 83.5% of t h e  f l o w )  a f t e r  i t  leaves the steam- 
carbon r e a c t o r .  Process  s t e a m  i s  genera ted  a t  about  10-atm p r e s s u r e  and 
superhea ted  t o  500°C (932'F) o r  800'C (1472°F) f o r  use i n  the carbonizer  
and t h e  steam-carbon r e a c t o r  r e s p e c t i v e l y .  

1.2.3.7.7 Elec t r ica l  genera t ion  

Ileat i n  excess o f  that usab le  i n  the steam-carbon r e a c t o r  i s  used 
to gene ra t e  e l ec t r i c  power which, except  f o r  the approximately 4% used 
i n  t h e  coa l  p l a n t ,  i s  a v a i l a b l e  f o r  sale.  The conversion e f f i c i e n c y  of 
thermal energy t o  e lec t r ica l  energy w a s  taken as 32%. However, p a r t  of 
t h e  a v a i l a b l e  energy i n  t h e  steam w a s  assumed to  be  used t o  d r i v e  the 
primary helium c i r c u l a t o r s .  This  energy use  w a s  p r o r a t e d  between the 
c o a l  p l a n t  and t h e  e lec t r ica l  p l a n t ,  r e s u l t i n g  i n  a ne t  thermal energy 
conversion e f f i c i e n c y  of 28.72 f o r  the e l e c t r i c a l  power p l a n t .  

1.2.3.7.8 Cooling w a t e r  

The coo l ing  requirements  f o r  the p l a n t  are m e t  by a r e c i r c u l a t i n g  
wa te r  coo l ing  system equipped w i t h  a convent iona l  evapora t ive  type,  
forced-draf t  coo l ing  tower. 
r e tu rned  a t  130°F. The c i r c u l a t i o n  rate i s  approximately 131,000 gpm. 
The w a t e r  makeup rate i s  e s t ima ted  t o  be  5280 gpm. 

Cooling water w i l l  b e  supp l i ed  a t  90°F and 
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1.2.3.8 Cost estimate 

1 .2 .3 .8 .1  I C a p i t a l  c o s t  

The capital. c o s t  o f  t h e  coa l  process ing  p o r t i o n  of the p l a n t  complex 
w a s  der ived  by l i s t i n g  t h e  major equipment i tems and their s i z e s  based 
on t h e  hea t  and material ba lance  flow sheet. Costs  of  these equipment 
i t e m s  w e r e  then  es t imated  a long  w i t h  t h e  l a b o r  r equ i r ed  f o r  i n s t a l l a t i o n .  
From t h i s  t a b u l a t i o n ,  a t o t a l  i n s t a l l e d  equipment cos t  w a s  der ived ,  
which w a s  then  t r a n s l a t e d  to  a p l a n t  c a p i t a l  c o s t .  To t h i s  w a s  added 
i n t e r e s t  dur ing  cons t ruc t ion ,  t o  g ive  a t o t a l  p l a n t  investment which was 
converted to  J u l y  1974 d o l l a r s .  The c a p i t a l  cos t  of  t h e  VHTR system, 
which inc ludes  t h e  nuc lea r  r e a c t o r ,  helium c i r c u l a t o r s  , and I L Y ,  w a s  
taken as $781.5 mi l l i on ,  i nc lud ing  i n t e r e s t  during c o n s t r u c t i o n  (8% f o r  
e i g h t  yea r s )  The c a p i t a l  c o s t  f o r  t h e  nuclear-coal  p l a n t  complex is 
shown i n  Table 9 .  

Table 9 .  C a p i t a l  cos t  e s t i m a t e  
( Ju ly  1974 d o l l a r s )  

- 

Cost i t e m  Cap i t a l  cos t  ($10~) 

Coal process ing  p l a n t  2 88 

In teres t dur ing  cons t iruction (LIIC) 
(8% f o r  f o u r  years )  46 

3 3 4  

- 

VHTR ( inc ludes  I D C  - 8% f o r  e i g h t  yea r s )  781.5 

l .2 .3 .8 .2  Product cos t  

The c o n t r i b u t i o n s  to  t h e  product  m i x  on the b a s i s  of  Btu con ten t  
from the  steam-carbon p l a n t  are given i n  Table 10. 
each major p r i c e  v a r i a b l e  w a s  t r e a t e d  pa rame t r i ca l ly  over  a range. The 
r e s u l t i n g  c o s t s  (Table 11) w e r e  then normalized by d iv id ing  by t h e  t o t a l  
thermal va lue  of  the p l a n t  product t o  g ive  a u n i t  c o s t  p e r  m i l l i o n  Btu 
of product .  A l l  p l a n t  products  were assumed t o  b e  of equal  va lue ,  
based on t h e i r  heats of combustion. 

$1.75 pe r  m i l l i o n  Btu; nuc lea r  f u e l ,  from $0.25 to  $0.60 p e r  m i l l i o n  
Btu; the  f i x e d  charge ra te ,  15% and 25% p e r  yea r ;  and the c r e d i t  assumed 
for  t h e  s a l e  of excess electric power, 13 and 18 mills/kWhr (Table 1 2 ) .  

One o f  t h e  major c o s t  items i s  the c o s t  of main ta in ing  the 
i n t e r n a l s  i n  the  carbonizer  and the steam-carbon r e a c t o r .  The heat 
exchanger tubes i n  t hese  u n i t s  o p e r a t e  a t  h igh  i n t e r n a l  temperatures  

For this estimate,  

Major c o s t  v a r i a b l e s  inc luded  coa l ,  assumed to  vary  from $0.50 t o  
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Table 10. P l a n t  product  summary 
._--- 
Product Tons pe r  day Btu p e r  day 

Carb o n i z e r  

Light: o i l  4- tar  1.10 103 0.40 x 

G a s  (Cl -f C,) 0.45 1 0 3  0 .21 x 1011 
-- 

T o t a l  0.61 x 10l1 

Steam-carbon r e a c t o r  

Gases 

B.2 

CH 4 

co 

T o t a l  

S o l i d s  

Char 

1.08 103  1 .31 x 10l1  

5.11 1 0 3  0.44 x 1 O l 1  

0.43 1 0 3  0 .21  x 1011 

1.96 x 10l1 

1.04 1 0 3  0.14 x lolla 

Electric power 0.25 x 1011 

U The char  is  assumed t o  be waste and is no t  included i n  
t o  t a l  hea t  o u t p u t .  

(850" t o  940'C o r  1562' t o  1724'F), and t h e i r  o u t s i d e  s u r f a c e s  are 
exposed t o  a co r ros ive -e ros ive  atmosphere. 
expectancy of t h e  material of c o n s t r u c t i o n  (Incology 800H) w e r e  a v a i l a b l e ;  
hence, i t  w a s  a r b i t r a r i l y  assumed t h a t  t h e  h e a t  exchange tub ing  would 
r e q u i r e  replacement every f i v e  y e a r s .  The c o s t  a s s igned  t o  t h e  p l a n t  
product  f o r  maintenance o f  t h e s e  u n i t s  r e f l e c t s  t h e  h igh  material and 
l a b o r  c o s t s  involved i n  r e p l a c i n g  t h e  tubing.  

and t h e  o p e r a t i n g  c o s t  f o r  t h e  c o a l  p l a n t  w a s  de r ived ,  based on p l a n t  
c a p i t a l  c o s t ,  from a va lue  a s s o c i a t e d  wi th  a reactor-heated H-Coal 
l i q u e f a c t i o n  p l a n t .  l9 
w a s  assumed to be included i n  t h e  VHTK o p e r a t i n g  c o s t .  

No r e l e v a n t  d a t a  on t h e  l i f e  

The o p e r a t i n g  c o s t  a s s igned  t o  t h e  VI-ITR i s  $9 m i l l i o n  pe r  yea r ,18  

The c o s t  of o p e r a t i n g  t h e  e lectr ical  gene ra to r s  

1.2.4 a d r o g e n  from water s p l i t t i n g  - e l e c t r o l y t i c  and thermochemical - 
and i t s  a p p l i c a t i o n  t o  f u e l  s y n t h e s i s  

E s s e n t i a l l y  a l l  t h e  hydrogen produced today is de r ived  from hydro- 
carbons (methane and naphtha) .  Hydrogen made by t h e  e l e c t r o l y s i s  of 
w a t e r  is q u i t e  expensive and i s  reserved for uses r e q u i r i n g  very h igh  
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Table ll. Product c o s t  estimate of VHTR-heated steam-carbon process 
( J u l y  1974 d o l l a r s )  
-I_I- -. 

$ / l o 6  Btu  product  

System c o s t  Low va lue  High va lue  
~ 

Coal 0.35 1 . 2 3  

Nuclear f u e l  0.06 0.14 

Water 0.01 0.01 

Chemi. ca 1 s 0.02 0.02 

Coal p l a n t  maintenance 0.14 0,14 

D i r e c t  o p e r a t i n g  c o s t  
Coal p l a n t  
VIiTR 

Fixed charges (15% and 25%) 

T o t a l  product  c o s t  

0.04 0.04 
0.12 0.12 

1.80 

2.54 

3.00 

4.70 

Less c r e d i t  f o r  electric power (305 MW) 0.37 0.51 

Net. product c o s t  2.17 4.19 
. -̂__I 

Quanti ty  P o t e n t i a l  c r e d i t  
P l a n t  by-products ( t o n s  p e r  day) ($ / lo6  B t u  product)  

S u l f u r  68.8 @ $25 p e r  t o n  0.007 
Ammonia 105.8 @ $60 pe r  ton 0 025 

Char 1039 @ $3 p e r  t on  0.013 

T o t a l  0.045 
Î 

p u r i t y .  N o  commercial. hydrogen has  y e t  been made by thermochemical 
w a t e r  s p l i t t i n g .  

r e q u i r e d  because of t h e  inc reased  demand for hydrogen and the l i m i t e d  
supply of hydrocarbon f eeds tock .  Table 13  p r e s e n t s  fou r  estimates 
de r ived  by t h e  Na t iona l  Aeronaut ics  and Space Adminis t ra t ion (NASA) and 
i t s  c o n t r a c t o r s  for U.S. hydrogen demand by t h e  yea r  2000.7920-22 
most conse rva t ive  of t h e s e  estimates p r o j e c t s  a f i v e f o l d  i n c r e a s e  i n  
hydrogen requirement ,  
made E r o m  n a t u r a l  gas ,  naphtha,  and c o a l .  For t h e  nea r  t e r m ,  our  esti- 
mates show hydrogen de r ived  from thermochemical o r  e l e c t r o l y t i c  processes  
to b e  a t  least a f a c t o r  of 2 more expensive than  hydrogen de r ived  from 
c o a l  I 

I n  t h e  f u t u r e ,  a l t e r n a t i v e  means of hydrogen product ion w i l l  b e  

The 

E s s e n t i a l l y  a l l  t h e  a d d i t i o n a l  hydrogen w i l l .  b e  
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Table 1 2 .  Product c o s t  estimate bases  
( J u l y  1974 d o l l a r s )  

Cost i t e m  Low estimate High estimate 

Coal, $ / l o 6  Btu 

Nuclear f u e l ,  $ / lo6  Btu 

Water, $/lo00 g a l  

Fixed charge rate, % p e r  yea r  

0.50 

0.25 

0.30 

15 

Nuclear r e a c t o r  c o s t  

C a p i t a l  - $781.5 x l o 6  
Operating $9 x 106 pe r  year  

$/kWhr 0.013 
C r e d i t  f o r  excess electric power, 

1 .75  
0.60 
0.30 

25 

0.018 

Standard o p e r a t i n g  yea r  - 330 days 
- ~ .  I_ .I.-_- 

However, one can c1earl.y see by taking the long view t h a t  hydrogen 
product ion d i r e c t l y  from water v i a  e l e c t r o l y t i c  o r  thermochemical proc- 
esses w i l l  u l t i m a t e l y  become important .  

1 .2 .4 .1  Thermochemical processes- ___ 

A very  l a r g e  number of chemical cyc le s  are known t o  be p o s s i b l e ,  
and many have been analyzed and eva lua ted  i n  U.S. and f o r e i g n  programs. 
The I n s t i t u t e  of G a s  Technology (IGT)22 and Bowman23 have publ ished 
d i scuss ions  of thermochemical cyc le s .  

Within t h e  VHTR program, a t t e n t i o n  has been focused on t h e  
Westinghouse hydrogen product ion p rocess ,  wliich is  a hybrid 
thermochemical-electrolyt ic  cyc le  being developed by Westinghouse 
Astronuclear  Laboratory.  21 The r e a c t i o n  s t e p s  are as follows : 

So l u  t ion  

Anode 

Cathode 2H + 2e + H2 

SO2 I- Ii20 -f H2SO3 

~ 2 ~ 0 3  + K ~ O  * 2e- I- ~ 2 ~ 0 4  -I- 2~ 
4- 

4- 

'lhermal decomposition ~ 2 ~ 0 4  + SO2 I- H2O f 1 / 2  02 

Net r e a c t i o n  H 2 0  -+ H2 + 1 / 2  02 . 
Westinghouse has  confirmed t h e  va r ious  s t e p s  i n  l a b o r a t o r y  tests. 

hydrogen product ion,  Bamberger and Braunstein of ORNL concluded t h a t ,  
from a chemical viewpoint,  t h e  process  appears  f e a s i b l e  and a t t r a c t i v e  .24 

In t h e i r  assessment of Westinghouse's thermochemical cyc le  f o r  



Table 13. Estimates of U.S. hydrogen requirements 
( i n  1015 B ~ U )  

2000 

I tern 
19 7 2- 19 73  HEST HEST wd TGT 

reference maximum GA 
ma H E s ' P  GA' LOW Base High Low High 

Kesidential/commercial 
Amrnonia, metaanol, and 

iniscellaneous chemicals 
Petroleum ref ining 
Synthetic f u e l s  
Sceelmaking 
Transportation, u t i l l t y ,  

other 

Total  

- I  5.1 i 4 . 4  

3.42 0.46 G.60 2.37 9.25 2.81 0.76 1 . 4 7  2 .14  1 . 5  
3.42 0.47 6.48 0.78 0.78 0.60 0.58 2.41 2 .41  0 .9  

1.71 7.6 6.99 5.82 10.32 13 .33  7.1 29.1 

0.22 0.65 2.11 0.39 0.18 0.36 0.7 

0.05 0.07 0.06 0.40 

0.89 1 .00  1.14 5.45 

- - __ - 4.21  0.37 0.39 1.14 2.4 - ___ - -  - - - 
22.49 12 .88  7.25 14.77 19.35 17.7 43.5 

' Ins t i tute  of Gas Technology. 
'Hydrogen Energy Systems Technology. 
'General ~ t o ; a i c  Company, 
dWestinghouse Astronuclear Laboratory, Westinghouse Elec t r ic  Corporation. 
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Its advantages inc lude  chemical s i m p l i c i t y ;  use of abundant, low-cost 
r eagen t s ;  and no requirement f o r  s o l i d s  handl ing.  Problems i d e n t i f i e d  
included development of s u i t a b l e  s e p a r a t o r s  f o r  t h e  a n o l y t e  and c a t h o l y t e  
s o l u t i o n s  ; s u b s t i t u t i o n  of e l e c t r o d e  materials more s u i t a b l e  than 
p l a t i n i z e d  platinum; demonstration of p r a c t i c a l  c o n s t r u c t i o n  materials 
compatible wi th  h o t  concentrated H2SO4; and p o s s i b l e  e f f e c t s  of corro- 
s i o n  products  t r a n s p o r t e d  through t h e  system on o t h e r  p a r t s  of t h e  c y c l e ,  
e s p e c i a l l y  t h e  e l e c t r o l y t i c  s t e p .  

The cyc le  is p r o j e c t e d  t o  achieve a 45% t o  47% thermal e f f i c i e n c y ,  
which is t h e  h i g h e s t  suggested f o r  any such c y c l e  t o  d a t e .  The 
Westinghouse estimate of hydrogen product ion c o s t  is $4.45 per  lo6 Btu. 
However, t h i s  estimate assumes n u c l e a r  p l a n t  c a p i t a l  c o s t s  ($447  x l o 6 )  
and f u e l  c y c l e  c o s t s  ( $ 0 . 2 6  p e r  l o 6  Btu) s u b s t a n t i a l l y  lower than  those  
de r ived  f o r  t h e  VHTR by ORNL. 
water decomposition process  by UE&C f o r  ORNL r e s u l t e d  i n  hydrogen c o s t s  
of $5.17 t o  $8.80 p e r  lo6 Btu. 
p l a n t  c a p i t a l  c o s t  of $725 x l o 6  wi th  15% and 25% f i x e d  charge rates 
and $0.25 t o  $0.60 p e r  l o 6  Btu nuc lea r  f u e l  c y c l e  c o s t .  

A similar a n a l y s i s  of t h e  Westinghouse 

The range of c o s t s  reflects a nuc lea r  

1.2 .4 .2  E l e c t r o l y s i s  

As prev ious ly  s t a t e d ,  t h e  product ion of hydrogen d i r e c t l y  from 
w a t e r  w i l l  u l t i m a t e l y  become important .  A g r e a t  d e a l  of emphasis has  
been placed on a n a l y s i s  and development of thermochemical processes  f o r  
w a t e r  s p l i t t i n g .  The competi t ion f o r  thermochemical w a t e r  s p l i t t i n g  is  
e l e c t r o l y s i s .  It i s  of i n t e r e s t  t o  cons ide r  how t h e  s a m e  advanced 
nuc lea r  concept (VHTR) used i n  t h e  a n a l y s i s  of thermochemical c y c l e s  
would a f f e c t  e l e c t r o l y t i c  hydrogen product ion,  i f  i t  were app l i ed  t o  
gene ra t e  e l e c t r i c i t y  i n  a d i r e c t  coupled mode. 

The s tudy  is  based 
on a f u l l y  ded ica t ed ,  nuclear-based hydrogen product ion f a c i l i t y .  The 
advanced- fac i l i t y  concept i nc ludes :  

Such a s tudy  w a s  conducted by IGT f o r  NASA.25 

1. Advanced-cycle VHTR w i t h  1800'F co re  o u t l e t  temperature 
(50% conversion e f f i c i e n c y ) .  

2 .  Acycl ic  dc gene ra to r s  (99.5% t r ansmiss ion  and c o n t r o l  
e f f i c i e n c y )  . 

3 .  High-pressure, high-current-densi ty  e l e c t r o l y z e r s  based 
on s o l i d  polymer e l e c t r o l y t e  technology (86.3% conversion 
e f f i c i e n c y  t o  hydrogen a t  a p i p e l i n e  p r e s s u r e  of 
1000 p s i a ) .  

4 .  Overall e f f i c i e n c y  = 4 3 % .  

The base  case hydrogen product  c o s t  p re sen ted  by I G T  is  $5.07 p e r  
l o 6  Btu. 
e s s e n t i a l l y  t h e  s a m e  as t h a t  p r o j e c t e d  by UE&C f o r  t h e  Westinghouse 
thermochemical process .  

Using Om-developed  VHTR c o s t s ,  t h e  hydrogen product c o s t  is  
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It i s  clear t h a t  t h e  high-temperature r e a c t o r s  t h a t  are necessary 
t o r  thermochemical p rocesses  can a l s o  c o n t r i b u t e  high e f f i c i e n c i e s  when 
combined wi th  e l e c t r o l y s i s  technology. Although t h e  t h e o r e t i c a l  
e f f i c i e n c y  of some thermochemical c y c l e s  is s i g n i f i c a n t l y  h ighe r  than 
t h a t  of t h e  e l e c t r o l y t i c  p rocess ,  t h e  thermochemical processes  are very  
complex, and a c t u a l l y  ach ievab le  e f f i c i e n c i e s  may n o t  be s u p e r i o r .  

Except f o r  hydrogen p roduc t ion  from n a t u r a l  gas  o r  o i l  a t  c u r r e n t  
p r i c e s ,  o n s i t e  gene ra t ion  from c o a l  i s  t h e  cheapest  method a v a i l a b l e .  
111 t h e  f u t u r e ,  when carbon may become ve ry  expensive,  i t  is  conceivable  
t h a t  hydrogen from w a t e r  may become compe t i t i ve .  This  p o s s i b i l i t y  w a s  
examined during t h e  cour se  of t h i s  s tudy.  

by a 3000-MW(t) VHTR a t  an  e f f i c i e n c y  of 47% ( r e f .  3) (hydrogen energy 
out/VHTR energy i n ) ,  t h e  flows i n  a p l a n t  producing methanol from c o a l  
w e r e  c a l c u l a t e d .  The methanol case w a s  s e l e c t e d  because i t  r e s u l t s  i n  
t h e  l a r g e s t  y i e l d  i n c r e a s e .  As dep ic t ed  schemat i ca l ly  i n  Fig.  6 ,  the  
consumption of 8385 tons  p e r  day of H 2 0  (1398 gpm) would gene ra t e  932 
tons  p e r  day of hydrogen (354 x l o 6  s c f d )  and 7453 tons  pe r  day of 
oxygen. Using a l l  t h e  hydrogen i n  a Koppers-Totzek/ICI (Imperial. 
Chemical I n d u s t r i e s )  methanol product ion system, 7700 tons  p e r  day of 
methanolwould  be produced from 5233 tons  p e r  day of e a s t e r n  c o a l  w i t h  
t h e  fol lowing as-received composition: 

69.9% C 1.1% s 
4.9% II 13.7% ash  

Assuming t h e  e x i s t e n c e  of a thermochemical hydrogen p l a n t  d r iven  

7.0% 0 2.0% w20 

1.4% N Higher h e a t i n g  va lue  of 12,700 Bitu/lb 

The oxygen r e q u i r e d  by the g a s i f i e r  would be only about 55% of t h a t  
a v a i l a b l e ,  w i t h  t h e  excess  ( expor t )  oxygen amounting t o  3392 tons  p e r  
day. About 69% of  t h e  g a s i f i e r  steam requirement of 1758 tons  p e r  day 
could be ob ta ined  from t h e  g a s i f i e r  coo l ing  j a c k e t ,  and about 7900 tons 
p e r  day of high-pressure s t e a m  would be generated i n  t h e  wastc-heat 
b o i l e r  above t h e  g a s i f i e r .  
g a s i f i e r s  would be r e q u i r e d .  I n t r o d u c t i o n  of t he  hydrogen i n t o  t h e  
cleaned synthesis-gas  stream changes t h e  molar r a t i o  of hydrogen t o  
(CO +- 1.5C02) lrom 0.58 upstream of i n j e c t i o n  t o  about  2.14 downstream, 
a va lue  w i t h i n  t h e  u s u a l  o p e r a t i n g  range of 2.0 to 2.4.26227 
hydrogen excess is provided t o  accommodate s i d e  r e a c t i o n s  and purge gas 
l o s s e s .  The n e t  e f f e c t  would b e  t o  ha lve  t h e  c o a l  requirement per u n i t  
of product ion ( i . e* ,  t o  double t h e  y i e l d  t o  10.5 b b l  methanol p e r  ton of 
c o a l )  and to e l i m i n a t e  t h e  need f o r  an a i r  s e p a r a t i o n  p l a n t  and s h i f t  
conve r t e r .  The o v e r a l l  energy conversion e f f i c i e n c y ,  however, would b e  
about  40%, o r  10 t o  20 percentage p o i n t s  lower than  t h a t  expected f o r  a 
p l a n t  u s ing  coal-derived s y n t h e s i s  gas ( e s p e c i a l l y  i f  second-generation 
p r e s s u r i z e d  Koppers-Totzek or  Texaco p a r t i a l - o x i d a t i o n  g a s i f i e r s  w e r e  
u sed ) ,28  
f o r  hydrogen from c o a l  have ranged from about $2 t o  $3 p e r  l o 6  Btu, 
whereas hydrogen from w a t e r ,  via e i t h e r  p o t e n t i a l  w a t e r - s p l i t t i n g  
approaches or  e l e c t r o l y s i s ,  w i l l  probably c o s t  $5 t o  $10 p e r  I O 6  Btu. 

S i x  low-pressure four-head Koppers-Totzek 

The s l i g h t  

I n  a d d i t i o n ,  as i l l u s t r a t e d  by Table 14, r e c e n t  c o s t  estimates 
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VHTR He 
3000 MW(t) -1850°F * 

ORNL-DWG 76-13256 

--, 
I ELECTROLYZER I 
I SO,/O, SEPARATION 1 
1 _____-__ _J 

932 TONS H, PER DAY r-------- - 
WATER SPLITTER 7453 TONS 

8385 TONS H 2 0  PER DAY 

0, PER DAY 

I GASIFIER 1- 

5233 TONS 1758 TONS 
E.COAL STEAM 
PER DAY PER DAY 

H2S 

CO2 

cos 

METHANOL 

7700 TONS METHANOL PER DAY 

Fig.  6 .  Methanol product ion  from c o a l  u s ing  e x t e r n a l  hydrogen. 

A c a l c u l a t i o n  of  the flows i n  an H-Coal p l a n t  producing syncrude w a s  

Using a n e t  y i e l d  of CL, f l i q u i d  of 2 . 3  bb l / t on  
a l s o  made, based on the e x i s t e n c e  of  the s a m e  thermochemical hydrogen 
u n i t  assumed previous ly .  
of dry  c o a l  as a b a s i s ,  a coa l  h e a t i n g  va lue  of  20 x l o 6  Btu / ton ,  a 
hydrogen consumption of 7080 s c f / b b l  of CL, + l i q u i d ,  and a l l  hydrogen 
produced used i n  t h e  process ,  the n e t  e f f e c t  would b e  t o  i n c r e a s e  the 
syncrude y i e l d  by 54%.29 
f o r  expor t  s i n c e  process  use i s  n e g l i g i b l e .  No c o a l  would be  used t o  
make hydrogen (about 35% of  the t o t a l  c o a l  feed  normally would be  
r e q u i r e d  f o r  t h i s  c a s e ) ,  bu t  the c o s t  o f  hydrogen from water would aga in  
be  about  t r i p l e  that from coal .  I n  add i t ion ,  the o v e r a l l  energy con- 
v e r s i o n  e f f i c i e n c y  would decrease  from 66.3% t o  54.6% (a decrement of  
about  1 2  percentage  p o i n t s ) .  
consumption o f  8000 s c f / b b l  of CL, + l i q u i d  (18,400 s c f  H2/ton o f  dry  
coa l )  to  produce a l i g h t  syncrude, t h e  r e s u l t s  a r e  t h e  s a m e  w i th  the 
except ion  t h a t  t h e  energy conversion e f f i c i e n c y  wou1.d d e c l i n e  from 63.4% 
t o  41.6% (a decrement of  about 22 percentage  p o i n t s ) .  The comparison 
c l e a r l y  i n d i c a t e s  that a heavy f u e l  o i l  p roduct ,  r e q u i r i n g  about  4000 

E s s e n t i a l l y  a l l  the oxygen would be  a v a i l a b l e  

Using a h ighe r  and more probable  hydrogen 



Table 14. Some recen t  cos t  estimates f o r  hydrogen production 

K-T U-Gas  Westinghouse water Ex i s t ing  w a t  r Advanced w a t e r  8 e1ectrulysis.C Process (coa l )  (coa l )  ( coa l )  s p l i t  t i n 3  e l e c t r o l y s i s  a GA/S&W 

17 .0  10.4 4.8 2.0 3.5 d Output, lo9 Btu/hr 15.6 

H p  p u r i t y ,  mole % 88 97.5 94.3 99.9 99.9 99.9 

Approximate d e l i v e r y  
p re s su re ,  p s i a  1000 1000 1000 1000 1000 1000 

Eff ic iency ,  % 64 55 66 45 25 43 

1180 540 1178 935 806 e Capi t a l  c o s t ,  $ lo6  1466 

Production c o s t  , 

Source r e fe rence  1 1 2 1 3 3 
$ / I O 5  Btu 2.33-4.95' 2.34-5. 40f 2.17-3.0& 5.17-8.8$ 9.88 h 5.07h 

f 

0 Driven by a 3000-XW(t) VHTR; core-ex i t  helium temperature = 1850°F. 

e l e c t r o l y z e r s .  

Ant ic ipa ted  1985 technology. A VHTR [3000 MW(t)] wi th  a core-ex i t  helium temperature of 1800°F, a b ina ry  
cyc le  (He/NH3 1 , a c y c l i c  dc gene ra to r s  , and high-pressure solid-polymer e l e c t r o l y t e  (SPE) e l e c t r o l y z e r  
technology. No in te rmedia te  heat-exchange loop. 

bWith an a v a i l a b l e  3000-MW(t) PWR (600'F core-exit  water temperature) , r e c t i f i e d  ac c u r r e n t ,  and Lurgi 

c 

dOutput - 18.3  inc luding  l i q u i d  f u e l  production. 
e Amounts i n  columns 1 through 4 a r e  i n  mid-1974 d o l l a r s ;  t hose  i n  columns 5 and 6 are i n  mid-1975 d o l l a r s .  
f 
'For  range, where app l i cab le ,  of coa l  a t  $0.50 t o  $1.75 per l o 6  Btu, nuc lea r  f u e l  a t  $0.25 t o  $0.60 per  l o 6  

Btu, and fixed-charge rate (FCR) a t  15% and 25% of t o t a l  f i xed  investment.  

gRange f o r  coa l  a t  $0.30 t o  $0.80 per  l o 5  Btu and wi th  a 16% DCF (discounted cash flow) r a t e  of r e t u r n .  

hBase case ;  nuc lea r  f u e l  a t  $0.25 per  l o 6  Btu, u t i l i t y  f inanc ing  (15% FCR), and 80% f a c i l i t y  capac i ty  f a c t o r .  
Sources : 

1. J. .I. W i l l i a m s ,  D. S.  Wiggins, and J. B.  Newman, Engineering Evakat ion of Process Heat Applications 

2. J. C .  G i l l i s  e t  al. , Swn~ey of fhgdrogen Production and Lk?XizatZ~on Methods, vo l .  2 ,  I n s t i t u t e  of 

3. 

for Very Eigh Temperature fluclear ReactDrs, Report UE&C/ERDA-350630 (Rev.), Mar. 9 ,  1976. 

Gas Technology, August 1975, Sect. 5 ,  pp. 82-107. 
W. J. D .  Escher e t  a l . ,  A L 9 . e l i ~ n a q  Systems EnpkleerLng Stixdy of an Advcnced A'uclear- 
Electrolytic Eddmger,-7ro&etion PadZ-lty, I n s t i t u t e  of Gas Technology, December 1975. 
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scf H,/bbl, would be  r e l a t i v e l y  more a t t r a c t i v e  f o r  t h e  e x t e r n a l  hydrogen 
supply  case. I n  any even t ,  hydrogen from water w i l l  no t  b e  compet i t ive  
wi th  hydrogen from c o a l  u n t i l  coa l  p r i c e s  i n c r e a s e  t o  much h igher  levels .  

l'he I n s t i t u t e  o f  Gas Technology has  independent ly  i n v e s t i g a t e d  t h e  
use of e x t e r n a l  hydrogen i n  t h e  conversion of coal. t o  s u b s t i t u t e  n a t u r a l  
gas  (SNG) , low-B t u  gas (not  amenable) , methanol, and l i q u i d  hydrocarbons , 
and o f  o i l  s h a l e  t o  l i q u i d s  and gases  (not eas i ly  i n t e g r a t e d  w i t h  
c u r r e n t l y  proposed r e t o r t i n g  approaches).  3" 
a n a l y s i s  w a s  performed w i t h  c o s t s  based on cons t an t  1973 d o l l a r s  and a 
12% discounted  cash  flow rate.  It w a s  e s t ima ted  that  f o r  o u t s i d e  hydrogen 
a t  $4.10 p e r  l o 6  Btu,  t h e  break-even c o a l  c o s t  (beyond which external 
hydrogen i s  favored)  i s  $1.15 p e r  l o6  Btu f o r  producing methanol, $3.20 p e r  
l o 6  Btu f o r  SNG product ion,  and $3.74 p e r  l o 6  Btu f o r  g a s o l i n e  us ing  t h e  
Consol S y n t h e t i c  Fuel  (CSF) p rocess .  2 5  The corresponding product  p r i c e s  
w e r e  c a l c u l a t e d  t o  be  $115 p e r  ton  f o r  methanol $0 .38/ga lY the la te1975 
sales p r i c e ) ,  $6.52/Mscf f o r  SNG, and $54.52/bbl f o r  g a s o l i n e  ($1.30/gal) .  

A pre l imina ry  economic 

1 .2 .5  Advantages and disadvantages of n u c l e a r  c o a l  conversion 

The t h r e e  reasons gene ra l ly  c i t e d  f o r  developing this technology 
are (1) t h a t  i t  w i l l  save coa l  (reduce mining);  (2) t h a t  a GCR/coal 
complex might produce less expensive products ;  and (3) t h a t  i t  could 
reduce t h e  environmental  impacts of  coal-conversion p l a n t s .  These 
p o i n t s  are addressed i n  the fol lowing s e c t i o n s .  

1 .2 .5 .1  Coal conversion 

The count ry ' s  proven ( recoverable  a t  c u r r e n t  cos t  l e v e l s  w i t h  
c u r r e n t  mining techniques)  c o a l  reserve o f  434 x l o 9  tons ( r e f .  31) 
would las t  680 y e a r s  a t  t h e  1975 product ion  rate i f  i t  could  a l l  h e  
recovered.  Assuming an o v e r a l l  recovery f a c t o r  of  70% and a f o u r f o l d  
i n c r e a s e  i n  mining ra te  t o  2.55 x l o 9  tons  per  yea r ,  t h e  reserve would 
l a s t  a l i t t l e  over  a century .  However, as coa l  rises i n  p r i c e ,  the 
amount t h a t  i s  economically recoverable  will i n c r e a s e .  

from coa l ,  p roduct ion  i n c r e a s e s  from about 1 . 2  x 1015 Btu pe r  year i n  
1985 t o  15  x 1015 Btu p e r  y e a r  i n  the yea r  2000. 
product ion,  on a very  o p t i m i s t i c  b a s i s ,  reaches 4.5 x 1015 Btu p e r  yea r  
i n  t h e  y e a r  2000 a f t e r  the l e a d  p l a n t  is  in t roduced  about  1995. The 
amount: o f  coa l  saved by us ing  the VHTR (assuming the a l l - f o s s i l  p l a n t s  
use 1.3 t i m e s  as much coa l  as t h e  VHTR coal-conversion p l a n t s )  would b e  
1.35 x 1015 Btu i n  t h e  year  2000 o r  about  2.4% of the coal. t o  be  inined 
i n  t h a t  yea r .  

ORNL e s t i m a t e s .  For example, t h e  fo l lowing  December 1975 energy pro jec-  
t i o n s  of  Dupree and C ~ r s e n t i n o ~ ~  show t h a t  i f  coa l  resources  are t o  be  

a t t r a c t i v e  t a r g e t s  than t h e  nascen t  s y n t h e t i c  f u e l s  i ndus t ry .  

I f  one accep t s  t h e  ORNL estimates of s y n t h e t i c  f u e l s  product ion  

The VHTR share of this 

Most c u r r e n t  estimates of s y n t h e t i c  f u e l s  product ion  are below the 

saved," t h e  e l ec t r i c  u t i l i t y  s e c t o r  and t h e  i n d u s t r i a l  s e c t o r  are more 11 
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Quad p e r  y e a r  

1980 1985 2000 

Coal en.ergy € o r  s y n f u e l s  

F o s s i l  f u e l s  f o r  e l e c t r i c  u t i l i t i e s  

F o s s i l  f u e l s  f o r  industry" 

0 0 .52  8.14 

19 .35  23.40 26.40 

22.30 22 80 25.25 

a Excluding use of s y n f u e l s  and e l e c t r i c i t y .  

'fie use of t h e  VHTR t o  conserve c o a l  cannot have a s i g n i f i c a n t  
i m p a c t  u n t i l  w e l l  i n t o  t h e  2 1 s t  cen tu ry .  By t h a t  t i m e ,  s u b s t i t u t i o n  of 
nuc lea r  f u e l s  f o r  c o a l  w i l l  b e  sound conservat ion p r a c t i c e  i f  t h e  b reede r  
r e a c t o r  is  s u c c e s s f u l  i n  extending t h e  n u c l e a r  f u e l  resource base .  With- 
o u t  the b reede r ,  t h e  d e s i r a b i l i t y  of working low-grade uranium resources  
w i l l  have to be weighed a g a i n s t  t he  use  of f o s s i l  r e sources ,  

1 . 2 . 5 . 2  Economics 
l__l___ 

The nuclear-coal hybr id  systems (hydrogas i f i ca t ion ,  s o l u t i o n  
hydrocracking, and s t e a m  g a s i f i c a t i o n )  appear t o  be f e a s i b l e  both 
t e c h n i c a l l y  and economically a t  t h e  h igh  end of the c o a l  p r i c e  range 
i n v e s t i g a t e d  - $1.75 p e r  l o 6  Btu. 
i c a l l y  b e t t e r  a t  coal. p r i c e s  of  $0.50 p e r  l o 6  Btu. 
cost between nuc lea r  and a l l - f o s s i l .  systems i s  less than the u n c e r t a i n t y  
i n  t h e  cos t  o f  e i t h e r  one. 

t o  t h e  e x t e n t  that n u c l e a r  energy w i l l  become the p r e f e r r e d  source  o f  
steam and hydrogen f o r  coal-conversion systems. 

The a l l - f o s s i l  systems are econom- 
The d i f f e r e n c e  i n  

Ct is very d i f f i c u l t  t o  p r e d i c t  when the p r i c e  of c o a l  w i l l .  escalate 

1 . 2 . 5 . 3  Environmental cons ide ra t ions  

P r o j e c t e d  S 0 2 ,  NO,, p a r t i c u l a t e ,  and bu lk  solid-waste environmental  
1-oadings from p l a n t s  u s ing  n u c l e a r  process  h e a t  can b e  f i v e -  to  t h i r t y -  
f o l d  (usua l ly  two- to  f i v e f o l d )  below those  of equ iva len t  f o s s i l - f u e l e d  
p l a n t s .  However, t h e  p o l l u t a n t  o u t p u t s  of the la t ter  can appa ren t ly  b e  
h e l d  w e l l  below c u r r e n t  EPA power p l a n t  s t a n d a r d s .  The nuc lea r  v a r i a n t ,  
of course,  produces radwastes which are unassociated w i t h  f o s s i l - f  ueled 
p l a n t s .  An e v a l u a t i o n  of  p o l l u t i o n  and water consumption f o r  s e l e c t e d  
coal-conversion p rocesses  w a s  prepared by UE&C under subcon t rac t  to  
OIWL. 3 3 

The ques t ion  t h a t  must b e  considered i s  whether very l a r g e  coal-  
conversion p l a n t s  w i l l  be accep tab le  to  the p u b l i c ,  when cons ide r ing  
c u r r e n t  EPA s t a n d a r d s .  The incremental  (about f i v e f o l d )  r educ t ion  i n  
environmental  p o l l u t i o n  w i t h  the  n u c l e a r  coal-conversion a l t e r n a t i v e  
could become a t t r a c t i v e  as more demanding environmental  p r o t e c t i o n  
measures are r equ i r ed .  
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1.2.5.4 I n s t i t u t i o n a l  c o n s i d e r a t i o n s  

It i s  q u i t e  ev iden t  t h a t  commercialization of s y n t h e t i c  f u e l s  
product ion r e q u i r e s  t h e  s o l u t i o n  of d i f f i c u l t  i n s t i t u t i o n a l  problems 
such as adequate i n d u s t r i a l  p a r t i c i p a t i o n  ven tu re  cap i t a l ,  p o l i t i c a l  
and environmental  oppos i t i on ,  and t h e  t h r e a t  O E  p r i c e  competi t ion from 
imported o i l .  Combining t h e  above problems wi th  t h e  t echno log ica l  and 
l i c e n s i n g  problems o f  nuc lea r  r e a c t o r s  will. create even g r e a t e r  commer- 
c i a l  r i s k s .  

Very clear economic and environmental  advantages w i l l  have t o  be 
demonstrated f o r  nuc lea r  c o a l  conversion be fo re  i t  can b e  accepted by 
i n d u s t r y .  

1 .2 .6  Conclusions and recommendations f o r  nuc lea r  c o a l  conversion 

The impact of VHTRs app l i ed  t o  c o a l  conversion i n  t h e  United S t a t e s  
could n o t  become s i g n i f i c a n t  u n t i l  a f t e r  the yea r  2000. 
t i o n  of a l l  a s p e c t s  i s  needed be fo re  any d e c i s i o n s  are made r ega rd ing  
a major program on n u c l e a r  p rocess  h e a t  f o r  c o a l  conversion. 

g a s i f i c a t i o n  a l l  appear t o  be p o t e n t i a l l y  a p p l i c a b l e  t o  nuclear  c o a l  
conversion. The use of t h e  VHTR i n  steam reforming of l i g h t  hydrocarbons 
t o  produce hydrogen f o r  use i n  c o a l  conversion i s  t h e  most reasonable  
near-term coupl ing scheme. The i n d i r e c t l y  heated steam-coal f l u i d i z e d  
bed i s  a promising longer-range coupl ing scheme r e q u i r i n g  more r e sea rch  
and development (R&D). This scheme g e n e r a l l y  r e q u i r e s  h ighe r  tempera- 
t u r e s  than reforming, o r  i t  r e q u i r e s  ca t a lyzed  coa l .  

The use  of t h e  VHTR t o  produce hydrogen f o r  coal. conversion v i a  
thermochemical o r  e l e c t r o l y t i c  w a t e r  s p l i t t i n g  is n o t  c u r r e n t l y  econom- 
i c a l l y  competi t ive w i t h  hydrogen de r ived  from coa l .  
i n t e r a c t i o n  w i t h  t h e  o t h e r  f u e l  sources  and p o s s i b l e  p o l i t i c a l  and 
environmental  c o n s t r a i n t s  t o  i t s  a c c e l e r a t e d  development, i t  i s  d i f f i c u l t :  
t o  estimate when hydrogen via w a t e r  s p l i t t i n g  w i l l  b e  competi t ive.  How- 
ever, i t  is  clear t h a t  t h i s  is an important f u t u r e  concept t h a t  r e q u i r e s  
development b e f o r e  carbonaceous f u e l s  are i n  s h o r t  supply.  

t h e  United States be fo re  1995, t h e  l e a d  time f o r  process  development i s  
such t h a t  R&D m u s t  s tart  a t  a reasonable  rate about 20 yea r s  b e f o r e  t h e  
start of o p e r a t i o n  and 10 yea r s  b e f o r e  t h e  start of l e a d  p l a n t  c o n s t r u c t i o n .  

Ca re fu l  examina- 

Coal h y d r o g a s i f i c a t i o n ,  c o a l  s o l u t i o n  hydrocracking, and steam c o a l  

Because of c o a l ' s  

Although t h e  f i r s t  VHTR p l a n t  could no t  reasonably b e  operated i n  

Three areas of R&D are recommended: 

1. Development of processes  f o r  producing hydrogen and s y n t h e s i s  
gas v i a  nuclear-heated s team-l ight  hydrocarbon reforming. 
are expected t o  be (a )  t h e  d e f i n i t i o n  of carbon f eeds tocks  t o  t h e  o v e r a l l  
p rocess ;  (b) t h e  d e f i n i t i o n  of commercial. o r  near-commercial process  
elements;  (c )  t h e  i d e n t i f i c a t i o n  of missing process  l i n k s ;  (d) 
laboratory-  and p i l o t - p l a n t  si-ale R&D on needed process  elements;  (e) 
R&D r e l a t i n g  t o  use of c h a r s ;  ( f )  R&D r e l a t i n g  t o  s t anda rds  f o r  t h e  
hydrocarbon f eed  t o  t h e  reformer ( e -g . ,  maximum accep tab le  impuri ty  
levels from t h e  co r ros ion  p o i n t  of view);  ( g )  development of materials 
technology; and (h) development of an 0veral.J- system concept.  

Program t a s k s  
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2 .  Development of n u c l e a r  c o a l  conversion processes  f o r  producing 
s y n t h e t i c  p i p e l i n e  gas (SPG) and l i q u i d s .  Program t a s k s  are expected t o  
i n c l u d e  (a) t h e  d e f i n i t i o n  of appropri .a te  commercial o r  near-commercial 
p rocess  e lements;  ( 5 )  t he  d e f i n i t i o n  of missing process  l i n k s ;  (c )  RED 
on steam-coal and steam-char indirect1.y hea ted  p rocesses ;  and (d.) 
development of p r e f e r r e d  o v e r a l l  system concepts f o r  t h e  product ion of 
l i q u i d s  and SPG. Key o b j e c t i v e s  are t o  2volve s imple coal-conversion 
systems, i f  p o s s i b l e ;  t o  minimize char  product ion;  and t o  f i n d  t h e  
proper  choice of nuc lea r  process  h e a t  temperature  and process  e f f i c i e n c y .  
A g r e a t  d e a l  of technology w i l l  b e  developed i n  Germany; i t  would be 
d e s i r a b l e  t o  g a i n  access t o  t h e  r e s u l - t s  of tha.t work. 

3 .  Thermochemical w a t e r  s p l i t t i n g .  W a t e r - s p l i t t i n g  processes  t o  
provide e x t e r n a l  sou rccs  of hydrogen are expected u l t i m a t e l y  t o  become 
so important  t h a t  R&D is  j u s t i f i e d  now. Recommended s t e p s  inc lude  (a) 
l a b o r a t o r y  i n v e s t i g a t i o n  of t h e  k i n e t i c s  of key process  s t e p s ;  (b) 
thermodynamic measurements; (c )  thermodynamic a n a l y s i s  of a l t e r n a t i v e  
cyc le s  t o  make b e s t  use of p r a c t i c a l  process. s t e p s ;  and (d) l i m i t e d  
engineer ing-scale  tests. 

1 . 3  Nuclear Steelmaking 

The most v i a b l e  concept f o r  applying nuc lea r  energy t o  s teelmaking 
combines two well-known p rocesses :  ( I )  d i r e c t  r educ t ion  i n  a shaft: 
.furnace and (2) r e f i n i n g  i n  an electric furnace.  

is w e l l  developed and is  i n  commercial use i n  v a r i o u s  p a r t s  of  t h e  
world where low-cost n a t u r a l  gas is a v a i l a b l e .  I n  t h i s  p rocess ,  i r o n  
o r e  is  reduced i n  t h e  s o l i d  cond i t ion  t o  a product  known as sponge i r o n  
by a s y n t h e s i s  gas (CO -t- 112) der ived  from steam reforming of n a t u r a l  
gas .  The r e a c t i o n  r e q u i r e s  high-temperature h e a t ,  Nuclear energy could 
b e  used t o  p rov ide  t h e  h e a t  needed t o  produce s y n t h e s i s  gas f o r  t h e  
d i r e c t  r e d u c t i o n  of i r o n  o r e .  E l e c t r i c i t y  needed t o  r e f i n e  t h e  r e s u l t i n g  
sponge i r o n  t o  s teel  i n  an  electric-arc fu rnace  may a l s o  be provided by 
n u c l e a r  energy, b u t  t h e  fu rnace  would l i k e l y  b e  a t  a remote s i te .  

Product ion of steel by electric-arc fu rnaces  is  a long-establ ished 
commercial technology. Almost a l l  of t h a t  tonnage is made wi.th s c r a p  
as t h e  only f e r r o u s  charge,  a l though a [lumber of p l a n t s  c u r r e n t l y  use a t  
least some sponge i r o n  i n  t h e i r  charges.  Sponge i r o n  could be used f o r  
a l a r g e  port : ion of Chat charge,  i f  t h e  c o s t  of t h e  sponge w e r e  compet i t ive 
w i t h  s c r a p .  

a l l  of them use as a r e d u c t a n t  a gas mixture  of carbon monoxide and 
hydrogen a t  temperatures  of 816" t o  9 8 2 O C  (1500' to 1800OF). For t h e  
e f f i c i e n t  r e d u c t i o n  of i r o n  o r e ,  t h e  CO + H 2  con ten t  of t h e  reducing gas 
should. b e  above 90%. 

~ t e e l m a k i n g ~ ' - ~ - ~ ~  w i t h  syngas produced via steam reforming of n a t u r a l  gas 
and w i t h  syngas produced from c o a l  via t h e  GA/S&W process .  
e x i t  temperature  of 760°C (1400°F) w a s  found t o  be acceptabl.e, a l though 

Although d i r e c t  r e d u c t i o n  of i r o n  o r e  is  a f a i r l y  new p rocess ,  it 

Electric-arc r e f i n i n g  uses  about  650 kWhr/ton of steel. 
Processes  f o r  d i r e c t  r e d u c t i o n  d i f f e r  i n  c e r t a i n  d e t a i l s ,  bu t  almost 

The American I r o n  and S t e e l  I n s t i t u t e  ( A I S I )  has studied. nuc lea r  

A reformer 



816" to  8 7 1 ° C  (1500" to 1600'F) i s  p re fe r r ed .  Nuclear s teelmaking w a s  
found by D. J. Blickwede, AISI, to  be  competi t ive wi th  convent ional  b l a s t  
furnace  technology and wi th  a coa l  g a s i f i c a t i o n  d i r e c t  r educ t ion  process  
(meta l lur  i c a l  coa l  assumed a t  $55/ ton and nonmeta l lurg ica l  coa l  a t  
$25/ ton) .  5f3 

United Engineers and Cons t ruc tors ,  under con t r ac t  w i th  OWL, a l s o  
eva lua ted  nuc lea r  s teelmaking.  4 0  
f o u r  a l t e r n a t i v e s  f o r  producing s teel .  These are as fol lows:  

An economic comparison w a s  made f o r  

Case 1. Conventional coke oven lb la s t  furnacelbasic-oxygen furnace  
r e f i n i n g  (Fig. 7 ) .  

Case 2. Conventional reforming of n a t u r a l  g a s l d i r e c t  r e d u c t i o n l e l e c t r i c -  
arc  furnace  r e f i n i n g  (Fig.  8 ) .  

Case 3 .  General Atomic Stone and Webster s y n t h e s i s  gas f e e d l d i r e c t  
r e d u c t i o n l e l e c t r i c - a r c  furnace  r e f i n i n g  (Fig.  9)  . 

Case 4 .  Koppers-Totzek s y n t h e s i s  gas f e e d / d i r e c t  r e d u c t i o n l e l e c t r i c -  
a r c  furnace  r e f i n i n g  (Fig.  1 0 ) .  

Case 3 u t i l i z e s  t h e  VHTR i n  the  product ion of s y n t h e s i s  gas v i a  the 
GA/S&W process .  

I n  this  a n a l y s i s  the nuc lea r  op t ion  (Case 3 )  appeared t o  b e  com- 
p e t i t i v e  wi th  t h e  convent ional  coke oven /b la s t  furnace  process  (Case 1)  
and w i t h  the  d i r e c t  reduct ion  process  us ing  s y n t h e s i s  gas  from a Koppers- 
Totzek g a s i f i e r  (Case 4 ) .  It  w a s  no t  compet i t ive w i t h  s y n t h e s i s  gas 
from a convent ional  n a t u r a l  gas  reformer using c u r r e n t  rates €or  n a t u r a l  
gas.  However, t he  a n t i c i p a t e d  l i f t i n g  of r egu la t ions  on n a t u r a l  gas 
p r i c e s  would r e s u l t  i n  a much more f avorab le  c o s t  comparison. The 
a v a i l a b i l i t y  of n a t u r a l  gas f o r  t h i s  a p p l i c a t i o n  whether o r  no t  regula- 
t i o n s  on gas p r i c e s  are l i f t e d  may b e  ques t ionable  because of l i m i t e d  
s u p p l i e s .  

The e l ec t r i c - fu rnace  capac i ty  i n  the United S t a t e s  today i s  about 30 
m i l l i o n  tons /year .  A s i n g l e  3000-MkJ(t) VKTR dedica ted  t o  nuc lea r  steel- 
making would produce 1 4  mi l l i on  tons /year  of sponge i ron .  It would b e  
almost impossible  to absorb so  l a r g e  a p l a n t  i n t o  the i n d u s t r y .  There- 
f o r e ,  one is requ i r ed  t o  th ink  of a VIiTR producing s y n t h e s i s  gas f o r  a 
number of  a p p l i c a t i o n s  (steelmaking, ammonia s y n t h e s i s ,  coal. conversion, 
and/or  petroleum r e f i n i n g )  a t  a s i n g l e  s i t e .  This appears  t o  b e  an 
a t t r a c t i v e  approach, bu t  i t  w i l l  undoubtedly b e  very  d i f f i c u l t  t o  organize  
a j o i n t  p r o j e c t  w i t h  many p a r t i c i p a n t s .  

The s teel  i n d u s t r y  does n o t  appear  t o  r e q u i r e  a l a r g e  number of 
VHTR units, b u t  i t  may be  a very  important  customer. The Japanese have 
launched a major program i n  nuc lea r  Steelmaking, a l l o c a t i n g  about $26 
m i l l i o n  over a s ix-year  per iod.  41 Nuclear s teelmaking technology may 
be  r equ i r ed  to  keep the U.S. steel i n d u s t r y  competi t ive i n  the f u t u r e .  

S i z e  mismatch i s  a major problem i n  cons ider ing  nuc lea r  s teelmaking.  
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Pig.  7 .  Case 1 flowsheet  for steel product ion by coke oven /b la s t  furnace/  
basic-oxygen fu rnace  (BOF) r e f i n i n g .  

1 . 4  Petroleum Refinery 

A t  t h e  r eques t  of ORNL, the General Atomic Company conducted a s tudy42 
t o  e v a l u a t e  the  use of t h e  General Atomic high-temperature gas-cooled 
r e a c t o r  (HTGR) as a h e a t  sou rce  f o r  petroleum r e f i n i n g  and o t h e r  petro-  
chemical p rocesses .  The study i n v e s t i g a t e d  the t e c h n i c a l  and economic 
aspects of  producing and t r a n s p o r t i n g  1364 EIW(t) energy t o  a r e f i n e r y ,  
t h e  boundary o f  which w a s  l o c a t e d  3500 f t  from the r e a c t o r .  The r e f i n e r y  
h e a t  load w a s  made up of 398 MM of  371'C (700'F) s t e a m  and 966 MW o f  
process  h e a t  having t h e  c a p a b i l i t y  of producing r e f i n e r y  p rocess  tem- 
p e r a t u r e s  of 566°C (1050'F). The b a s i c  r e f i n e r y  heat ba lance  used i n  
the s tudy  w a s  provided by Amoco O i l  Company. Shell Oil Company supp l i ed  
a d d i t i o n a l  data on r e f i n e r y  heat loads ,  shutdown schedu les ,  and hydrogen 
requirements a 

f u e l  backup i s  shown i n  Fig.  11. 
A schematic  o f  a s i n g l e - r e a c t o r  c o n f i g u r a t i o n  with f o s s i l -  
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Fig.  8. Case 2 Elowsheet f o r  steel product ion by n a t u r a l  gas reformer/ 
d i r e c t  r e d u c t i o n / e l e c t r i c  arc fu rnace  (EAF) r e f i n i n g .  

I n  t h e  commercial steam-producing HTGR, t h e  major r e a c t o r  system 
components such as t h e  r e a c t o r  co re ,  control-rod d r i v e  assemblies, 
helium c i r c u l a t o r s ,  steam g e n e r a t o r s ,  and co re  a u x i l i a r y  coo l ing  system 
are contained w i t h i n  a p r e s t r e s s e d  conc re t e  r e a c t o r  v e s s e l  (PCRV). For 
t h e  h e a t  t r a n s p o r t  s tudy  a 2000 MW(t) r e a c t o r  w a s  used. Two major 
mod i f i ca t ions  w e r e  made t o  t h e  PCRV i n t e r n a l s :  (1) t h e  steam gene ra to r s  
w e r e  r ep laced  by primary-to-secondary-helium h e a t  exchangers;  and (2) 
t h e  number of primary r e a c t o r  coo l ing  loops w a s  reduced from four  t o  
t h r e e .  

The helium/helium h e a t  exchangers l o c a t e d  i n s i d e  t h e  PCRV are used 
t o  t r a n s f e r  h e a t  from t h e  primary r e a c t o r  coo l ing  loops t o  secondary o r  
i n t e rmed ia t e  h e a t  t r a n s f e r  loops.  The r e a c t o r  h e a t  is then t r a n s f e r r e d  
t o  steam gene ra to r s  and t o  a f l u i d  t h a t  t r a n s p o r t s  h e a t  t o  the  r e f i n e r y .  
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ORNL-DVJG 76-1 3252 

FRESH (COLD) REDUCING GAS 
21,600 scf, 100 psi, 100°F 

ELECTRIC POWER 
40 kWhr SECONDARY REFORMER 

AND GAS REHEATER 
WATER (STEAM) 

126 Ib 

HOT REDUCING GAS 
(50,500 scf, -,170OoF, 

0.802 NT Fe OXIDE PELLETS 
DIRECT REDUCTION 1.22 NT 

ELECTRIC PO’JVER 
28 kWhr 

SHAFT FURNACE 

REDUCED PELLETS 

0.782 NT Fe 

0.273 NT Fe SCRAP El-ECTRIC POWER, MELTING 625 kWhr 

ELECTRIC POWER, AUXILIARY 25 kWhr 

OXYGEN 150 CF 

ELECTRODES 12 Ih 

BURNT FLUX 0.125 NT ARC FURNACE 

0.004 NT 
COKE 

+ 
1 NT 

LlQUlD STEEL 

F i g .  9 .  Case 3 flowsheet for steel production by 
direct r e d u c t i o n / e l e c t r i c  arc furnace (EAF) re f in ing .  

NT = NET TON 

General Atomic VKTR/ 
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ORNL-OWG 76-13253 

FRESH (COLD) REDUCING GAS 
(24,200 scf, 100 psi, 100°F) 

RECYCLE REDUCING GAS (25.700 scf) ELECTRIC POWER 

E1.ECTRIC POWER 
GAS REHEATER 40 kWhr 

FIRING FUEL (10,100scf) 

HOT REDUCING GAS 
(50,000 scf, -1700°F, 

0.802 NT FeOXlDE PELLETS 
1.22 NT 

ELECTRIC POWER 
28 kWhr 

DIRECT REDUCTION 
SHAFT FURNACE 

REDUCED PELLETS 

0.273 NT Fe SCRAP 

BURNT FLUX 0.125 NT 

SPAR 0.004 NT 

ELECTRIC POWER, MEL.TING 625 kWhr 
ELECTHIC POWER, AUXILIARY 25 kWhr 

OXYGEN 150cf 
ELECTRODES 12 Ib ARC FURNACE 

1 NT 
LIQUID STEEL NT = NET TON 

Fig.  10.  Case 4 f lowshee t  f o r  steel product ion  by Koppers-Totzek/ 
r e f o m e r / d i r e c t  r e d u c t i o n / e l e c t r i c  arc furnace  (EAF) r e f i n i n g .  

The s e l e c t i o n  of a heat t r a n s p o r t  f l u i d  w a s  c a r r i e d  out  by eva lua t ing  
a number of candida te  f l u i d s ;  s i z i n g  piping systems f o r  r e f i n e r y  supply  
and r e t u r n ;  e s t a b l i s h i n g  p ip ing  p res su re  drops,  hea t  l o s s e s ,  and r equ i r ed  
pumping powers ; e s t a b l i s h i n g  helium-to-heat-transport-fluid heat exchanger 
designs;  and, f i n a l l y ,  e s t a b l i s h i n g  cos t  estimates f o r  each of the systems. 
Candidate hea t  t r a n s p o r t  f l u i d s  are l i s t e d  i n  Table 15, along w i t h  a 
d i scuss ion  of  some advantages and disadvantages of each. H e a t  t r a n s p o r t  
f l u i d  p ip ing  d a t a  and c o s t s  are given i n  Tables  16-18. 

re f i r ie ry  and r e t u r n  i t  to  the  process  hea t  exchangers a t  the r e a c t o r  w a s  
s i z e d  f o r  t h e  conf igu ra t ion  using dual  r e a c t o r s  wi th  process s t e a m  gen- 
e r a t e d  a t  the r e f i n e r y ,  and a cos t  estimate w a s  e s t a b l i s h e d  f o r  each of 
the candida te  heat t r a n s p o r t  f l u i d s .  The flow rate f o r  a given f l u i d  
w a s  determined from t h e  r e f i n e r y  hea t  load  (4656 x l o 6  Btu/hr)  and the 
f l u i d  en tha lpy  o r  s p e c i f i c  heat a t  the 593'C (l100OF) r e f i n e r y  supply  

A p ip ing  system t h a t  would supply t h e  heat t r a n s p o r t  f l u i d  to  the 
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Table 15. Candidate h e a t  t r a n s f e r  f l u i d s  
~ ~- - 

Flu id  Advantages Disadvantages 

H e l i u m  Chemically i n a c t i v e ;  Expensive. 
thermal ly  s t a b l e  ; low 
v i s c o s i t y ;  a l r e a d y  used 
i n  primary and second- 
a r y  coo lan t  loops f o r  
HTGR . 

Hydrogen 

Nitrogen 

S team 

Thermally s t a b l e ;  good Explosive wi th  a i r ;  
h e a t  t r a n s f e r  proper- may have adverse  
ties ; low v i s c o s i t y ;  e f f e c t s  on s teel  a t  
low pumping power; e l eva ted  temperatures  . 
common f l u i d  i n  
r e f i n e r y  . 
Cheap; i n e r t .  

Cheap; well-known 
f l u i d  . 

Poor combination of 
h e a t  t r a n s f e r  and flow 
p r o p e r t i e s  ; h igh  
pumping power. 

Corrosive.  

Carbon d ioxide  Cheap; used as r e a c t o r  Corrosive i n  presence 
coo lan t  ; high-heat of w a t e r ;  poor h e a t  
c a r r y i n g  capac i ty .  t r a n s f e r ;  h igh  pumping 

power. 

Heat t r a n s f e r  
s a l t  (HTS) 

High s p e c i f i c  h e a t  p e r  High f r e e z i n g  p o i n t ;  
u n i t  volume; h igh  h e a t  r e l a t i v e l y  h igh  vis- 
t r a n s f e r  c o e f f i c i e n t ;  c o s i t y ;  i s  a t  t h e  
nonfoul ing;  cheap. l i m i t  of i t s  thermal  

s t a b i l i t y ;  no i n t e r n a l  
i n s u l a t i o n  p o s s i b l e .  

Sodium potassium Thermally s t a b l e ;  'high Highly chemical ly  
a l l o y  (NaK) s p e c i f i c  h e a t  pe r  u n i t  active wi th  a i r  and 

volume; e x c e l l e n t  h e a t  water; no i n t e r n a l  
t r a n s f e r  p r o p e r t i e s ;  i n s u l a t i o n  p o s s i b l e ;  
l o w  v i s c o s i t y ,  low co r ros ive  above 500°C 
f r e e z i n g  p o i n t ,  h igh  (932OF).  
b o i l i n g  p o i n t ;  low 
vapor p re s su re .  
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temperature and t h e  329°C (625°F) r e f i n e r y  r e t u r n  temperature.  Tnllle 
16 p r e s e n t s  design d a t a  f o r  t h e  f l u i d  p ip ing  systems. 

hea t - t r anspor t - f  h i d  heat: exchanger designs f o r  each of t h e  candidate  
f l u i d s  . 

The h e a t  exchanger h e a t  l oad  and l o g  mean temperature d i f f e r e n c e  
w e r e  t h e  same f o r  all. cases. The h e a t  exchanger h e a t  t r a n s f e r  area w a s ,  
t h e r e f o r e ,  a : funct ion of t h e  o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t .  The 
helium (s l ia . .L l )  s i d e  h e a t  t r a n s f e r  c o e f f i c i e n t  is  t h e  s a m e  f o r  a l l  cases  
s o  t h a t  t h e  h e a t  t r a n s f e r  area i s  a f u n c t i o n  of [:he h e a t - t r a n s p o r t - f l u i d  
h e a t  t r a n s f e r  c o e f f i c i e n t .  The computed h e a t  exchanger h e a t  t r a n s f e r  
areas are p resen ted  in Table 1 7 .  Sodium potassium a l l o y  has  t h e  lowest  
h e a t  t r a n s f e r  area because i t  has the h i g h e s t  h e a t  t r a n s f e r  c o e f f i c i e n t .  

Table 18 p r e s e n t s  h e a t  transport:  loop c o s t  f o r  each of t h e  can- 
d i d a t e  h e a t  t r a n s p o r t  f l u i d s .  These data are based on a h e a t  exchanger 
c o s t  o f  $20/ft2 of h e a t  t r a n s f e r  area. 

The dat:a i n  Table 1 8  show a s i g n i f i c a n t  c o s t  advantage f o r  HTS. 
H e a t  t r a n s f e r  s a l t ,  the sel .ected f l u i d ,  is a e u t e c t i c  mixture of potas-  
sium n i t r a t e ,  sodium n i t r i t e ,  and s o d l m  n i t r a t e .  It is cheap, does 
n o t  f o u l  t h e  heat exchangers,  and has  ve ry  good heiit t r a n s f e r  charac- 
teristi.ix. A l s o  > because of i t s  high d e n s i t y  when coi1ipare.d wi th  a gas , 
i t s  h e a t  t r a n s p o r t  c a p a c i t y  i s  much h ighe r  t han  f o r  gases .  For 
engineer ing purposes s u f f i c i e n t  d a t a  are a v a i l a b l e .  Disadvantages 
are i t s  r e l a t i v e l y  high v i s c o s i t y  and i t s  h igh  f r e e z i n g  p o i n t ,  which 
w i l l  r e q u i r e  steam t r a c i n g  f o r  s t a r t u p  and shutdown. For t h i s  app l i ca -  
t i o n  i t  w i l l  b e  used up t o  i t s  thern1a.l. s t a b i l i t y  l i m i t .  Because 
i n t e r n a l  i n s u l a t i o n  caiinot be used, h ighe r  p i p e  temperatures w i l l  r e q u i r e  
more expensive p i p e  material. 

Two b a s i c  approaches were i n v e s t i g a t e d  f o r  providing a backup 
r e f i n e r y  sou rce  when t h e  r e a c t o r  is  s h u t  down. These w e r e :  (1) t h e  u s e  
of a f o s s i l  f u e l  h e a t e r  capable  of supplying 67% of t h e  r e f i m r y  h e a t  
load and (2)  t h e  use o:E dual. 2000-MW(t) r e a c t o r s .  The s i n g l e  r e a c t o r  
conf igu ra t ion  w a s  l i m i t e d  t o  t h e  case. where t h e  r e f i n e r y  steam requ i re -  
ment was generated a t  the r e f i n e r y  s i t e  $ whereas t h e  d u a l  r e a c t o r  
configurat i ,on considered gene ra t ion  of t h e  r e f i n e r y  s t e a m  a t  both t h e  
r e a c t o r  s i t . r  and t h e  r e f i n e r y  s i t e .  

A flow scherna.tic of t h e  s i n g l e  r e a c t o r  c o n f i g u r a t i o n  is  shown i n  
P i g .  11. 'Xhe f o s s i l  f u e l  h e a t e r ,  which is  a p a r t  o f  t he  h e a t  t r a n s p o r t  
loop,  is l o c a t e d  a t  the r e f i n e r y  s i te .  T h e  h e a t e r  has  t h e  c a p a c i t y  of 
providing 67% of t h e  r e f i n e r y  h e a t  l oad ,  t h a t  i s ,  914 PFd(t). When t h e  
r e a c t o r  i s  o p e r a t i n g ,  t h e  f o s s i l  fuel. h e a t e r  i s  on-l ine a t  25% of i t s  
design c a p a c i t y ,  thatr is, 228.5 MW(t). 

A flow schematic of t h e  duel. r e a c t o r  w i th  s t e a m  generated a t  t h e  
r e f i n e r y  is  shown i n  F i g .  12 .  The c o n f i g u r a t i o n  f o r  one r e a c t o r  only 
i s  shown. During normal. o p e r a t i o n ,  each  r e a c t o r  s u p p l i e s  502 of t h e  
necessary energy t o  t h e  hcalr t r a n s p o r t  l oop ,  The r e a c t o r  primary 
coo lan t  and t h e  secondary coo lan t  loop cond i t ions  are t h e  s a m e  as i n  
t h e  p rev ious ly  d i scussed  case. The secondary loop helium, a f t e r  being 
hea ted  t o  704°C (1300'F) i n  t h e  primary-to-secondary helium h e a t  
exchanger, s p l i t s  i n t o  two p a r a l l e l  streams with 502 of t h e  f l o w  going 
t o  t h e  process  h e a t e r  and 50% t o  a secondary steam loop equipped with a 

A pre1imi.nary anal.ysis was a l s o  performed t o  e s t a b l i s h  heI-im-to- 
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Table 16.  Heat t r a n s p o r t  f l u i d  p ip ing  system data 

Carbon 
C h a r a c t e r i s t i c s  Helium Hydrogen Nitrogen Dioxide Steam HTS N a K  

Flow rate, l o 6  l b / h r  

Inventory,  lb 

supply p ipe  O D , ~ ”  f t  

Return p ipe  OD, f t  

Supply p i p e  v e l o c i t y ,  

Return p ipe  v e l o c i t y ,  

Pmp o r  c i r c u l a t o r  
i n l e t  p re s su re ,  p s i a  

Pump o r  c i r c u l a t o r  
o u t l e t  p re s su re ,  p s i a  

Pump o r  c i r c u l a t o r  
power, MW(t) 

Supply p ipe  w a l l  
th ickness  , i n .  

Return p ipe  w a l l  
th ickness ,  i n .  

P ip ing  hea t  l o s s ,  
l o 6  Btu/hr  

e 

fPS 

fPS  

7.840 

152,450 

10.07 

9.85 

2.801 

48,410 

7.862 

7.199 

36.719 

1,269,340 

11.75 
11.22 

35.651 

1,540,520 

11.23 

10.85 

17.406 

615,380 

8.758 

8.299 

26.275 

11,837,000 

3.747 

3.788 

46.855 

8,528,850 

4.746 

4.533 

250 2 75 135 110 140 11.0 25 

150 175 90 70 80 63 17.7 

622 721 533 438 723 40 40 

597 496 80 5 172 

1.93 

283 667 76 7 

10 8 65.2 122 79.8 71.5 146 

2.58 2.30 2.71 

2.37 

2.15 

1.89 

2.70 0.318 0.648 

2.34 0.201 

13 .4  

2.38 2.00 0.200 

39.6 30.3 46.1 44.4 34.0 10 .3  

a 

’For l i q u i d s  : 
e 

For gases:  i n t e r n a l  i n s u l a t i o n  th i ckness ,  6 in . ;  e x t e r n a l ,  2 i n .  

e x t e r n a l  i n s u l a t i o n  th ickness  , 6 i n .  

A l l  cases: ou te r  I n s u l a t i o n  th i ckness ,  2 i n .  
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Table 1 7 .  Process  h e a t  exchanger h e a t  t r a n s f e r  areas (ft2) 
-- ...- ___- 

H e l i u m  H2 N 2  co2 1120 I iTS NaR 

226,189 206,900 280,370 276,460 274,000 180,000 128,100 
.~.l.l.p.~....__-. _I__- 

_______I__ 

reheater-s team gene ra to r  combination. This  secondary s t e a m  loop  gene ra t e s  
284 MIJ(e) of power. 

The two 50% stream then  recombine and flow t o  a reheater-s team 
gene ra to r  combination i n  t h e  primary steam loop .  The primary steam loop 
provides  t h e  power t o  d r i v e  t h e  primary and secondary helium c i r c u l a t o r s  
(marked "X" and "Y," r e s p e c t i v e l y ,  i n  Fig.  12) and t o  supply a d d i t i o n a l  
1 1 7  MM(e) of power. 

e r a t e d  a t  t h e  r e a c t o r  is shown i n  Fig.  13. With two excep t ions ,  t h i s  
c y c l e  is i d e n t i c a l  t o  t h e  d u a l  r e a c t o r  c o n f i g u r a t i o n  w i t h  s t e a m  generated 
a t  t h e  r e f i n e r y :  (1) a r e f i n e r y  s t e a m  loop i s  added; an.d (2) t h e  steam 
supply far  the feedwater  h e a t e r  i n  t h e  secondary steam loop i s  e x t r a c t e d  
from t h e  primary s t e a m  loop power t u r b i n e .  

t i o n s .  The 2000-MW(t) r e a c t o r  c o r e  is  cooled by t h r e e  helium l o o p s ,  
Each loop h a s  a steam-turbine-driven helium c i r c u l a t o r .  
is  t r a n s f e r r e d  from t h e  primary helium loops t o  t h e  secondary helium 
loops by t h r e e  s ing le -pass  h e a t  exchangers.  The r e a c t o r  c o r e ,  a long  
w i t h  the  primary c o o l i n g  loops ,  t h e  primary c i r c u l a t o r s ,  and t h e  helium/ 
helium h e a t  exchangers are l o c a t e d  i n s i d e  a PCRV. With t h e  e:x@eption 
of t h e  helium/helium h e a t  exchangers,  t h e  des ign  of t h e  primary c o a l i n g  
loops is similar to t hose  of t h e  HTGR steam p l a n t .  Figure 1 4  is a 
schematic  of t h e  primary coo l ing  loop.  The flow rates, h e a t  loads, 
and c i r c u l a t o r  powers shown are t h e  t o t a l s  f o r  t h r e e  loops. 

by developing and comparing t h e  t o t a l  annual  c o s t s  of each conf igu ra t ion .  
C a p i t a l  costs f o r  b o t h  t h e  n u c l e a r  s t e a m  supply (NSS) and bal.ance of 
p l a n t  (BOP) systems w e r e  developed. The BOP c o s t s  included t h e  reactur- 
t o - r e f i n e r y  h e a t  t r a n s p o r t  system. A l l  c o s t  d a t a  w e r e  e s c a l a t e d  t o  
J u l y  1, 1974. Table 19 p r e s e n t s  an o v e r a l l  c o s t  summary f o r  tlae t h r e e  
cases. 

The c o s t s  f o r  t h e  r e f i n e r y  p rocess  h e a t  systems w e r e  f u r t h e r  
analyzed t o  determine t h e  v a l u e  of energy a t  v a r i o u s  p o i n t s  in the 
p rocess .  
F ig .  15 f o r  t h e  s i n g l e  r e a c t o r  c o n f i g u r a t i o n  and i n  Fig.  16 f o r  the  
d u a l  r e a c t o r  c o n f i g u r a t i o n  w i t h  steam generated a t  t h e  r e f i n e r y .  This  
a n a l y s i s  was performed f o r  a f i x e d  change rate (FCR) of 15X9 an  electric 
power s e l l i n g  p r i c e  of 15 mils/kWhr, a f u e l  o i l  c o s t  of $2/1.06 Btu,  and 
a nuc lea r  f u e l  cost  of $0.42/106 Btu. 

R e s u l t s  f o r  t h e  s i n g l e  r e a c t o r  c o n f i g u r a t i o n  i n d i c a t e  t h a r  t h e  
r e f i n e r y  h e a t  from t h e  n u c l e a r  p l a n t  a l o n e  has  a va lue  of $l.S7/106 Btxn, 
of which t h e  n u c l e a r  r e a c t o r  and f u e l  account f o r  $1.3Q/106 Btu; i n t e r -  
mediate h e a t  t r a n s p o r t  equipment accounts  f o r  the ba lance .  The value 

A flow schematic  f o r  t h e  d u a l  r e a c t o r  c o n f i g u r a t i o n  w i t h  s t e a m  gen- 

The r e a c t o r  coo l ing  loop is i d e n t i c a l  f o r  t h e  t h r e e  cycle configura-  

Reactor h e a t  

An economic e v a l u a t i o n  of t h e  t h r e e  c y c l e  c o n f i g u r a t i o n s  w a s  made 

The r e s u l t s  of t h i s  a n a l y s i s  are shown i n  s chemi t i c  form i n  



Table 1 8 .  Heat t r a n s p o r t  f l u i d  p ip ing  system cos t  da t a  ($ x l o6 )  
Carbon 

Helium Hydrogen Nitrogen Dioxide Steam HTS N a K  I t e m  

Supply p ip ing  

Return p ip ing  

Pumps o r  c i r c u l a t o r s  

Inventory 

Heat 10s s 

Unrecovered pump o r  c i r c u l a t o r  

T o t a l  p ip ing  system c o s t  

( inc luding  i n s u l a t i o n )  

power l o s s  

55.379 39.496 67.386 55.985 48.973 6.053 14.415 

28.883 

21.663 

0.865 

2.311 

18.044 

13.115 

0.047 

1 .773  

32.939 

24.476 

0.027 

2.693 

26.180 

16 .041  

23.908 

14.388 

0.004 

1 . 9 8 3  

2.152 

0.387 

I. 776 

0 .601 

2.607 

2.945 

13.646 

0.783 2.595 

2.146 

111.247 

1.299 

73.774 

2.425 

129.946 

1.589 

102.390 

1.425 

90.681 

5.480 

0.038 

11.007 

0 .291  

34.687 

Heat exchanger c o s t  ( $ 2 0 / f t 2 )  4.523 4.138 5.529 5.607 3.600 2.562 

T o t a l  hea t  t r a n s p o r t  
loop c o s t  115 .8  77.9 135.6 107.9 96.2 14 .6  37.2 
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Fig. 12. Flow schematic of d u a l  r e a c t o r  c o n f i g u r a t i o n  wi th  steam generated 
a t  r e f i n e r y .  

of h e a t  from t h e  f o s s i l  h e a t e r  is  $4.55/106 B t u ,  o r  n e a r l y  t h r e e  t i m e s  
the c o s t  of t h e  nuc lea r  heat. A f t e r  account ing f o r  h e a t e r  e f f i c i e n c y ,  
f o s s i l  f u e l  c o s t s  c o n t r i b u t e  $.3.29/106 Btu. 
h e a t  adds $O.67/lO6 Btu t o  t h e  r e f i n e r y  h e a t  cost .  
ducing electric power is not  e n t i r e l y  recovered,  and applying this l o s s  
t o  t h e  cast  of r e f i n e r y  h e a t  adds an a d d i t i o n a l  $0.21/106 l3tu. 
power would s e l l  on a break-even b a s i s  a t  about 20 miIs/kWhr. 

t h e  r e f i n e r y  h e a t  is s l i g h t l y  Less than that f o r  t h e  s i n g l e  r e a c t o r  

The high c o s t  of fossi l .  
The cost  of pro- 

E l e c t r i c  

R e s u l t s  f o r  t h e  d u a l  r e a c t o r  c o n f i g u r a t i o n  show thatr. t h e  va lue  of 
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Fig. 13. Schematic of d u a l  r e a c t o r  conf igu ra t ion  with steam generated 
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Fig.  1 4 .  Schematic of r e a c t o r  coa l ing  c i r c u i t  ( t y p f c a l  of all c y c l e s ) .  

con f igu ra t ion ,  owing p r i n c i p a l l y  t o  economies of scale. However, t h e  
c o s t  o f  producing electric power is  n o t  f u l l y  recovered,  and applying 
t h i s  l o s s  t o  t h e  r e f i n e r y  h e a t  c o s t  adds $0.48/106 Btu. Electr ic  power 
would se l l  on a break-even basis  at about  18 mils/kWhr. 

R e s u l t s  c l e a r l y  show t h a t  providing a backup h e a t  sou rce  t o  m e e t  
100% a v a i l a b i l i t y  requirements f o r  a r e f i n e r y  s i g n i f i c a n t l y  i n c r e a s e s  
t h e  r e f i n e r y  h e a t  c o s t .  
a l t e r n a t i v e  c o n f i g u r a t i o n s  t h a t  could reduce t h e  c o s t s  a s s o c i a t e d  wi th  
backup systems o r  i n c r e a s e  t h e  revenue from t h e  sale of electric power. 
The use  o f  h e a t  s t o r a g e  f o r  e i t h e r  emergency r e f i n e r y  h e a t  supply o r  
supplying electric power f o r  peaking are two a t t ract ive p o s s i b i l i t i e s .  
Pursuing a l t e r n a t i v e  schemes i n  t h i s  area appears  t o  b e  one of t h e  most 
promising approaches t o  reducing t h e  r e f i n e r y  h e a t  c o s t  wh i l e  main- 
t a i n i n g  t h e  h igh  r e l i a b i l i t y  r equ i r ed  f o r  r e f i n e r y  process  h e a t  systems. 

Considerable  a t t e n t i o n  should be given t o  

1.5 O i l  Shale  and T a r  Sands 

An e v a l u a t i o n  of t h e  a p p l i c a t i o n  of t h e  VHTR t o  o i l  s h a l e  and tar 
sands recovery and p rocess ing  has  been completed by t h e  Resource Analysis 
and Management Group (RAMG) under c o n t r a c t  w i th  

h i g h l y  v i scous  hydrocarbon i s  n o t  r ecove rab le  from i t s  n a t u r a l  s tate by 
convent ional  o i l  product ion methods. 
some new form of process ing  must b e  used t o  produce t h e  t a r  sand hydro- 
carbon r e source .  

T a r  sand i s  sand s a t u r a t e d  wi th  h i g h l y  v i scous  hydrocarbons. The 

Mining o r  i n  s i t u  recovery w i t h  



Table 19. Overall c o s t  summary 

Configurat ion 

~-~ ~ ~ 

U Sing le  r e a c t o r  
wi th  f o s s i l  
f u e l  h e a t e r  steam a t  r e f i n e r y  steam a t  r e a c t o r  

Dual r e a c t o r s ,  Dual r e a c t o r s  , 

Capi t a l  c o s t s  ($) 

NS s 
BOP 

I n t e r e s t  during cons t ruc t ion  (17% t o t a l )  

To ta l  

Annual c o s t s  ($/year)  

C a p i t a l  a t  15% FCR 

C a p i t a l  a t  25% FCR 

Operation and maintenance 

Nuclear f u e l  a t  $0.42/106 Btu 

Income from sale of e l e c t r i c a l  power a t  

Fossil f u e l  (oil) a t  $2/106 Btu 

$0.15/kWhr 

To ta l  a t  0.15 FCR 

T o t a l  a t  0.25 FCR 

Annual cost /106 Btu t o  r e f i n e r y  ($ / lo6  Btu) 

0.15 FCR 

0.25 FCR 

105 , 0 72 , 000 

284,100,500 

66,159,100 

455,331,600 

68 299 1) 700 

113,832,900 

2,757,000 

22,607,400 

-25,854,500 

29,193,300 

9 7 , 002 , 900 

142 536,100 

2.45 

3.60 

202,335,000 

472,239,200 

114 , 6 77 , 600 

789,251,800 

118,387,800 

197,310,300 

4,583,000 

45,214,800 

-87,105,100 

81,080,500 

I60,003,000 

1.99 

3.92 

202,335,000 

478,533,400 

115,747,700 

796,616,100 

119,492,400 

199,154,000 0 
lJl 

4,583,000 

45,214,800 

-91,288,100 

78,002,100 

157,663,700 

1.91 

3.86 

aNuclear p l a n t  capac i ty  f a c t o r  = 0.90; f o s s i l  f u e l  h e a t e r  ope ra t e s  a t  25% capac i ty  during 90% of t he  
year and a t  100% capac i ty  during 10% of the  year .  
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Fig. 15. Dollar flow through process  heat p lan r  - s i n g l e  r e a c t o r  conf igura t ion .  
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Major tar  sand d e p o s i t s  are i n  A l b e r t a ,  Canada (Athabasca, Cold 
Lake, Wabaska, Peace River ,  and Buffalo Head H i l l s ) ,  Venezuela (Orinoco 
T a r  B e l t ) ,  Colombia, and t h e  United States.  The l o c a t i o n s  of t a r  sand 
i n  s u f f i c i e n t  q u a n t i t i e s  to  supply a t  least  one 100,000 bb l /day  produc- 
t i o n  f a c i l i t y  f o r  30 yea r s  are shown i n  Table 20. 

Table 20.  T a r  sand r e sources  

Locat ion Resource base  ( b i l l i o n  b b l )  
- 

Western Hemisphere (exclusing U.S _c .) 

At:hahasca T a r  Sand, Canada 

Cold Lake, Canada 

Wabaska, Canada 

Peace River , Canada 

Buffalo Head H i l l s ,  Canada 

Guanuco and Orinoco, Venezuela 

L lano s , Colombia 

6 26 

16 5 

53 

50 

1 

600 

1000 

To ta l  2495 

United S t a t e s  

Tar Sand T r i a n g l e ,  Utah 

P.R.  Spring,  Utah 

Sunnyside, Utah 

Others  

10.0 to 18.1. 

3 . 7  t o  3.8 

2.0 to  3.0 

3.0 to  3.8 

Total  18.7 t o  28 .7  

The a p p l i c a t i o n  of VHTRs t o  tar sand recovery and p rocess ing  does 
no t  s e e m  e s p e c i a l l y  promising s i n c e  t h e  domestic resource base  is  on ly  
about  one-sevent ie th  t h a t  of o i l  s h a l e .  Fac to r s  l i k e l y  to d e t e r  sig- 
n i f i c a n t  product ion of syncrude from domestic t a r  sands include:  

1. Reserves of domestic c o a l  and o i l  shale are much l a r g e r ,  as are 
t h e i r  o i l  y i e l d s .  

2 .  The Utah sands are b e l i e v e d  t o  be h a r d e r  (more consol. idated) an3 
t h e r e f o r e  more d i f f i c u l t  t o  use than those  of Alberta .  
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3 .  Average overburdens are t h i c k e r  i n  Utah than in Alber t a ,  which 
sha rp ly  l i m i t s  l a rge - sca l e  s u r f a c e  mining and would r e q u i r e  t h e  
s u c c e s s f u l  development of i n  situ recovery methods usab le  on a 
commercial scale. However, e s t ima ted  bitumen recovery e f f i c i e n c i e s  
by i n  s i t u  techniques such as steam-emulsion d r i v e  o r  " f i r e -  
f looding" are s i g n i f i c a n t l y  lower than those  f o r  s u r f a c e  e x t r a c t i o n .  

4 .  Most o f  trhe Utah d e p o s i t s  u n d e r l i e  Fede ra l  lands and a p p r o p r i a t e  
l e a s i n g  arrangements would b e  necessary.  I n  a d d i t i o n ,  public-use 
p roposa l s  have a l r e a d y  been made f o r  much of t h e  s u b j e c t  sz---face 
area. 

5. Water s u p p l i e s  may be i n s u f f i c i e n t  f o r  s i g n i f i c a n t  e x p l o i t a t i o n .  

The r o l e  of syncrude from domestic tar sands i n  t h e  f u t u r e  U.S. energy 
siipply seems a t  b e s t ,  a minor one. 

i n  t h e  Green River Formation (Colorado),  i n  Utah, Wyoming, and i n  
Marine Shale  d e p o s i t s  i n  Alaska. A suinmary of t h e  o i l  s h a l e  r e sources  
i s  p resen ted  i n  Table 21. 

The p r i n c i p a l  o i l  s h a l e  r e sources  i n  t h e  United S t a t e s  are loca ted  

Table. 21. Shale  o i l  r e sources  
.-----.- 

United S t a t e s  Resource base ( b i l l i o n  bb l )  

Green River Formation, Colorado 

Marine Shale ,  Alaska 

Shale  a s s o c i a t e d  w i t h  c o a l  

Other s h a l e  d e p o s i t s  

To t a l  

1200 

250 

50 

500 

2000 

S i x  d i f f e r e n t  processing concepts w e r e  eva lua ted  both wi th  and 
wi thou t  t h e  use o f  t h e  VH'LR. The U.S. Bureau of Mines' gas coiubustion 
p rocess ,  w i t h  i ts  underground mining o p e r a t i o n s ,  w a s  used f o r  a r e l a t i v e  
comparison of t h e  advantages and disadvantages of t h e  use of a VHTR t o  
process  o i l  s h a l e .  The Great Canadian o i l  sands process  w a s  taken as a 
r e p r e s e n t a t i v e  scheme t o  make a r e l a t i v e  comparison wi th  t h e  VHTR modified 
process  f o r  aboveground conversion of tar sand bitumen t o  a syncrude. 
The S h e l l  s t eam- in jec t ion  i n  s i t u  tar sand process  w a s  taken as a b a s i s  
f o r  comparison i n  t h e  use of t h e  VHTR f o r  i n  s i t u  recovery of t a r  sand 
bitumen. Where p o s s i b l e ,  t h e  primary r e f i n i n g  s t e p  used w a s  t h e  Hydro- 
carbon Research Incorporated H - O i l  hydrogenation u n i t .  

and o i l  s h a l e  recovery and upgrading i n d i c a t e d  t h e  fol lowing:  
The e v a l u a t i o n  of use of VHTR nuc lea r  p rocess  h e a t  f o r  tar sand 
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1. 

2 .  

3 .  

4 .  

5. 

6. 

7 . 

8. 

9 .  

Process ing  p l a n t s  are es t ima ted  t o  be 
i n  p a r a l l e l  t r a i n s  i n  s i z e  increments 

b u i l t ,  a t  least i n i t i a l l y ,  
of 50,000 bbl/dny. 

N o  s u b s t a n t i a l  cap i t a l  o r  o p e r a t i n g  c o s t  s av ings  are p r o j e c t e d  f o r  
process  p l a n t  s i z e s  exceeding 100,000 b a r r e l s  pe r  calendar  day. 

The e s t ima ted  p l a n t  c a p a c i t y  a t  a s i n g l e  s i te  ranges from 100 t o  
1.50,OOO b a r r e l s  p e r  ca l enda r  day. 

The VHTR, i f  i t  i s  t o  be used as an  energy source  f o r  tar sand 
and o i l  s h a l e  recovery and upgrading, should have a 90% 
a v a i l a b i l i t y .  

Prel iminary e v a l u a t i o n s  i n d i c a t e  t h a t  f o r  o i l  s h a l e  recovery and 
p rocess ing ,  a VIiTR wi th  an ou tpu t  s i g n i f i c a n t l y  less than  3000 
MW(t) may b e  more a t t ract ive.  

The 3000-MW(t) WL'R coupled wi th  t h e  100,000 bbl /day tar sand 
recovery p l a n t  using i n  s i t u  i n j e c t i o n  is  t h e  b e s t  match of t h e  
p rocesses  considered.  

One or  two i n  s i t u ,  100,000 bbl /day tar sand recovery and upgrading 
o p e r a t i o n s  could b e  powered by 3000-NW(t) VHTRs by tlhe year 2000 
i n  Canada and p o s s i b l y  i n  Venezuela. 
United States. 

None are l i k e l y  i n  t h e  

The estimate o f  o i l  s h a l e  p l a n t  c a p a c i t y  by t h e  yea r  2000 is  
300,000 t o  500,000 bbl /day,  which would l e a d  t o  a p r o j e c t i o n  of 
no more than  one VHTR of 2000- t o  300Q-MW(t) s i z e  as a p o t e n t i a l  
market. 

Estimated b e n e f i t s  of n u c l e a r  process  h e a t  app l i ca . t i ons  of a VHTK 
are a 24% t o  50% b e t t e r  u t i l i z a t i o n  of t h e  in-place r e source ,  w i t h  
an a t t e n d a n t  l e s s e n i n g  of t h e  environmental  impact o f  resource 
product ion and about 20% lower w a t e r  requirement.  

The relative c o s t  of o i l  s h a l e  recovery developed i n  t h e  W I G  
repor t l t3  i n d i c a t e s  t h a t  use of t h e  VHTR would i n c r e a s e  t h e  c o s t  of t h e  
syncrude i n  comparison wi th  t h e  f o s s i l  base  process  by about  20%. 
appears  t o  b e  p r i m a r i l y  t h e  r e s u l t  of an o p t i m i s t i c  estimate of t h e  
c o s t  of mining, p rocess ing ,  d i s p o s a l ,  e tc . ,  which f avor s  t h e  convent ional  
p rocess .  

syncrude from o i l  s h a l e  us ing  a VHTR appears  t o  be e s s e n t i a l l y  competi- 
t ive  wi th  t h e  convent ional  process .  Even s o ,  t h e  market p o t e n t i a l  i n  
o i l  s h a l e  recovery and p rocess ing  is n o t  projecced t o  be s i g n i f i c a n t .  

This 

On a more comparable b a s i s ,  as developed i n  Table 22, t h e  c o s t  of 
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Table 22. O i l  s h a l e  recovery 
__I ___ 

Conventional process  Conventional process  wi th  
100,000 b a r r e l s  p e r  VHlX 254,009 b a r r e l s  p e r  

ca lendar  day ca lendar  day I t e m  

Mine 

R e t o r t i n g  and p r e p a r a t i u n  

Refining 

F a c i l i t i e s  and u t i l i t i e s  

I n i t i a l  s u p p l i e s  

S u b t o t a l  

Contingency 25%' 

S ib  t o t  a1 

I n t e r e s t  dur ing  i o n s t r u c t i o n d  --- 
(0.166) 8% 4-year cons t ruc t ion  

Sub t o t  a1 

S t a r t u p  Costs  

Working c a p i t a l  

Subto ta l  

VHTK 

Tota l  c a p i t a l  c o s t  

Annual c a p i t a l  c o s t  
(15 t o  25% FCR) 

Annual o p e r a t i n g  c o s t s  

Suppl ies  

Lab0 r 

Fixed charges 

Deplet ion 

VHTK o p e r a t i o n  and maintenance 

VHTK f u e l  c y c l e  ($0.40/106 Btu) 

Ro ya It y 

Subto t a1 

By-product c r e d i t  

T o t a l  annual  c o s t  

T u t a l  annual  product  (bbl)  

Syncrude cost ($ /bb l )  

518 

130 

648 

10 8 

119b 

380b 

300b 

181b 

27' 
~ 

1007 

252 

1259 

20 9 

756 

16a 

64a 

1468 

30b 

124' 

836 1622 
80Od 

836 

Annual cost?---($ x l o 6 )  

125 t o  209 

3 3e 
21e 
2 8" 
16e 

6e 

229 t o  313 
-15e 

214 t o  298 

Product  c o s t s  

32.85 x lo6 

6.51 t o  9.07 

2422 

363 t o  606 

66f 

4 2f 

54f 

9d 

41f 

3 Zd 

17f 

624 t o  867 

-61f 

563 t o  806 

83.44 x l o 6  
6.74 t o  9.66 

aSource r e f e r e n c e ,  Table B-2. 

'Source re ference ,  Table B-4. 

CCost added. 

dKevised from WG r e p o r t  ( s e e  source  re ference) .  

eSource re ference ,  Table R-3. 

fSource re ference ,  Table R-5. 

_-- Source: 
Reactor (VHTRI as  an Ahei-yg Soruce for Tax Sand urd O i l  Shale Recovery and Processing, 
prepared  for Oak Ridge Nat iona l  Laboratory,  June 1975, Oklahoma Ci ty .  

Resource Analysis  and Management Group, An &mli&tiott of the Very H;yh Te'entpmatm 



2 .  ENERGY STORAGE, TRANSPORT, AND PEAKING POWER APPLICATIONS 

2 . 1  Summary 

2 . 1 . 1  I n t r o d u c t i o n  

The n u c l e a r  r e a c t o r  is a source  of primary energy which has  been 
r e s t r i c t e d  t o  t h e  product ion of base-load e l e c t r i c i t y .  I n  an  e f f o r t  t o  
expand t h e  n u c l e a r  r e a c t o r ' s  c o n t r i b u t i o n  t o  t h e  energy market, several 
systems have been i n v e s t i g a t e d  which a l low nuc lea r  energy t o  be t r ans -  
po r t ed  d i r e c t l y  o r  s t o r e d  f o r  i n t e rmed ia t e  load  and peaking power. 

then i t  must provide t h e  u s e r  w i th  a s i g n i f i c a n t  amount of thermal 
energy. T ranspor t a t ion  of e l e c t r i c i t y  f o r  use as thermal energy i s  
i n h c r e n t l y  a ve ry  i n e f f i c i e n t  means of energy t r a n s p o r t .  Therefore ,  
t o  reduce t h i s  i n e f f i c i e n c y  , t h e  energy should e i t h e r  be generated 
o n s i t e ,  or  an  a l t e r n a t e  system of t r a n s p o r t a t i o n  must be sought .  Seve ra l  
i n v e s t i g a t o r s  propose u s i n g  t h e  r e v e r s i b l e  steam-methane r e a c t i o n  i n  a 
chemical h e a t  p ipe  as a t r ansmiss i an  technique f o r  nuc lea r  process  
1 1 e a t . ~ ~ ~ ~ '  
economically competi t ive wi th  conven t iona l  e l e c t r i c a l  t ransmission.  

Electr ic  demand levels are normally s e p a r a t e d  i n t o  t h r e e  broad 
areas: base l o a d ,  i n t e r m e d i a t e  l o a d ,  and peak load .  The base  load  i s  
normally provided by t h e  newer f o s s i l - f u e l ,  n u c l e a r ,  and h y d r o e l e c t r i c  
p l a n t s .  Intermediate-  and peak-load power demand are c u r r e n t l y  m e t  
(1) by gene ra t ion  i n  f o s s i l - f u e l e d  ( o i l -  and c o a l - f i r e d )  steam p l a n t s ,  
(2) by hydropower o r  pumped s t o r a g e ,  and ( 3 )  i n  gas t u r b i n e s  wi th  high- 
q u a l i f y ,  expensive f u e l s .  Except f o r  pumped s t o r a g e ,  which is  r e l a t i v e l y  
i n e f f i c i e n t  and i s  l i m i t e d  t o  very few s i tes ,  t h e r e  is  no economic com- 
nercial system f o r  use o f  nuc lea r  energy t o  meet peak and/or i n t e rmed ia t e  
e lec t r ica l  load .  The combination of t h e  VHTR and chemical o r  higli- 
Ixmperature thermal energy s t o r a g e  should l e a d  t o  a competi t ive sou rce  
of in t e rmed ia t e  l o a d  and peaking power. 

The power l o a d  of an electrical  u t i l i t y  g r i d  f l u c t u a t e s  by as much 
as a f a c t o r  of 2 on a d a i l y  b a s i s .  F igu re  17  p r e s e n t s  a t y p i c a l  weekly 
load curve f o r  a l a r g e  midwestern u t i l i t y . " 6  The o b j e c t i v e  of t h e  VHTK 
peaking power system is  t o  m e e t  t h e  d a i l y  peak demand of t he  g r i d  (or  a 
p o r t i o n  of t h a t  demand). 

I f  n u c l e a r  power i s  t o  c a p t u r e  a major p o r t i o n  of t h e  energy market, 

This  system could a t t a i n  an  e f f i c i e n c y  of 70% t o  80% and be 

2.1.2 P o t e n t i a l  market 

The P r o j e c t  I n d e ~ e n d e n c e - M S ~ ~  s c e n a r i o ,  o r  ERDA "moderate/I.ow" 
f o r e c a s t s  of electric power growth, has been chosen as a b a s i s  f o r  
e s t i m a t i n g  t h e  p o t e n t i a l  market f o r  VHTRs i n  t h e  electric power industry-.  
Kesu l t s  of ou r  p r o j e c t i o n  are given i n  Table 23 .  This t a b l e  w a s  devel-  
oped according t o  t h e  fol lowing reasoning:  an ERDA r e p o r t  (ERDA-48) 
es t ima ted  HTGR p e n e t r a t i o n  i n t o  t h e  electric power market a t  about 
3.9 x l O I 5  Btu/year by t h e  yea r  2000.48 
of  t h e  n u c l e a r  base  load .  It w a s  assumed t h a t  VHTR intermediate- load 
and peaking p l a n t s  could cap tu re  about one-third o f  t h e  market fo r  GCRs  

This corresponds t o  roughly 10% 

5 7  
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Fig.  1 7 .  Weekly load  f o r  l a r g e  midwestern u t i l i t y ,  

by the  year  2000. Each intermediate- load p l a n t  w a s  assumed ( f o r  t h i s  
t.able) t o  have a nominal peak r a t i n g  equal  t o  t h e  MW(t) r a t i n g  of the  
nuc lear  i s l a n d .  The per iod  2000 t o  2030 was ex t r apo la t ed  from t h e  
pre-2000 p r e d i c t i o n s .  

The load  curve,  Fig.  1 7 ,  impl ies  t h a t  a t  least  one-third of a l l  
genera t ing  capac i ty  i s  dedica ted  t o  in t e rmed ia t e  and peak load .  Our 
market p r o j e c t i o n s  conservaLively assume t h a t  on ly  about  20% of t h e  
roarket i s  served  by VIITR peaking p l a n t s  i n  t h e  year  2000. 

2.1.3 Con-clirsions 

, 

Figures  18 ,  1 9 ,  and 20 are c o s t  comparisons of EVA-AJMM s t o r a g e ,  
HTS storage, and t h r e e  convent iona l  power systems - gas tu rb ines  and 
coal-  and o i l - f i r e d  s t e a m  systems. 
t h r e e  convent iona l  systems i s  presented  i n  Table 2 4 .  

The economic c o s t  b a s i s  f o r  the 



Table 23. P o t e n t i a l  pene t r a t ion  of HTGR, GT-HTGR, and VHTR intermediate- load 
a and peaking p l a n t s  i n t o  t h e  e lec t r ic  u t i l i t y  market 

T o t a l  Equivalent  number T o t a l  VHTR 

e lectr ical  nuc lear  + [ lo00 MW(e)] intermediate- load and peaking 
capac i ty  capac i ty  GT-HTGR HTGR + GT-HTGR and peaking VHTR eapac i  t y  

T o t a l  T o t a l  HTGR of 3000-PTd(t) Number of in te rmedia te  

Year [GW(e) I [@J(e) 1 [GW(e) 1 u n i t s  3000-MW(t) u n i t s  [ W ( e )  1 

1973 436 18.4 0 

19 85 a00 185 0.3 

1990 1040 340 5 

1995 1350 545 30 

2000 1750 800 80 

2030 3500 2500 250 

0 

0 

5 

30 

80 

250 

0 

0 

1 

5 

27 

120 

0 

0 

3 

15 

80 

360 

cn 
W 

HTGRs provide 10% of t h e  base-load nuc lea r  power. By the year  2000, one-third of t h e  GCR power 
p l a n t  capac i ty  i s  VHTR peaking p l a n t s .  This  r e p r e s e n t s  only about  20% of t h e  t o t a l  peaking and 
intermediate- load capaci ty .  

a 



60 

440 

420 

- 
L g 400 

ORNL-OWG 76-13 

--Ip--7--- 
- 

I 
P L A N ' I  CAPACITY F4CTOR 

EVA-ADAM 0.05 
- HEAT TRASFER SALT 0.85 

O I L - G T  0.90 

O I L - G T  - $ 2 0 / b b l  ( 3 3 3 $ / M E t u )  D I S T I L L A T E  \ / 
HEAT T R A N S F E R  SALT 

' O I L - G T -  $ !O/bbl  (166 $ / M E W )  D I S T I L L A T E  

* O  I- 
0 2 4 6 8 40 42 14 

PEAKING POWER O P E R A T I O N  ( h r / d a y )  

Fig.  18.  Cost comparison between s t o r a g e  system and gas  t u r b i n e  power p l a n t s .  

Although t h i s  is a p re l imina ry  a n a l y s i s ,  i t  appears  t h a t  t h e  EVA-ADAM 
peaking system w i l l  b e  competi t ive only i f  f u e l  p r i c e s  rise considerably 
above t h e i r  c u r r e n t  level .  A s  can b e  seen  i n  Fig.  18, t h e  c o s t  of a gas 
t u r b i n e  system i s  n o t  a s t r o n g  f u n c t i o n  of t h e  pe r iod  of o p e r a t i o n  b u t  
is  very s e n s i t i v e  t o  f u e l  c o s t s .  Compared t o  a gas t u r b i n e  system, 
EVA-ADAPf would be competi t ive a t  h i g h e r  f u e l  p r i c e s  only i f  i t :  a c t e d  as 
an  in t e rmed ia t e  power producer used 6 t o  1 2  h r /day .  However, it can be 
i n f e r r e d  from F igs .  19 and 2G t h a t  i n  t h i s  range of o p e r a t i o n ,  f o s s i l -  
f i r e d  steam p l a n t s  would b e  more economical even a t  h ighe r  f u e l  c o s t s .  

gas  t u r b i n e  peaking systems. 
system i s  competi t ive wi th  t h e  gas t u r b i n e  system even a t  t h e  lower range 
of f u e l  p r i c e s .  
i t  has a lower c a p i t a l  investment p e r  k i l o w a t t  of peaking power; b u t ,  as 
t h e  EVA-ADAH system, i t  has a low o p e r a t i n g  c o s t ,  so i t  w i l l  become even 
more a t t ract ive as t h e  p r i c e  of f o s s i l  f u e l s  rise. 
o p e r a t i n g  c o s t s ,  t h e  HTS s t o r a g e  system has the a d d i t i o n a l  advantage of 
being competi t ive wi th  t h e  steam c y c l e s  f o r  product ion of intermediate-  
load power. F igu res  19 and 20 show t h a t  t h i s  system is competi t ive w i t h  
bo th  t h e  o i l -  and c o a l - f i r e d  systems a t  t h e  lower f u e l  p r i c e s  throughout 
t h e  o p e r a t i n g  range. 

The HTS system appears t o  be a ve ry  a t t ract ive alternative t o  p r e s e n t  
I t  can b e  seen  i n  F ig .  18 t h a t  t h e  HTS 

This  system is  m o r e  economical than EVA-ADAN because 

Because of i t s  low 
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P i g .  19. Cast comparison between s t o r a g e  systems and c o a l - f i r e d  power p l a n t s .  

The WlTR peaking power scheme would reduce t h e  electric power 
i n d u s t r y ' s  demand f o r  h igh -qua l i ty  f u e l s  which have alternative uses 
f o r  t r a n s p o r t a t i o n  and home h e a t i n g  and which provide a mechanism whereby 
nuc lea r  energy could b e  e f f e c t i v e l y  used t o  m e e t  i n t e rmed ia t e  peak power 
demand. 

I n  comparison w i t h  o t h e r  n o n f o s s i l  energy t r a n s p o r t a t i o n  systems i n  
t h e  product ion of p rocess  s t e a m  (Table  25 and F i g .  21) ,  t h e  EVA-ADAM 
t r a n s p o r t  system i s  compe t i t i ve  f o r  i n t e r m e d i a t e  d i s t a n c e s  (less than  
300 m i l e s ) .  
i s  n o t  compet i t ive w i t h  t h e  n u c l e a r - f o s s i l  hybr id  t r a n s p o r t  systems. It 
i s  clear t h a t  EVA-ADAM is  a f u t u r e  concept t h a t  w i l l  n o t  be a v i a b l e  
a l t e r n a t i v e  u n t i l  f o s s i l - f u e l  p r i c e s  rise s u b s t a n t i a l l y  above t h e i r  
c u r r e n t  level.  However, i n  a carbon-poor economy, t h i s  system appears  
t o  be a good choice for i n t e rmed ia t e -d i s t ance  energy t r a n s p o r t .  

However, w i t h i n  t h e  p r e s e n t  p r i c e  range of c o a l ,  EVA-ADAM 



62 

I I 

I 
0 2 4 6 8 10 12 { 4  

PEAKING POWER OPERATION (hr/dily) 

I 

F ig.  20. Cost comparison between s t o r a g e  systems and o i l - f i r e d  power p l a n t s .  

2.2 EVA-ADAM 

I n  r e c e n t  yea r s  i n t e r e s t  i n  new techniques f o r  t h e  s t o r a g e  and 
t r ansmiss ion  of energy has inc reased  s u b s t a n t i a l l y ,  p r i m a r i l y  because 
of t h e  h ighe r  c o s t  of energy and t h e  need f o r  e f f e c t i v e  t ransmission 
and s t o r a g e  systems. Of t h e  many s t o r a g e  and t r ansmiss ion  techniques 
a v a i l a b l e ,  t h e  r e v e r s i b l e  chemical r e a c t i o n  appears  t o  be a p l a u s i b l e  
and a t t rac t ive  a l t e r n a t i v e  and a mechanism by which nuc lea r  power may 
provide long-distance energy f o r  process  and space h e a t ;  i t  is c e r t a i n l y  
a p p l i c a b l e  t o  VHTR development. There are many r e a c t i o n s  t h a t  are 
adap tab le  t o  t h i s  type of system, and some of t h e s e  are l i s t e d  i n  
Table 26.  

d i s p l a y s  t h e  r e v e r s i b i l i t y  necessary f o r  a chemical s t o r a g e  and t r a n s -  
mission system. 
petrochemical  i n d u s t r y ,  and t h e  r e v e r s e  methanation process  h a s  been i n  
use  f o r  many yea r s  i n  t h e  product ion of ammonia. Also, methanation is 
r e c e i v i n g  s u b s t a n t i a l  development e f f o r t  for the product ion of p i p e l i n e  
gas from c o a l .  F a m i l i a r i t y  wi th  t h i s  r e a c t i o n  makes it  a p r a c t i c a l  

The steam-methane r e a c t i o n  i s  one t h a t  i s  h i g h l y  endothermic and 

Steam-methane reforming is  a common p r a c t i c e  i n  t h e  



a, 3 Table 24. Cost summary f o r  convent iona l  peaking and in te rmedia te - load  systems 
I b a s i s :  1000 W ( e ) ]  

I t e m  Coal-steam O i l - s  team Oil-gas t u r b i n e  
~~ ~~ ~~ 

T o t a l  c a p i t a l  investment  (106 $1 

Annual cap i ta l  c o s t  (FCR = 0.15) 
( lo6 $ /year>  

Fuel  use (loo.% p l a n t  c a p a c i t y  f a c t o r )  

Fuel c o s t  (106 $/year>  

Annual o p e r a t i n g  and maintenance c o s t  

Fixed (lo6 $/year>  

Var iab le  ( lo6  $ /year )  

T o t a l  annual  c o s t  ( l o 6  $ /year )  

Annual power produced (kWhr/year) 

Unit  c o s t  (mil ls /kh%r)  

485 

72.8 

3.25 x lo6 t o n s l y e a r  

3.25 FC 

7.1 

10 F 

(79.9 + 16 F + 3.25 FC) 

8.76 x l o 9  F 

9.12/F + 1.83 4- 0.371 C 

372 

55.5 

11.89 x 1G6 b b i j y e a r  

11.89 FP 

5.6 

4.2 F 

(61.4 + 4.2 F -!- 11.89 FP) 

8.76 109 F 

7.0l/F 9 0.478 -!- 1.36 P 

140 

21 

20.53 x l o 6  bbl /year  

20.53 FG 

G Cost a n a l y s i s  f o r  convent iona l  peaking- and in te rmedia te - load  systems w a s  provided by T .  D. k i d e r s o n ,  Reactor  
Div is ion ,  ON?L. 

Abbreviat ion key: F = p l a n t  c a p a c i t y  f a c t o r ;  C = $ / t o n  of c o a l ;  P = $/bbl  r e s i d u a l  o i l ;  G = $ /bb l  d i s t i l l a t e .  b 

0.8 

36 F 

(21.8 + 36 F i- 20.5 FG) 

8.76 x lo9 F 

2.49/F + 4.14 + 2.34 G 



Table 25 .  Cost summary for transportation systems €or 
process steam production 

Cost item GA/ S &W H2 GA/ S &W CH4 Westinghouse H2 Electricity 
~ 

Coal cost, $ / l o 6  Btu 1.00 

Nuclear cost, $/loG Btu 0.45 

Production cost, $ / l o 6  Btu 3.20' 

b Transport cost, $/lo6 Btu/100 mile 

Steam conversion, $ / l o 6  Btu 0.52e 

0.11 

Boiler efficiency, % 85 

4.37 + 0.13/ 
100 mile 

1.00 

0.45 0.45 0.45 

2 s a a  4.78 to 5.87a 5 .  80b 

d 
0.033' 0 .  llC 0.47 

0. 31e 0. 52e 0 .  0gz 

85 55 100 

3.40 + 0.04/  6.22 - 7.50 5.89 + 0.47/ 
100 mile 0.13/100 mile 100 mile 

J. J. Williams and J. B. Newman, Engineering EvaZua+?orz of Process Heat A p p Z i c a t i o n s  ,for Very High 
Tempercxt.z.re ?h,~?Zem ReacSors, UE&C-ERDA-750630 (Revised) , United Engineers and Constructors , 
February 1 9  76. 

a 

'J. G .  Delene, personal communication with E. C. Fox, Oak Ridge National Laboratory, May 1976.  
e 

'A. J . Banks and R. B. Leemans, "Energy Transportation, I' presented at American Power Conference, 
e 

F. Abidi, "Pipeline System Costs Estimated," U < l  Gas J .  99  (October 13, 1975). 

April 20-22, 1976, Chicago, Illinois. 

T. D. Anderson et al., An A s s e s s m e n t  of Industrial EnergL! Options Based on Coa2 and Nuc2ear Systuns, 
ORNL-4995, Oak Ridge National Laboratory (July 1 9 7 5 ) .  
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Pig. 21. Cost of chemical h e a t  p i p e  and a l t e r n a t i v e s  f o r  t h e  product ion 
of process  s t e a m .  

choice and a prime cand ida te  f o r  an  economic a n a l y s i s  of chemical energy 
s t o r a g e  and t r ansmiss ion  techniques.  

EVA-ADAM, w a s  f i r s t  developed i n  West Germany, a t  t h e  Nuclear Research 
F a c i l i t y  i n  J i l i ~ h , ~ ~  where s i g n i f i c a n t  r e s e a r c h  has  been conducted 
with helium-heated steam-methane reformers .  This system i s  based on t h e  
r e v e r s i b l e  steam-methane r e a c t i o n :  

The nuc lea r  steam-methane chemical h e a t  p i p e ,  coimionly known as 

CH4 4- H20t = CO 4- 3H2 , A H  = 49 kcal/mole e 

A d d i t i o n a l l y ,  a subsequent r e v e r s i b l e  r e a c t i o n  a l w a y s  takes  place:  

CO + H 2 0 +  = CO2 + 132 , A H  = 9.9 kcal/mole . 
This r e a c t i o n  i s  comonly  known as t h e  water-gas s h i f t  r e a c t i o n .  

Conceptual ly ,  t h i s  system is  based on us ing  t h e  heat: of r e a c t i o n  as t h e  
t r a n s p o r t  mechanism. During t h e  reforming s t e p ,  49 k c a l  are absorbed 
p e r  gram-mole o f  methane r e a c t e d .  The gas product  is  then  s t o r e d  o r  
t r a n s p o r t e d  t o  a methanator where t h e  h e a t  i s  removed from t h e  reverse 
r e a c t i o n ,  which t akes  p l a c e  a t  a lower temperature .  The steam-methane 
r e a c t i o n  t a k e s  p l a c e  over a n i c k e l  c a t a l y s t  a t  temperatures  of 700" t o  
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Table 2 6 .  Closed-cycle chemical r e a c t i o n s  
_____ 

Approximate h e a t  of Temperature range 
( " 0  Reaction r e a c t i o n  @ 25 " C  (kcal/mole) 

49 

59 

27 

50 

7 5  

51 

1 3  

425-1000 

4 2 5 - 100 0 

250-750 

250-450 

175-425 

175-425 

150-500 

900°C; t h e  h ighe r  temperatures f a v o r  equ i l ib r ium and r e a c t i o n  rate. 
The reverse methanation r e a c t i o n  t akes  place over a n i c k e l  c a t a l y s t  a t  
temperatures of ,350" t o  450°C. Because t h e  methanation r e a c t i o n  i s  
exothermic,  e q u i l i b r i u m  i s  favored by lower temperatures.  Commercially, 
both r e a c t i o n s  t a k e  p l a c e  a t  about 40 a t m .  

During both t h e  methanation and reforming r e a c t i o n s ,  i t  is  p o s s i b l e  
f o r  the Houduard r e a c t i o n  t o  take p l a c e ,  d e p o s i t i n g  carbon on t h e  
c a t a l y s t :  , 

2co  -f c02 + CJ. . 
This r e a c t i o n  w i l l  d e a c t i v a t e  t h e  c a t a l y s t  and must be avoided i n  any 
commercial ope ra t ion .  A s o l u t i o n  of t h e  equ i l ib r ium r e l a t i o n s h i p s  shows 
t h a t  a t  normal o p e r a t i n g  temperature t h i s  r e a c t i o n  w i l l  not  t a k e  p l a c e  
if t h e  f eed  steam-to-methane r a t i o  i n  the  reforming r e a c t o r  is  g r e a t e r  
t han  1:1 and i f  t h e  H2:CO r a t i o  i o  t h e  methanation r e a c t o r  is g r e a t e r  
t han  3:1.49 

economical and e f f i c i e n t  means t o  t r a n s p o r t  energy over long d i s t a n c e s .  
The t r a n s p o r t a t i o n  system concept i s  based on p ip ing  t h e  r e a c t a n t  gas 
t o  a user  l o c a t i o n  where t h e  h e a t  i s  removed through t h e  methanation 
r e a c t i o n  and used t o  gene ra t e  s t e a m  f o r  e l e c t r i c a l  power o r  d i s t r i c t  
hea t ing .  However, t h i s  a n a l y s i s  i nc ludes  both t h e  t r a n s p o r t a t i o n  system 
and an o n s i t e  energy s t o r a g e  and peaking power sy,, P t e m .  

B a s i c a l l y ,  t he  chemical s t o r a g e  peaking power system c o n s i s t s  of  
t h r e e  s e c t i o n s :  (1) t h e  base-load n u c l e a r  s t e a m  reformer,  (2)  a gas 
s t o r a g e  system, and ( 3 )  t h e  peaking power methanation s e c t i o n .  
22 is  a schematic of t h i s  system. 

hea ted  reformer.  
and removed. 

The impetus f o r  developing t h i s  system has been an i n t e r e s t  i n  an 

Figure 

I n i t i a l l y ,  methane and steam are c a t a l y t i c a l l y  r e a c t e d  i n  a helium- 
The product gas i s  then cooled; t h e  water i s  condensed 

The dry s y n t h e s i s  gas is  then s e n t  t o  a high-pressure 
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s t o r a g e  area where i t  a w a i t s  conversion i n  t h e  peaking s e c t i o n .  During 
peak power consumption pe r iods ,  t h e  gas  i s  removed from s t o r a g e ,  p r e -  
hea t ed ,  and c a t a l y t i c a l l y  methanated i n  a reactor-s team gene ra to r  u n i t .  
Here the hea t  of r eac t ion  is e x t r a c t e d ,  producing high-pressure steam 
which, i n  t u r n ,  is  used t o  produce peaking power. The product gas ,  
c o n s i s t i n g  p r i m a r i l y  of methane and steam, is  then  cooled;  the w a t e r  
i s  condensed and removed. Some of t h e  methane i s  r e tu rned  t o  t h e  
reforming s e c t i o n ,  and the  remainder is  s e n t  t o  a high-pressure s t o r a g e  
area f o r  l a te r  use.  

which three a p p e a r  t o  b e  f e a s i b l e :  (1) high-pressure tank  s t o r a g e ,  
(2)  s t o r a g e  i n  a q u i f e r s ,  and (3 )  s t o r a g e  i n  mined caverns o r  dissolved-  
s a l t  cavit ies.  High-pressure tank  s t o r a g e  can b e  accomplished i n  con- 
ven t iona l  high-pressure tanks  l o c a t e d  on t h e  p l a n t  s i t e .  This method 
would have a h igh  c a p i t a l  c o s t  bu t  is no t  r e s t r i c t e d  t o  any p l a n t  loca-  
t i o n .  Aquifer s t o r a g e ,  a technique t h a t  has  had some development and 
a p p l i c a t i o n  i n  t h e  n a t u r a l  gas  i n d u s t r y ,  i s  simply high-pressure s t o r a g e  
i n  sedimentary rock formations c a l l e d  a q u i f e r s .  These formations 
usua l ly  c o n s i s t  of a sandstone sublayer  covered w i t h  a 20- t o  200-ft 
impermeable "caprock." 
500 t o  2000 ft. The gas i s  then i n j e c t e d  I n t o  the  sedimentary sub laye r  
where i t  d i s p l a c e s  t h e  en t r a ined  water. The c a p i l l a r y  a c t i o n  of t h e  
water con ta ins  the gas ,  and a pseudo-bubble i s  formed i n  t h e  rock. I n  
t h i s  manner a l a r g e  volume of high-pressure gas may b e  s t o r e d  a t  a 
r e l a t i v e l y  s m a l l  c a p i t a l  expendi ture .  The t h i r d  a l t e r n a t i v e  i n  t h e  
s t o r a g e  of gases  encompasses two techniques t h a t  are s i m i l a r  i n  concept 
b u t  s l i g h t l y  d i f f e r e n t  i n  economics. They are s t o r a g e  i n  mined caverns 
and i n  d i s so lved- sa l t  c a v i t i e s .  I n  both cases an underground void i s  
used t o  s t o r e  t h e  gas .  This type  of s t o r a g e  may b e  a p p l i c a b l e  i n  
reg ions  where sedimentary rock formations do not  ex-it .  

p rev ious ly  descr ibed ,  except t h a t  t h e  product s y n t h e s i s  gas is  piped 
i n  a compressed gas  p i p e l i n e  r a t h e r  t han  be ing  s t o r e d .  A t  t h e  use r  
end, the s y n t h e s i s  gas is methanated and t h e  h e a t  of r e a c t i o n  removed 
by producing process  s t e a m .  

The s t o r a g e  of gases  can b e  accomplished by s e v e r a l  method::, o f  

T o  s t o r e  gas ,  a h o l e  i s  d r i l l e d  t o  a depth of 

The a l t e r n a t i v e  energy t r a n s p o r t  s y s t e m  i s  s i m i l a r  t o  t h e  system 

2 . 2 . 1  Resu l t s  

The EVA-ADAM peaking power system is  very  c a p i t a l - i n t e n s i v e .  As 
can b e  seen  by Table 27 ,  t h e  c a p i t a l  investment c o n s t i t u t e s  t h e  major 
po r t ion  of t he  t o t a l  annual  c o s t  , f a r  outweighing t h e  ope ra t ing ,  main- 
tenance,  and f u e l  expenses.  These high c a p i t a l  c o s t s  are, of course,  
l a r g e l y  because of t he  h igh  c o s t  of t he  nuc lea r  i s l a n d  ( r eac to r ,  
reformer,  and s t e a m  gene ra to r )  and t h e  power gene ra t ing  equipment; b u t ,  
as can b e  seen  by Fig.  23, t h e  cash ou t l ays  €o r  gas-to-gas h e a t  t r a n s f e r  
equipment i n  the loop and t h e  methanator-steam gene ra to r  s e c t i o n  are 
s i g n i f i c a n t .  Add i t iona l ly ,  t h e  s t o r a g e  c o s t s  could b e  q u i t e  h igh ,  
depending on t h e  technique used,  and could determine whether o r  no t  t h e  
system i s  economical. 



Table 27. Economic a n a l y s i s  of EVA-ADAM peaking power p l a n t  
__-I__ - 

It e m  
-- 

W3.T K 

Base load  t u r b i n e  gene ra to r  

Peak load  t u r b i n e  gene ra to r  

s t o r a g e  ( aqu i f e r )  

Cki4 s t o r a g e  ( aqu i f e r )  

B a s  e-p l a n t  heat exchanger 

Peak-p ].an t h e a t  exchanger 

Methanator-steam gene ra to r  

Gas inventory 

T o t a l  c a p i t a l  cost 

Annual c a p i t a l  cos t  

Annual ope ra t ing  and maintenance 
cos t  

Annual f u e l  cyc le  c o s t  

T o t a l  annual  cos t  (before-base 
load c r e d i t )  

Base-load power c r e d i t  

T o t a l  annual  c o s t  ( a f t e r  base-  
load c r e d i t )  

c o s t  (106 $1 
~~ 

(600 t o  800) 

87 

369 
3 . 2  

1.0 

55 

10 3 

13 2 

1.1 

(1351 t o  1551) 

(203 t o  233)" 

17.8 

3 4 .  3b 

(255 t o  285) 

2 2" 

(233 to 263)  

Toti31 peaking power produced 

Unit c o s t  of peaking power 

Peaking power genera ted  

Base load  power generated 

(per  yea r )  (4.11 x l o 9  kWhr) 

(56.7 t o  64.0 mills/kWhr) 

2207 MW(e)d 

248 MM(e) 

A t  15% FCR. 

For ty- f ive  cen t s  per  l o 6  Btu at 0.85 PCF. 

A t  1 2  m i l l s  p e r  kWhr. 

0; 

b 

e 

d6 hr lday .  
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Fig.  23. Cost d i s t r i b u t i o n  f o r  EVA-ADAM s t o r a g e  system. 

A c o s t  a n a l y s i s  u s ing  v a r i o u s  high-pressure gas s t o r a g e  techniques 
s h o w s  t h a t  w i th  high-pressure tank s t o r a g e  t h e  c a p i t a l  c o s t s  become 
p r o h i b i t i v e .  Figure 24  is  a p l o t  of peaking power c o s t s  (mills/kWhr) 
vs t h e  assumed o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t s  i n  t h e  gas-to-gas 
h e a t  exchangers using t h r e e  s t o r a g e  techniques: a q u i f e r  s t o r a g e ,  mined 
cavern s t o r a g e ,  and high-pressure tank s t o r a g e .  It can b e  i n f e r r e d  from 
these  r e s u l t s  t h a t  without  a low-cos t underground s t o r a g e  technique,  t h i s  
system w i l l  i n  a l l  p r o b a b i l i t y  never be economically f e a s i b l e .  It can 
a l s o  be deduced from t h i s  p l o t  t h a t  t h e  system's  c o s t s  are somewhat sen- 
s i t i v e  t o  t h e  e f f e c t i v e n e s s  of t h e  h e a t  t r a n s f e r  equipment. With an  
o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t  below 30 Btu hr-' f t e 2  t h e  
c a p i t a l  c o s t s  f o r  t h e  h e a t  exchange equipment become important .  'Chis 
w i l l ,  of course,  be a t r adeof f  of c a p i t a l  c o s t s  and pumping power ;  b u t ,  
as a l s o  can be seen  from Fig.  2 4 ,  i n c r e a s i n g  t h e  h e a t  t r a n s f e r  c o e f f i -  
c i e n t  beyond 30 Btu h r - l  f t - 2  OF-l does n o t  s i g n i f i c a n t l y  dec rease  t h e  
system c o s t .  

The steam-to-methane r a t i o  i s  ano the r  des ign  parameter of s i g n i f i c a n t  
i n t e r e s t .  IIowever, i n  t h e  c o n f i g u r a t i o n  used i n  t h i s  a n a l y s i s  t h e  peaking 
c o s t  was i n s e n s i t i v e  t o  t h e  steam-to-methane r a t i o  because the  ga in  i n  
r e a c t i o n  conversion w a s  o f f s e t  by h i g h e r  c a p i t a l  c o s t s  and more energy 
w a s t e .  
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Fig.  2 4 .  EVA-ADAM peaking power c o s t s  f o r  v a r i o u s  s t o r a g e  techniques.  

A s  wi th  t h e  peaking system, an EVA-ADAM p i p e l i n e  i s  h i g h l y  c a p i t a l -  
i n t e n s i v e ,  as i s  dep ic t ed  i n  Table 28. I n  a d d i t i o n  t o  t h e  i n h e r e n t  h igh  
c a p i t a l  c o s t s  of a n u c l e a r  energy source ,  t h e  p i p e l i n e  c o s t s  are h igh .  
T r a n s p o r t a t i o n  c o s t s  are s u b s t a n t i a l l y  h ighe r  than those  f o r  s y n t h e t i c  
p i p e l i n e  gas o r  hydrogen because. (1) t h e  h e a t  of r e a c t i o n  is  lower;  
(2)  two p i p e l i n e s  are r e q u i r e d ;  (3) t h e  r e a c t i o n  conversion is much 
lower i n  t h e  reforming methane r e a c t i o n  than  i n  s t r a i g h t  o x i d a t i o n ;  and 
( 4 )  because of t h e  s to i ch iomet ry ,  f o u r  t i m e s  as nmny r e a c t a n t s  must b e  
t r a n s p o r  Led 

2.2.2 De ta i l ed  system descr ipt ion_ 

The c o n f i g u r a t i o n  used i n  t h i s  a n a l y s i s  is  t h e  same f o r  both the 
s t o r a g e  and t h e  t r a n s p o r t a t i o n  systems (Fig.  2 5 ) .  The power sou rce  i s  
a 3000--MW(t) VHTR cooled by a helium-heated steam reformer and steam 
generacor .  
and which c o n t a i n s  an  i n n e r  r e g e n e r a t i v e  r e t u r n  l i n e  similar i n  design 

The reformer i s  a series of tubes packed w i t h  n i c k e l  c a t a l y s t  
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Table 28. EVA-ADAM p i p e l i n e  c o s t  summary 
-_I--- 

I t e m  Costs  ($ x 106) 

C a p i t a l  c o s t s  

VHTR 

Base-load t u r b i n e  genera tor  

Heat exchangers 

Me thana t o r  

P ipe  l i n e  

P ipe ,  cos t  pe r  m i l e  

Compressor, c o s t  p e r  m i l e  

To ta l  

Annual c o s t s  

C a p i t a l  @ 15% FCR 

Operat ing and maintenance 

Fuel  

Pumping, c o s t  pe r  m i l e  

To t a l  

E l e c t r i c a l  c r e d i t  @ 1 2  rnills/kWhr, 
c o s t  p e r  m i l e  

To ta l  c o s t  

P roduc t cos t 

T o t a l  h e a t  t r anspor t ed  

To ta l  s t e a m  h e a t  produced 

600 t o  800 

87 

101 

13 

1 . 7  

0.3  

801 t o  1001 + 2 / m i l e  

120 t o  1.50 + 0.3/mile  

17 .8  

34.3 

0 .os 
172 t o  202 f 0.35/mile 

22 

150 t o  180 + 0.35/mile 

3.42 t o  4.10  $ / l o 6  Btu 
+ 0.008 $ / l o 6  Btu/mile 

1770 MW (6.04 x l o 9  Btu/hr)  

1730 MW (5.9 x l o 9  Btu/hr)  

t o  that being s t u d i e d  by GE and t h e  German KFA.So 
i s  hea ted  wi th  helium exhausted from the  reformer and produces s t e a m  
a t  950°F and 2400 p s i .  
and t o  supply feed steam f o r  t he  methane-steam reformer.  The base-load 
p l a n t  i s  pa t t e rned  a f t e r  an  WTGR cycle51 as d e t a i l e d  by t h e  cyc le  condi- 
t i o n s  l i s t e d  i n  Table 29. Deviat ions from t h e  s t anda rd  HTGR cyc le  are: 
(1) t h e  a u x i l i a r y  equipment i s  assumed t o  b e  motor d r iven ;  ( 2 )  t h e  feed  
hea t ing  i s  e x t e r n a l ;  and ( 3 )  p a r t  of t h e  high-pressure t u r b i n e  exhaust  
is fed t o  t h e  reformer and the  remainder f ed  t o  t h e  r e h e a t e r ,  which i s  
a l s o  e x t e r n a l .  

The steam gene ra to r  

"his steam i s  used t o  produce base-load power 

r 
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COMPOSITION mole % 

ti2 - 64.0 
co - 11.2 
co2 - 7.7 
CHq - 17.1 

TO PIPELINE/ 
STORAGE 

FROM PlPELlNEiSTORAGE 

1. REACTOR 
2. REFORMER 
3. STEAM GENERATOR 
4. HELllJM CIRCULATOR 
5.  STEAM REHEATER 
6. FEED GAS HEATER 
7. FEED WATER HEATER 
8.  CONDENSOR 
9. LOW-PRESSURE TURBINES 
IO. HIGH PRESSURE TURBINE 
11. METHANATOR/STEAM GENERATOR 

Fig.  25. Schematic of t he  EVA-ADAM energy t r a n s p o r t  and s t o r a g e  system. 

The reformer f eed  s t e a m  is  mixed w i t h  preheated methane and 
c a t a l y t i c a l l y  r e a c t e d  i n  t h e  reformer.  ‘The r e a c t i o n  i s  assumed t o  
reach e q u i l i b r i u m  and i s  exhausted through t h e  i n n e r  tube which cools 
the product  gases  and s u p p l i e s  heat f o r  t h e  r e a c t i o n .  The product gas 
stream i s  s p l i t  s o  t h a t  20% goes t o  a steam r e h e a t e r  where i t  is cooled 
by supe rhea t ing  t h e  s t e a m  t o  1000’F. The o t h e r  80% prehea t s  t h e  steam 
and methane f eed .  
e r a t o r  which produces in t e rmed ia t e  p r e s s u r e  steam f o r  t h e  p rocess .  
product  gases  are then  used t o  provide h e a t  t o  p rehea t  t h e  methane and 
t o  provide feed-water h e a t i n g .  F i n a l  gas coo l ing  and w a t e r  removal t a k e  
p l a c e  i n  a waste h e a t  condenser. The d ry  s y n t h e s i s  gas is  then  e i t h e r  
sent t o  a n  underground s t o r a g e  o r  i t  i s  t r a n s p o r t e d  i n  a compressed-gas 
p i p e l i n e .  

I n  e i t h e r  system, t h e  s y n t h e s i s  gas is  removed from s t o r a g e  o r  t h e  
p i p e l i n e ,  preheated,  and s e n t  t o  a methanator.  Within t h e  methanator 
t h e  h e a t  of r e a c t i o n  is  removed t o  produce steam a t  825OF and 1000 p s i .  
The product  g a s ,  p r i m a r i l y  methane and steam, i s  cooled and t h e  w a t e r  
condensed by p rehea t ing  the f eed  gas and f eed  water. 
f i n a l l y  cooled,  and t h e  remaining water is  removed i n  a w a s t e  h e a t  con- 
dense r .  The methane product  is  r e t u r n e d  by p i p e l i n e  o r  s e n t  t o  ano the r  
s t o r a g e  area. 

The product  gases  are a g a i n  cooled in a steam gen- 
The 

The product is 



Table 29. Base-load turbine-generator  p l a n t  des ign  da ta  

Item 
Temperature P res su re  Enthalpy Entropy 

( O F )  ( p s i )  (B t u /  l b  ) (B t u /  lb-  0 F) 

Turbine t h r o t t l e  

Governing s t a g e  bowl 

Governing s t a g e  expansion l i n e  end po in t  and 
upper energy end p o i n t ,  h igh-pressure bowl 

High-pressure s e c t i o n  expansion l i n e  end 
po in t  

High-pressure s e c t i o n  upper energy end po in t  

Keheater i n l e t  

Reheater o u t l e t  

Intermediate-pressure s e c t i o n  bowl 

Intermediate-pressure s e c t i o n  expansion l i n e  

Intermediate-pressure s e c t i o n  upper energy 

Low-pressure s e c t i o n  bowl 

Low-pressure s e c t i o n  expansion l i n e  end po in t  

Low-pressure s e c t i o n  upper energy end po in t  

Condenser ho t  w e l l  

Feedwater pump o u t l e t  

F i n a l  feedwater a f te r  waste h e a t  i npu t  

end po in t  

end poin t  

950 

944 

871 

59 4 

59 7 
596 

1018 

101 7 

661  

664 

663 

101 

i o  1 

1 0 1  

10 6 

565 

2400.00 

2283.07 

1761.96 

594.10 

594.10 

589.90 

579.30 

554.00 

143.30 

143.30 

139.00 

0.98 

0.98 

0.98 

30O0.00 

3O00.00 

1427.9 

1427.9 

1399.4 

1286.8 

1288.3 

1288.3 

1527.3 

1527.3 

1356.9 

1358.4 

1358.4 

1011.4 

1040.3 

69.1 

81.9 

564.1 

1.5099 

1.5147 

1.5188 

1.5303 

1.5318 

1.5325 

1.7257 

1.7305 

0 

1.7445 

1.7459 

I. 7492 

I. 8116 

1.8631 

0.1315 
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The peaking p l a n t  was s i z e d  t o  r e c e i v e  t h e  e n t i r e  thermal product ion 
i n  a 6-hr pe r iod .  The t u r b i n e  gene ra to r  p l a n t  does not fo l low a p a r t i c -  
u l a r  cyc le ,  b u t  t h e  c y c l e  cond i t ions  (Table 30) r e p r e s e n t  a lower l i m i t  
f o r  f o s s i l - t y p e  systems. 

2 . 2 . 2 . 1  Economic methodology_ 

The economic a n a l y s i s  f o r  t h e  EVA-ADAM peaking power and t r a n s p o r t a -  
t i o n  sys t emwas  conducted u s i n g  t h e  d a t a  l i s t e d  i n  Table 31. The esti- 
mated c a p i t a l  c o s t  of t h e  VHTR w a s  taken t o  b e  between $600 and $800 
m i l l i o ~ i . ~  
estimate VHTR o r  one wi thou t  an I H X .  The VHTR c a p i t a l  c o s t s  are t h a t  
of a n u c l e a r  i s l a n d  c o n s i s t i n g  of a r e a c t o r ,  a steam generailor, and a 
reformer.  These cos t s  do n o t  i nc lude  r e a c t o r  o r  material-  development 
and were assumed t o  b e  independent of t h e  steam-to-methane r a t i o .  The 
high-pressure s t o r a g e  areas f o r  t h e  peaking system were assumed t o  have 
the same c o s t s  as those  €o r  convent ional  s t o r a g e  of hydrogen and methane. 
These c o s t s  w e r e  developed from d a t a  i n  r e f .  5 2  and are l i s t e d  i n  
Table 32 f o r  va r ious  s t o r a g e  techniques.  The t u r b i n e  gene ra to r  c o s t s  
were der ived  wi th  t h e  a i d  of r e f .  53. 

l l r anspor t a t ion  c o s t s  w e r e  c a l c u l a t e d  assuming a convent ional  gas 
p i p e l i n e  and e l e c t r i c  d r iven  compressors. The p ipe  and pump c o s t s  w e r e  
de r ived  from r e f .  5 4 .  

c o s t  pe r  u n i t  area of h e a t  t r a n s f e r  s u r f a c e .  Each exchanger w a s  ass igned 
a b a s i c  u n i t  c o s t  based on t h e  maximum o p e r a t i n g  temperature ,  p r e s s u r e ,  
and material c o n s i d e r a t i o n s .  The h e a t  t r a n s f e r  s u r f a c e  areas w e r e  cal- 
c u l a t e d  a f t e r  determining t h e  h e a t  t r a n s f e r  rates, mean temperature 
d i f f e r e n c e s ,  and assumed o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t s .  Add i t iona l ly ,  
t h e  c o s t s  of p ip ing ,  v a l v e s ,  l a b o r ,  c o n t r o l s ,  e t c . ,  were determined by 
mul t ip ly ing  t h e  exchanger c o s t s  by an  a d j  us tment f a c t o r .  The methanator 
c a p i t a l  c o s t s  were based on c o s t  p e r  u n i t  area of h e a t  t r a n s f e r  s u r f a c e .  
This assumes t h a t  t h e  r e a c t i o n  i s  h e a t - t r a n s f e r - l i m i t e d  and is  j u s t i f i e d  
by t h e  r e l a t i v e l y  high temperature  a t  which the  methanator would o p e r a t e  .) 

a i au l t i p l e  of t h e  e q u i v a l e n t  O&M c o s t s  f o r  an HTGR ob ta ined  from t h e  
ORCOST computer code. 5 5  The component c o s t s  of s t a f f  , maintenance, 
material ,  s u p p l i e s ,  and expenses were each inc reased  by 50% t o  a d j u s t  
f o r  t h e  a d d i t i o n a l  p l a n t  s i z e ;  i n su rance ,  f e e s ,  a d m i n i s t r a t i v e ,  and 
g e n e r a l  e,xpenses w e r e  n o t .  Using t h e  d a t a  from t h i s  code, a l i n e a r  
r e l a t i o n s h i p  between O&M c o s t s  and power p l a n t  s i z e  w a s  de r ived .  Addi- 
t i o n a l l y ,  ca ta lys t :  c o s t s  w e r e  added t o  t h e  O&M c o s t s .  The c a t a l y s t  w a s  
assiimed t o  have a l i f e  expectancy of fou r  y e a r s  a t  a u n i t  c o s t  of 
$ 3 0 0 / f t 3 .  The volume of  c a t a l y s t  needed wns c a l c u l a t e d  us ing  t h e  
assumption of a f i r s t - o r d e r  r e a c t i o n  and t h e  method developed i n  r e f .  56. 

The $600-million VHTR may be considered e i t h e r  a’ lower 

H e a t  exchangers f o r  t h e  EVA-ADAM loop w e r e  p r i c e d  on t h e  b a s i s  of 

The annual  o p e r a t i n g  and maintenance (O&M) c o s t s  were ob ta ined  as 



Table 30. Peak-load turbine-generator  p l a n t  des ign  d a t a  

I t e m  
Temperature Pressure Enthalpy Entropy 

(OF) (Ps i )  (B t u / l b )  (B t u / lb -  OF) 

Turbine t h r o t t l e  
~ 

825 1250 .OO 1392.8 1.5474 

Governing s t a g e  bowl 820 1189.10 1392.8 1.5524 
Governing s t a g e  expansion l i n e  end po in t  and 

upper energy end p o i n t ,  high-pressure bowl 75 1 906.40 1364.2 1.5566 
High-pressure s e c t i o n  expansion l i n e  end 

poin t  4 31 214.50 1227.2 1.5715 

High-pressure s e c t i o n  upper energy end p o i n t  433 214.50 1228.7 1.5732 

Reheater i n l e t  433 213 .OO 1228.7 1.5739 

Reheater o u t l e t  825 209.10 1437.3 1.7705 

Low-pressure s e c t i o n  bowl 824 200.00 1437.3 1 .7753 
Low-pressure s e c t i o n  expansion l i n e  end p o i n t  101 0.98 1025.1 1.8360 

Low-pressure s e c t i o n  upper  energy end p o i n t  101  0.98 1058.1 1.8948 

Condenser h o t  w e l l  101 0.98 69.1 0.1315 

w 
m 

Feedwater pump o u t l e t  104 1562.50 75.8 

F i n a l  feedwater a f t e r  waste h e a t  i npu t  311 1562 S O  283.4 
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Table 31. EVA-ADAM c o s t  estimate b a s i s  
____---- -^_I_ 

Nuclear f u e l  $0. 4 5 / 1 0 6  Btu 

E l e c t r i c i t y  $0.012/kWtir 

Fixed charge rate 0.15 

I n t e r e s t  du r ing  c o n s t r u c t i o n  8X 

D a t e  of f i r s t  commercial o p e r a t i o n  19 82 

Standard o p e r a t i n g  yea r  310 days 

Steam: methane r a t i o  2 

Table 32. Cost comparison f o r  methane and hydrogen 
s t o r a g e  a t  1 5 . 6 O C  (60'F) [ e s t i m t e d  c a p i t a l  

c o s t  f o r  s t o r i n g  1 kg-mole a t  6 .894  
MPn (1000 p s i ) ]  

c o s t  ($) 

CH4 H2  
S to rage  system 

Underground s t o r a g e  ( a q u i f e r )  0 .66  0.8162 

Dissolved-sal t  c a v i t y  1.89 2.32 

Mined cavern 

S t e e l  p i p e  ( l i n e  packing) 
8 

3.78 4.64 

40.40 49.60 

Tank s t o r a g e  191.10 233.60 

2 . 3  Heat T r a n s f e r  S a l t  

The EVA-ADAN system cons ide r s  s t o r a g e  i n  t h e  form of chemical 
energy. The h e a t  t r a n s f e r  s a l t  (IITS) system is  based OR thermnl. energy 
s t o r a g e  as s e n s i b l e  h e a t  high-temperature s a l t .  

temperature  thermal  energy t o  a r e f i n e r y ,  i n c l u d i n g  t h e  s tudy  by 
Genera.1 Atomic (GA),  i t  became appa ren t  t h a t  t h e  HTS, s e l e c t e d  from a 
number of p o s s i b l e  a l t e r n a t i v e  h e a t  t r a n s p o r t  E l u i d s ,  would a l s o  b e  
a p p l i c a b l e  f o r  thermal s t o r a g e  f o r  g e n e r a t i o n  of intermediate- load 
and peaking e l e c t r i c i t y .  

I n  our a n a l y s i s  of t h e  technology a p p l i c a b l e  t o  supplying high- 
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2.3.1 H e a t  source 

The requirement f o r  nuc lea r  r e a c t o r  technology i s  no more seve re  
than f o r  e x i s t i n g  HTGR technology - a co re  o u t l e t  temperature of approxi- 
mately 1300'F ( t h e  s t anda rd  HTGR design has  a core o u t l e t  temperture of 
about 1400'F). 
process-heat HTGR. Ln t h e  s tudy  of h e a t  t r a n s p o r t  t o  a r e f i n e r y  v i a  
HTS, GA i n d i c a t e d  t h a t  two major mod i f i ca t ions  would b e  made t o  t h e  HTGR 
PCKV i n t e r n a l s :  (1) t h e  s t e a m  gene ra to r s  would b e  replaced by primary 
helium t o  secondary helium h e a t  exchangers;  and (2) t h e  number of 
primary r e a c t o r  coo l ing  loops would b e  reduced (from 4 t o  3 f o r  t h e  
~ O O O - M W ( ~ )  p l a n t ) .  42 

The r e a c t o r  may b e  thought of as e i t h e r  a VHTR o r  a 

2.3.2 S a l t  

H e a t  t r a n s f e r  s a l t  is  a e u t e c t i c  mixture of potassium n i t r a t e  (KNO3) ,  
sodium n i t r i t e  (NaNOZ), and sodium n i t r a t e  (NaN03). Developed by du Pont 
i n  the 1930s f o r  use i n  t h e  chemical and petroleum process  i n d u s t r i e s ,  
HTS is  economical and has good hea t  t r a n s f e r  p r o p e r t i e s .  The usua l  
composition by weight is 53% KN03, 40% N a N 0 2 ,  and 7% N ~ N O Z J . ~ ~  Some of 
t h e  more important p h y s i c a l  p r o p e r t i e s  of HTS f o r  t h i s  a p p l i c a t i o n  
inc lude  i ts  l o w  melt ing p o i n t  142OC (288'F), thermal conduc t iv i ty  
(0.33 Btu h r - l  f t - l  "F-I) ,  s p e c i f i c  h e a t  (0.373 Btu l b - l  OF-' - see 
Fig.  26), d e n s i t y  ( see  Fig.  27 ) ,  v i s c o s i t y  (see Fig. 28) ,  and h e a t  
t r a n s f e r  c o e f f i c i e n t  (800 t o  2900 Btu hr-I  f t- '  O F m 1 ,  over a wide range 
of temperatures and v e l o c i t i e s ) .  Heat t r a n s f e r  s a l t  has  been widely 
used i n  many i n d u s t r i a l  a p p l i c a t i o n s  and i n  very l a r g e  volumes. For 
example, one Houdry c a t a l y t i c  c rack ing  and r e f i n i n g  uni.t uses on t h e  
o rde r  of 1 x l o 6  l b  of HTS.57 

1100°F,58-63 al though d a t a  on thermal s t a b i l i t y  a t  high temperatures 
are not  adequate.  A l i t e r a t u r e  s tudy on HTS, a long wi th  some experi- 
mental  d a t a ,  are p resen ted  by Bohlmann i n  a 1972 r e p o r t . 5 7  
accepted o v e r a l l  thermal decomposition r e a c t i o n  f o r  HTS is: 

Vendor and open l i t e r a t u r e  p u b l i c a t i o n s  recommend use of HTS up t o  

The gene ra l ly  

5NaN02 + 3NaN03 + Na20  + N 2  . 
This s to i ch iomet ry  w a s  used t o  analyze decomposition as a func t ion  of 
temperature.  Despi te  t h e  d i s p a r a t e  cond i t ions  of t h e  va r ious  i n v e s t i -  
g a t i o n s ,  t h e  r e s u l t s  are r e l a t i v e l y  c o n s i s t e n t .  Based on t h e  d a t a  
p re sen ted  i n  F ig .  29, e s t ima ted  amounts of sa l t  replacement have been 
c a l c u l a t e d  f o r  l l O O o  and 1000°F o p e r a t i o n .  

HTS has  been s a t i s f a c t o r i l y  handled on a long-term b a s i s  i n  s t a i n l e s s  
steel  equipment up t o  llOO'F and i n  carbon steel up t o  about 850'F. 

Corrosion d a t a  p re sen ted  i n  t h e  aforementioned r e p o r t  i n d i c a t e  t h a t  
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Fig. 26. Enthalpy of  FITS vs temperature .  

2 . 3 . 3  % s t e m  d e s c r i p t i o n  

Figure 30 is  a schematic diagram of an e l e c t r i c  peaking power gen- 
e r a t i n g  system based on HTS energy s t o r a g e .  The economic a n a l y s i s  
cons ide r s  1000" and 1100°F m a x i m u m  s a l t  temperature wi th  and without  an 
THX. The more conse rva t ive  case is  i l l u s t r a t e d  (10OO"P w i t h  I H X ) .  The 
3000-MW(t) system w i l l  provide 200 N ( e )  cont inuously and 3667 W ( e )  
f o r  6 h r /day  (peaking power). 
1.Snr of thermal energy. The peaking p l a n t  t u r b i n e  cyc le  is  e s s e n t i a l l y  
t h e  s a m e  as an HTGR power c y c l e ,  and t h e  base-load t u r b i n e  cyc le  is  t h e  
same as a boi l ing-water-reactor  power cyc le .  

The system is  designed t o  s t o r e  43,200 

2 3.4  Economic analys-is 

Table 33 p r e s e n t s  a summary of t h e  prel iminary economic a n a l y s i s  
Case 4 a t  l0OQ'F wi th  an I H X  of the HTS peaking power s t o r a g e  p l a n t .  

is  t h e  r e f e r e n c e  case. 
Costs included f o r  t h e  VHTR and I H X  are those  de r ived  i n  ORNL's 

V W R  assessment which w e r e  intended €o r  h ighe r  temperature a p p l i c a t i o n .  
General Atomic's e s t i m a t e  of t h e s e  c o s t s ,  as p resen ted  i n  t h e i r  r e f i n e r y  
s t u d y , 4 2  i s  markedly less. 
t h i s  p a r t i c u l a r  a p p l i c a t i o n  i s  d e s i r a b l e .  W e  b e l i e v e  ou r s  i s  a very 

Obviously, a b e t t e r  d e f i n i t i o n  of c o s t  f o r  
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Fig. 27. Density of liquid HTS. 

conservative assessment of the economic potential of the concept. There 
appears to be some reasonable possibility of improving the  competitive 
position of the HTS storage system relative to current estimates with a 
more thorough and detailed analysis. 
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Table 33. Prel iminary ecsnonic  a n a l y s i s  of HTS peaking power p l a n t  

Di rec t  and i n d i r e c t  c o s t s  ($ x l o 6 )  
S a l t  temperature o f :  

llOO°F lOO0OF 
I t e m  Coments  

Without With Without With 
I H X  I H X  IHX I H X  

Capi ta l  cost  

VHTR 

IHX 

Turbine i s l a n d  (HTGR cycle)  
3744-MW(e) peaking p l a n t  

Turbine i s l a n d  (BWR cycle)  
?OO-W(e) base load 

S a l t  inventory 

S a l t  s t o r a g e  

S a l t  loop 

Tota l  c a p i t a l  c o s t  

Annual c a p i t a l  cos t  
A n n u a l  opera t ing  and maintenance 

Annual f u e l  cyc le  c o s t  
Annual s a l t  replacement c o s t  

c o s t  

Tota l  annual c o s t  
Base-load power c r e d i t  

Net annual c o s t  (peaking power) 

Tota l  peaking power 

Unit c o s t  of peaking power, mills/kwhr 

600 

599 

36 

140 
(6.7 x l o E  l b )  

95 
(6.4 x l o 6  f t 3 )  

25 

1495 

224 
9 

- 

35 
56 

324 
i a  

600 

100 

599 

36 

140 

95 

25 

1595 

2 39 
9 

35 
56 

3 39 
18 

- 

- 

296 321 

6.97 x lo9 k'rlhr/yr 

42.5 46.0 

600 600 

100 

599 599 

36 36 

168 16 8 
(8.1 x 10' lb) 

114 114 
(7 .4  x 106 f t 3 )  

30 30 

1547 1647 

232 247 
9 9 

__ __ 

35 35 
20 20 

296 311 
18 18 

2 78 293 

6.83 x lo9 kWhr/yr 

- - 

- - 

40.7 42.9 

Includes steam generator  and process hea t  

Based on d a t a  in VHTR eva lua t ion  r e p o r t .  

Scaled d i r e c t l y  from HTGR turb ine  i s l a n d  

Scaled d i r e c t l y  from BWR turb ine  i s l a n d  

Based on 2Oc/lb ( sca led  up from 15c/X~).~" 
2400-MW(t) s t o r a g e  f o r  18 h r .  

Estimated at  $ 1 5 / f t 3 ;  average dens i ty  

Estimated from d a t a  r e f i n e r y  s tudy.  

exchanger. 

c o s t  data .a  

c o s t  data .a  

110 l b / f t 3 .  
b 

15% FCR. 
Conservat ively est imated a t  about twice conven- 

t i o n a l  HTGR p l a n t  of equiva len t  s i z e .  

Based on 45c/106 Btu a t  0.85 p l a n t  f a c t o r .  
Estimated from HTS decomposition r a t e s  .d 

12 rdl ls /kWhr;  1490 x lo6 kkXr/year a t  
p l a n t  f a c t o r .  

39% and 36.2X e f f i c i e n c i e s  f o r  peaking power 
c y c l e s  based on NTS a t  l l O O o  and lDOO'F 
r e s p e c t i v e l y .  

252 p l a n t  f a c t o r  on a d a i l y  b a s i s .  

aT .  D .  Anderson et  a l . ,  Av Assessment of Lydmtriul u%rpj 0pt.Soris Ba;ed on Coal and NucZzar S@ems, Report OLVL-4955. Oak Ridge Nat ional  
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%ate, presented i n  Fig.  27. 

Laboratory, J u l y  1975. 
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3 .  MATERIALS REQUIREMENTS FOR PROCESS HEAT EXCHANGERS 

Important  f a c t o r s  t h a t  i n f l u e n c e  t h c  s e l e c t i o n  of materials f o r  
h e a t  exchanger a p p l i c a t i o n s  are temperature ,  stress, environment, and 
o p e r a t i n g  l i f e t i m e .  Although t h e  stress on t h e  PFiX material w i l l  depend 
on t h e  p rocess  design s e l e c t e d ,  t h e  o p e r a t i o n  of t h e  p rocess  at: a 
p r e s s u r e  c l o s e  t o  t h e  coo lan t  hel ium p r e s s u r e  w i l l  nGnimize tube stresses 
and c reep  rates i n  t h e  PIlX material. I n  v i e w  of t h e  i n t e r a c t i o n  between 
mechanical p r o p e r t i e s  and environment, c o n s i d e r a t i o n  must be gtven t o  
t h e  chemical c o m p a t i b i l i t y  of  cand ida te  m i t e r i a l s  w i t h  t h e  p rocess .  The 
environments are expected t o  b e  made up of impure helium, hydrogen, 
steam, c o a l ,  a sh ,  and v a r i o u s  hydrocarbons.  

o b j e c t i v e  of recommending a smaller group of materials f o r  each proposed 
o p e r a t i n g  cond i t ion .  The f a m i l i e s  of materials s e l e c t e d  are l i s t e d  i n  
Table 34 and cover t h e  range of convent ional  c o n s t r u c t i o n  m a t e r i a l s  
c u r r e n t l y  used i n  high-temperature a p p l i c a t i o n s .  Following a b r i e f  
d e s c r i p t i o n  o f  t h e  c r i t i ca l  o p e r a t i n g  c o n d i t i o n s  r e q u i r e d  f o r  t h e  steam 
reforming and s t e m - c o a l  g a s i f i c a t i o n  p rocesses ,  t h e s e  f a m i l i e s  or  
materials w i l l  b e  reviewed w i t h  r e s p e c t  t o  t h e  mechanical p r o p e r t i e s  and 
c o m p a t i b i l i t y  requirements of t h e  two p rocesses .  This is  followed by a 
d e s c r i p t i o n  of t h e  Westinghouse thermochemical hydrogen p rocess  and a 
review of t h e  materials requirements f o r  t h i s  process .  

I n  t h i s  a n a l y s i s ,  f a m i l i e s  of a l l o y s  have been considered w i t h  t h e  

3.1 Steam Reforming 

I n  convent ional  steam reforming p l a n t s ,  t h e  energy for t h e  endo- 
thermic r e a c t i o n  is  s u p p l i e d  by burning ash- and s u l f u r - f r e e  hydrocarbons 
i n  preheated a i r .  These combustion gases t r a v e l  c o u n t e r c u r r e n t l y  t o  t h e  
p rocess  gas which flows through c a t a l y s t - f i l l e d  t u b e s ,  To reduce 
hydrocarbon consumption, nuc lea r  p rocess  h e a t  i s  be ing  considered as t h e  
energy source  f o r  t h i s  p rocess .  

Where p o s s i b l e ,  t h e  material e v a l u a t i o n  of t h e  VHTR reformer system 
w i l l  b e  based on t h e  des ign  of conven t iona l  f o s s i l - f i r e d  reformers .  A 
VHTR reformer d e s i g n  might i n c o r p o r a t e  s t r a i g h t  tubes packed i n  a f u l l  
t ube  f i e l d  hung v e r t i c a l l y  from a s i n g l e  tubeshee t .  High-temperature 
helium e n t e r s  a t  t h e  bottom of t h e  reformer and e x i t s  a t  t h e  top .  
Process  gases  pas s  through t h e  tubeshee t  and down t h e  c a t a l y s t - f i l l e d  
tubes  and are exhausted through s e m i f l e x i b l e  p i g t a i l s  welded t o  the 
bottom of t h e  tubes .  

316 s t a i n l e s s  steel. The c a t a l y s t  tubes are t y p i c a l l y  28 f t  long w i t h  a 
1/2- in .  w a l l  t h i ckness  and are made from c e n t r i f u g a l l y  cast a l l o y s  such 
as HK-40. The tubeshee t  i s  cons t ruc t ed  of 304 s t a i n l e s s  s tee l ,  which is 
c l a d  on t h e  t o p  s u r f a c e  w i t h  a weld o v e r l a y  of Incoloy 890, 

I n  convent ional  r e fo rmers ,  t h e  p i g t a i l s  are made from type 304 o r  
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Table 34. Represen ta t ive  cand ida te  materials f o r  i n i t i a l  s c reen ing  

Categories  of materials 
- .___ 

S t a i n l e s s  steels 

Nickel-base a l l o y s  - s o l i d  s o l u t i o n  
s t r eng thened  

Nickel-base a l l o y s  - p r e c i p i t a t i o n  
s t r eng thened  

Cobalt-base a l l o y s  

C e n t r i f u g a l l y  cast a l l o y s  

Oxide-dispersion-strengthened a l l o y s  

Ref rac to ry  a l l o y s  

C e r a m i c  r e f r a c t o r y  

Exemplary grades 

Types 310, 336,  304 

Alloys 102 ,  536, 600, 601, 617 ,  
800H, 802, 903, RA333, 
I I a s t e l loy  X 

718 
Alloys 702, X7.50, 901, n979, 

Alloys U700, Waspaloy, Rene 95 

Alloys L-605, IIS-188 

Alloys HK-40 , Supertherni, 519, 
657, Mo-Re 2 ,  Manurite 36X 

Aiioys T D F I ~ ,  nrmmicR, 1 m - 7 5 3  
Molybdenum, Alloy TZM 

S i c ,  S ~ ~ N I , ,  A1203, S i 0 2  

3 . 2  Steam-Coal G a s i f i c a t i o n  

In e s t a b l i s h i n g  cr i ter ia  f o r  t h e  s e l e c t i o n  of material f o r  t he  
VHTR s team-coal  g a s i f i e r ,  an earlier design s tudy by t h e  West Germans 
f o r  t h e  g a s i f i c a t i o n  of l i g n i t e  can be used as a p o i n t  of depa r tu re .64  
The proposed g a s i f i e r  i s  a h o r i z o n t a l  c y l i n d e r  about 80 f t  long and 
18 f t  i n  diameter.  Coal is r e a c t e d  i n  a f l u i d i z e d  bed i n  which a hea t  
exchanger i s  l o c a t e d .  Coal e n t e r s  t h e  g a s i f i e r  a t  the  upper r i g h t ;  ash 
and s l a g  are withdrawn through an opening a t  t h e  lower l e f t .  The bed 
i s  f l u i d i z e d  by high-temperature steam i n j e c t e d  from below. Heated 
helium e n t e r s  t h e  h e a t  exchanger from above, .flows through tubes i n s i d e  
the bed, and then j o i n s  t h e  col.l.ector tubes t o  leave t h e  g a s i f i e r  
through an  upper o u t l e t .  Although t h e  s p e c i f i c  o p e r a t i n g  temperature 
and p r e s s u r e  f o r  t h e  proposed g a s i f i e r  were no t  s p e c i f i e d ,  t h e  design 
approach w a s  t o  ba l ance  t h e  p r e s s u r e  a c r o s s  t h e  PHX tubes wh i l e  ope ra t ing  
t h e  g a s i f i e r  a t  t h e  h i g h e s t  p r a c t i c a l  temperature.  Operating temperatures 
of 1500' t o  1925'F were considered i n  t h e  German s tudy .  

I n  a d d i t i o n  t o  those corros-ion cond i t ions  observed i n  steam reform- 
i n g  systems, materials i n  t h e  f luidized-bed c o a l  g a s i f i e r s  w i l l  be  
s u b j e c t  t o  erosion-corrosion r e a c t i o n s  wi th  char  and ash e n t r a i n e d  i n  
the  s t e a m  and s u l f i d a t i o n  from H2S formed by the  r educ t ion  of o rgan ic  
s u l f u r  i m p u r i t i e s  i n  t h e  coal. I n  t h e i r  i n i t i a l  s t u d i e s ,  t h e  Germans 
explored t h e  p o t e n t i a l  use of 310 s t a i n l e s s  steel  and Incoloy 800 f o r  
t h e  tube  material; however, t h e s e  materials have shown only short-term 
use fu lness  i n  t h e  1700" t o  1900'F range. 
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3.3 High-Temperature Load-Carrying C a p a b i l i t i e s  

With regard t o  t h e  steam reformer and c o a l  g a s i f i c a t i o n  systems, 
t h e  p r i n c i p a l  f a c t o r s  i n f l u e n c i n g  t h e  u s e f u l  life of the h e a t  exchanger 
tub ing  w i l l  be  load-carrying c a p a b i l i t y  and c o r r o s i o n  r e s i s t a n c e .  The 
o b j e c t i v e  of t h i s  s e c t i o n  w i l l  b e  t o  review t h e  f a c t o r s  p e r t i n e n t  t o  t h e  
load-carrying a b i l i t i e s  of cand ida te  materials f o r  h e a t  exchanger 
tu11 ing . 
owners t o  o b t a i n  s ta te  and f e d e r a l  l i c e n s e s .  To o b t a i n  t h e  a p p r o p r i a t e  
l i c e n s e  and in su rance  w i l l  r e q u i r e  t h a t  t h e  f a c i l i t i e s  be.  designed and 
b u i l t  i n  conformance wi th  minimum s t anda rds  provided by t h e  t e c h n i c a l  
communi t y  e I n  t h e  petrochemical  i n d u s t r y  , t h e  s tandards app l i ed  t o  
gas-f i red steam-methane reformers  are those  e s t a b l i s h e d  by t h e  h e r  i can 
Petroleum I n s t i t u t e .  Since no commercially o p e r a t i n g  coal-conversion 
system has  been b u i l t  i n  t h e  United S t a t e s ,  no precedent  has been 
e s t a b l i s h e d  r ega rd ing  design and f a b r i c a t i o n  s t a n d a r d s .  

s t a t i o n s  are r equ i r ed  t o  comply with S e c t .  I11 of t h e  ASME B o i l e r  and 
P res su re  Vessel Code. With regard t o  t h e  proposed nuclear-powered s t e a m  
reformer and/or c o a l  g a s i f i c a t i o n  systems,  one could p o s t u l a t e  t h a t  a 
f a i l u r e  of t h e  process  p r e s s u r e  vessel could l e a d  t o  a r u p t u r e  of the 
IHX. I n  t u r n ,  f a i l u r e  of t h e  IHX could al low t h e  release of r e a c t o r  
core  gases .  It is a n t i c i p a t e d  t h a t  t h i s  s c e n a r i o  could b e  used t o  
r e q u i r e  t h a t  t h e  design and f a b r i c a t i o n  of t h e  p r e s s u r e  v e s s e l s  a s soc i -  
a t c d  wi th  steam reforming and c o a l  g a s i f i c a t i o n  systems cotifonn wi th  
Sect .  I L L  of t h e  ASHE Code. A review of the impact of such a d e c i s i o n  
on the s e l e c t i o n  of h e a t  exchanger tube  material  fo l lows .  

m a t e r i a l  s e l e c t i o n  f o r  n u c l e a r  components e The ASME Code recognizes  
t h a t  d i f f e r e n t  levels of importance can b e  a s s o c i a t e d  with each component; 
t h e r e f o r e ,  t h e r e  are t h r e e  c l a s s e s  of  n u c l e a r  components. Classes 1, 2 ,  
and 3 r e p r e s e n t  components w i t h  dec reas ing  l e v e l s  of design and inspec- 
t i o n  s t r i n g e n c i e s .  Based on t h i s  s c e n a r i o ,  t h e  PHX would most l i k e l y  b e  
a c l a s s  1 component. 

As w r i t t e n ,  S e c t .  111 of t h e  code g ives  design r u l e s  and stress 
i n t e n s i t y  l i m i t s  as a f u n c t i o n  of temperature up t o  700" and 800°F f o r  
f e r r i t i c  and a u s t e n i t i c  materials r e s p e c t i v e l y .  Code Case 1592 of 
Sect. CII provides  stress l i m i t s  and r e v i s e d  design r u l e s  € o r  t h e  u s e  
of f o u r  a l l o y s  for class 1 components a t  temperatures  i n  t h e  creep range. 
This code case  al lows the u s e  of 304 and 316 s t a i n l e s s  steels t o  1500°F, 
Tncoloy 800H t o  1400°F, and 2-1/4 C r - 1  Mo s tee l  t o  L200"E.  
a l lowable stress i n t e n s i t i e s  f o r  t h e s e  a l l o y s  f o r  temperatures  from 
800" t o  1500°F are i l l u s t r a t e d  i n  F ig .  31. 

load-carrying c a p a b i l i t i e s  of t h e  cand ida te  materials. A t  1400" t o  
15OO0F, t h e  maximum a l lowab le  stress i n t e n s i t y  l i m i t s  f o r  t h e s e  Code 
Case 1592 approved materials range from 1100 t o  3600 p s i .  Note t h a t  no 
materials have been approved f o r  use at temperatures  above 1500°F. 

stress i n t e n s i t y  l i m i t s  for Code-approved materials a t  temperatures  i n  

Commercial o p e r a t i o n  of these proposed s y s  t e m s  w i l l  r e q u i r e  t h e  

To p r o t e c t  t h e  p u b l i c ,  t h e  design and f a b r i c a t i o n  of n u c l e a r  powcr 

Sec t ion  I11 of t h e  ASME Code w a s  e s t a b l i s h e d  t o  a i d  design and 

The maximum 

A t  t h e s e  temperatures ,  c r eep  s t r e n g t h  is t h e  l i m i t i n g  f a c t o r  i n  t h e  

When provided s u f f i c i e n t  d a t a ,  the Code Committees can e s t a b l i s h  
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Fig. 31. Haximum al lowable stress i n t e n s i t i e s  f o r  Code Case 1592 materials. 

excess of 1500'F. However, e x t r a p o l a t i o n  of t h e  maximum al lowable stress 
limits (Fig.  31) t o  h ighe r  temperature i n d i c a t e s  stress i n t e n s i t y  limits 
for t h e s e  materials at 1600'F would be  nea r  o r  below 1000 p s i .  
should b e  s k e p t i c a l  about recommending a material f o r  a h e a t  exchanger 
of t h i s  s i z e  which o p e r a t e s  a t  1600'F and which has  stress a l lowab les  
below 1000 p s i .  

Since a d d i t i o n a l  a l l o y s  can be added t o  t h e  Code, a review of t h e  
creep r u p t u r e  s t r e n g t h  of those  cand ida te  materials l i s t e d  i n  Table 34 
is u s e f u l ,  and such information h a s  been generated by a s p e c i a l  t a s k  
group of t h e  American I r o n  and S t e e l  I n s t i t u t e  (AISI).65 

One 

D a t a  from t h e  
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Larson-Mill-er e x t r a p o l a t i o n  of 6000- t o  40,000-hr creep r u p t u r e  were 
used t o  p r e d i c t  t h e  stress r u p t u r e  l i m i t s  a t  temperatures  ranging from 
1500" t o  1800°F f o r  a v a r i e t y  of materials. 
Larson-Miller e x t r a p o l a t i o n  of stress r u p t u r e  behavior  for 5- t o  30-year 
service (about 40,000 t o  300,000 h r )  i n d i c a t e s  t h a t :  (1) s o l u t i o n -  
hardened nickel-base a l l o y  (i.e.,  Inconel  600, 601, and Tncoloy 800) had 
s u p e r i o r  stress r u p t u r e  p r o p e r t i e s  when compared t o  s t a i n l e s s  s teel  
materials; (2) f u r t h e r  improvement i n  stress r u p t u r e  p r o p e r t i e s  w a s  
observed w i t h  c e n t r i f u g a l l y  cast  a l l o y s  (i.e.,  HK40 and CFBM); (3)  
precipitatlon-strengthened nickel-base a l l o y s  (Waspaloy and D979) were 
s t r o n g e r  than  any i ron -  o r  nickel-base a l l o y  i n  t h e  1300" t o  1600'F 
range (however above t h e s e  temperatures t h e s e  materials over  age and 
r a p i d l y  l o s e  s t r e n g t h  and d u c t i l i t y ) ;  and ( 4 )  t h e s e  d a t a  i n d i c a t e d  t h a t  
molybdenum and TZM a l l o y s  are cand ida te s  f o r  process  temperatures  of 
1700" t o  2200'F. I n  conclusion,  t h e s e  d a t a  suggest  t h a t  1650' t o  1700°F 
could p o s s i b l y  b e  an upper l i m i t  f o r  t h e  use  of t h e  nickel-base and 
c e n t r i f u g a l l y  cast a l l o y s  i n  long-term creep cond i t ions .  However. a 
review of stress r u p t u r e  p r o p e r t i e s  supp l i ed  by Huntington Alloy66 €or 
a v a r i e t y  o f  t h e i r  s o l i d - s o l u t i o n  nickel-base a l l o y s  d i d  no t  ag ree  w i t h  
t h e  s p e c i a l  t a s k  group's r e p o r t .  
t h a t  the stress r u p t u r e  p r o p e r t i e s  €o r  t h e i r  a l l o y s  are s i g n i f i c a n t l y  
lower than those  i n d i c a t e d  by t h e  s p e c i a l  t a s k  group. 

E x t r a p o l a t i o n  of t h e  ASME Code d a t a  i n d i c a t e s  t h a t  s t a i n l e s s  steels 
w i l l  n o t  b e  expected t o  have s u f f i c i e n t  creep K U p t U r e  s t r e n g t h  t o  be 
considered cand ida te s  f o r  processes  a t  temperatures  i n  excess  of 1550OF. 
However, design r e q u i r i n g  t h e  replacement of t ube  materials on a three-  
t o  f ive-year  b a s i s  may al low t h e  use of s t a i n l e s s  steel t o  process  t e m -  
p e r a t u r e s  as h igh  as 1600°F. 

and i n  t h e  h igh  product r e l i a b i l i t y  t h a t  w i l l  b e  r e q u i r e d  i n  n u c l e a r l y  
a s s o c i a t e d  f a c i l i t i e s ,  an a c c u r a t e  assessment of t h e  upper temperature 
l i m i t  a t  which nickel-base a l l o y s  and c e n t r i f u g a l l y  cast materials could 
b e  used cannot b e  made a t  t h i s  t i m e .  However, one would a n t i c i p a t e  t h a t  
u se  of t h e s e  materials i n  des igns  t h a t  w i l l  r e q u i r e  t h e i r  replacement on 
a th ree -  t o  f ive-year  b a s i s  would al low t h e i r  u se  a t  temperatures i n  
excess of those  e s t ima ted  f o r  t h e  s t a i n l e s s  steel  materials. 

This  a n a l y s i s  of t h e  

The Huntington Alloy d a t a  suggest  

I n  view of t h e  v a r i a t i o n s  i n  a v a i l a b l e  stress r u p t u r e  p r o p e r t i e s  

3 . 4  Materials Compa t ib i l i t y  

The purpose of t h i s  s e c t i o n  is  t o  review t h e  p o t e n t i a l  c o m p a t i b i l i t y  
problems t h a t  are expected t o  a f f e c t  t h e  s e r v i c e  l i f e  of t h e  PHX tube  
materials. This  w i l l  b e  done by e v a l u a t i n g  s e p a r a t e l y  t h e  co r ros ion  of 
the cand ida te  materials when exposed to impure helium and process 
environments. 

It has  been documented t h a t  t h e  helium used as t h e  primary coolant  
i n  t h e  high-temperature r e a c t o r  (HTR) c o n t a i n s  r e a c t i v e  i m p u r i t i e s  such 
as H2, O,, COX, and CH,. The appa ren t  sou rces  of t h e s e  i m p u r i t i e s  are 
out-gassing of t h e  g r a p h i t e  moderator material and in-leakage. Struc- 
t u r a l  and tub ing  materials exposed t o  t h i s  environment have been s u b j e c t  
t o  e i t h e r  i n t e r n a l  o x i d a t i o n  or i n t e r n a l  c a r b u r i z a t i o n  of s e l e c t e d  
a l l o y i n g  elements depending on impur i ty  r a t i o s  p r e s e n t  i n  t h e  helium. ' 7,68 



The ox ida t ion  p o t e n t i a l  of materials i n  t h e  primary coolant  stream 
is r e l a t e d  t o  t h e  H 2 : H 2 0  r a t i o .  Using t h e  o p e r a t i n g  temperatures and t h e  
range of  N2:B2U r a t i o s  observed i n  e x i s t i n g  HTR t es t  f a c i l i t i e s ,  one 
would a n t i c i p a t e  t h a t  n i c k e l ,  c o b a l t ,  and copper would b e  reduced i n  
t h i s  envi.ror.rmt?.nt, Oti  t h e  o t h e r  hand, manganese, chromium, s i l i c o n ,  
a l u m i i i u t n ,  t i t an ium,  and niobium would b e  ox id ized ,  and i r o n ,  molybdenum, 
and ~tnngs t e n  would respond i -ntermediately . 

The p o t e n t i a l  f o r  selective c a r b u r i z a t i o n  i s  dependent on t h e  
fol lowing p a r t i a l  p r e s s u r e  r a t i o s :  P :P2H2 and P 2  

primary helium maximum o p e r a t i n g  temperature  and t h e  range of CHb,  H 2 ,  
and C 0 2  observed i n  e x i s t i n g  HTR test  f a c i l i t i e s ,  one f i n d s  t h a t  chro- 
m i u m ,  titanium, and aluminum would be ca rbur i zed ,  whereas n i c k e l ,  
cnbal.l:, and copper would be una f fec t ed .  

and i.inpurity concen t r a t ions  i n  t h e  primary helium coo lan t .  However, t h e  
secoiidary coolant  w i l l  be  i s o l a t e d  from t h e  primary loop and w i l l  
operat:e a t  a lower temperature.  Since t h e  secondary coolant  loop does 
not  c o n t a i n  g r a p h i t e ,  t h e  l e v e l  of CO,  C 0 2 ,  and CH, should b e  lower. 
I n  view of t h e s e  f a c t o r s ,  i n t e r a c t i o n s  between PHX materials and t h e  
secondary helium coolant  should b e  less severe than  t h o s e  observed i n  
the  primary helium loop. 

reformer and c o a l  g a s i f i c a t i o n  systems is  expected t o  b e  h i g h l y  corro- 
s i v e  e These environments w i l l  b e  s t r o n g l y  reducing and c o n t a i n  s i g n i f -  
i c a n t  q u a n t i t i e s  of C O Y  H 2 ,  and CIf4.  The c o a l  g a s i f i c a t i . o n  process  
-will a l s o  con ta in  q u a n t i t i e s  of H2S and a b r a s i v e  par t ic les  of ash and 
char.  A b r i e f  d e s c r i p t i o n  of t h e  a n t i c i p a t e d  forms of co r ros ion  which 
may in f luence  t h e  service l i f e  of t h e  tube  materials i n  t h e s e  two 

Using t h e  Co:pco2' CH4 

Note t h a t  t h e  above obse rva t ions  are based on o p e r a t i n g  temperatures 

A s  i n d i c a t e d  above, t h e  process  environment of both the steam 

systems fol lows.  
A c a t a s t r o p h i c  form of c a r b u r i z a t i o n  of materials used a t  high 

tempcxatures i.n reducing environments has  been encountered i n  t h e  
petroleum i n d u s t r y . 6 9  
dus t ing .  It has  been found by t h e  petroleum i n d u s t r y  t h a t  t h i s  car1 b e  
r e t a r d e d  by us ing  iron-chromium-nickel a l l o y s  con ta in ing  n i c k e l  i n  excess  
of 20%. Add i t iona l  improvements could be r e a l i z e d  with s i l i c o n  a d d i t i o n s  
up t o  2%; however, t h i s  level of s i l i c o n  is no t  normally p o s s i b l e  i n  
wroiiglit a l l o y s  b u t  can be r e a l i z e d  i n  c e n t r i f u g a l l y  cast a l l o y s .  

Recent ly ,  U.S. S t e e l  r epor t ed  a f a i l u r e  i n  t h e i r  Clean Coke 
process  liecause of carbon d u s t i n g . 7 0  
s tee l ,  used as a downcomer i n  the p y r o l y s i s  r e a c t o r  i n  t h i s  system, was 
carburiz . ing a t  a rate of 0.25 mi l /h r .  
maintaining t h e  H2S content  of t h e  system above 10 ppm and by r e p l a c i n g  
t h e  316 ma te r i a l  with Incoloy 800. 

r ials t o  high-temperature s u l f i d a t i o n  i s  c u r r e n t l y  be ing  c a r r i e d  out  by 
I L T K I .  71 
ments o f  0.01, 0.5, arid 1.0 vo l% H2S f o r  1000 h r  a t  temperatures and 
p res su res  o f  1800'F and 1000 p s i .  Based on p re l imina ry  r e s u l t s ,  a 
Tanking of t h e  materials i n  t e r m s  of t h e i r  co r ros ion  r e s i s t a n c e  t o  t h e s e  
envLronxaents ( g r e a t e s t  t o  s m a l l e s t )  would b e  as fo l lows :  (1) 50 Cr-50 

This form of c a r b u r i z a t i o n  i s  c a l l e d  carbon 

They noted t h a t  type 316 s t a i n l e s s  

The s i t u a t i o n  w a s  r e c t i f i e d  by 

A a  a n a l y s i s  of t h e  r e s i s t a n c e  of a c r o s s  s e c t i o n  of cand ida te  m a t e -  

I n  t h i s  program, cand ida te  materials are exposed t o  environ- 
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N i ;  (2) 308, 310, and 446 s t a i n l e s s  steel and Enconel 793; ( 3 )  Inconel. 
601 and Incoloy 800; and ( 4 )  304 and 316 s t a i n l e s s  steel  and X.t~conel 
600,  

A p o s s i b l e  c o m p a t i b i l i t y  problem t h a t  mn.y s i g n i f i c a n t l y  affect  the 
r e l i a b i l i t y  arid d u r a b i l i t y  of tube materials i n  f 1u.idized-bed coa l  g;3s i-- 
f i c a t i o n  systems is  e r o s i o n .  Experience wi th  nonpressuri.zed f1.uidized- 
bed combwtion systems i n d i c a t e s  t h a t  gas v e l o c i t i e s  between 2 a n d  
10 f p s  are requ i r ed  t o  maintain a f l u i d  bed. Therefore ,  heat  exclaangtr 
tubes embedded i n  a f l u i d i z e d  bed would b e  exposed t o  c o a l ,  char, and 
ash par l : ic les  t r a v e l i n g  a t  t h e s e  v e l o c i t i e s .  Note t h a t  s i  ga~Lfican.tI.y 
h ighe r  gas v e l o c i t i e s  can be expected i n  t h e  product gas p ip ing .  Unde2: 
t h e s e  c o n d i t i o n s ,  p r o t e c t i v e  s u r f a c e  f i lm can b e  destroyed by t h e  
e r o s i v e  a c t i o n ,  exposing t h e  material t o  t h e  h o s t i l e  envi.x:unment * 

A t  t h i s  t i m e ,  no experimental. d a t a  are a v a i l a b l e  regardiiig rhe 
erosion-corrosion p rocess  i n  g a s i f i c a t i o n  systems. I n  an e f f o r t  t o  
c o r r e c t  t h e  s i t u a t i o n ,  EPRI  has  e s t a b l i s h e d  a program i n  which 
s u r v e i l l a n c e  coupons w i l l  b e  placed i n  c u r r e n t l y  o p e r a t i n g  f l u i d i z e d -  
bed systems .'72 
Nat iona l  Bureau of S tanda rds ,  and t h e  Un ive r s i ty  of C a l i f o r n i a  Berk.c:.l.ey, 
are c u r r e n t l y  assembling test appa ra tus  f o r  t h e  sc reen ing  o f  cimdidate 
materials under erosion-corrosion cond i t ions  s i m i l a r  t o  those  anticipated 
i n  coal-conversion systems. 

Nickel-chromium a l l o y s  have been observed t o  uridergo swere 
i n t e r n a l .  o x i d a t i o n  i n  s e r v i c e .  7 3  
b r i t t l e ,  and t h e  r e s u l t i n g  f r a c t u r e  s u r f a c e  appears dark green This 
form o f  a t t a c k  h a s  occurred p r i m a r i l y  a t  temperatures of 1.200" t o  
1800°F i n  .marginally o x i d i z i n g  atmospheres where chromlum is  oxidized 
and n i c k e l  is  reduced. I n  a d d i t i o n ,  t h i s  i n t e r n a l  oxidation. tends t a  
occur  only i n  combination w i t h  c a r b u r i z a t i o n  o r  s u l f i d a t i o n  corrosion. 
I n  t h e  petrochemical  i n d u s t r y ,  t h i s  form of attack is o f t e n  observed i n  
the high-nickel  Incone l  a l l o y s ;  however, t h e  presence of 1.02 tm 15% i r o n  
appears  t u  arrest the attack. 

I n  view of t h e  encouraging stress r u p t u r e  p r o p e r t i e s  o f  moLybdenwn 
and moI.ybdenum a l l o y s  a t  temperatures  of 1700" t o  2000°F, t h e s e  m-te- 
rials could b e  considered p o s s i b l e  cand ida te s  ; t h e r e f o r e  t1iei.r cornpat:--" 
i b i l i t y  c h a r a c t e r i s t i c s  w i l l  be  considered.  Vendor d a t a  i n d i c a t e  that. 
mo1ybden.m and molybdenum a l l o y s  should n o t  b e  used io oxidj.zi.n,g cond-i- 
t i o n s  above 1000°F. 7 4  This  information f u r t h e r  sugges t s  t h i 3 . t  t:hese. 
materials are no t  a f f e c t e d  by CO,  0 2 ,  IfzS, 01: E12 a t  temperatures below 
2000°F. The p o t e n t i a l  f o r  l o c a l i z e d  v a r i a t i o n s  of coud i t ions  (from 
reducing t o  ox id i z ing )  i n  bo th  steam reforming and c o a l  g a s i f i c a t i o n  
systems makes an  assessment of t h e  r e l i a b i l i t y  of molybdenum and 
molybdenum a l l o y s  i n  t h e s e  systems d i f f i c u l t .  

(The last  group w a s  found t o  have undergone cons ide rab le  co r ros ion , )  

I n  a d d i t i o n ,  Argonne Na t iona l  Laboratory,  IITLII , the 

L t i  t h e s e  cases, t h e  a l l o y s  become 

3.5 Thermochemical Hydrogen Producti.on 

Uestinghouse has  proposed a process  f o r  the Generation o f  liyelr-ogcn 
by thermochemical w a t e r  s p l i t t i n g  i n  which a VHTLI. w i l l  supply  bath  the 
thermal and e lec t r ica l  energy demands of t h e  p rocess .3  I n  (:his p r o c e s s ,  
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s u l f u r i c  a c i d  s a t u r a t e d  wi th  SO2 is  pumped through t h e  anodic  compart- 
ment; a c i d  unsa tu ra t ed  wi th  SO2 is  pumped through t h e  ca thod ic  compart- 
ment. Hydrogen i s  l i b e r a t e d  a t  t h e  cathode, and H2S03 is  oxidized t o  
H2SO4 a t  t h e  anode. I n  t h e  fol lowing ope ra t ion ,  H 2 0  i s  evaporated i n  
t h e  a c i d  p rehea te r  from t h e  aqueous H2SO4 s o l u t i o n .  The concentrated 
a c i d  is  subsequent ly  vaporized i n  t h e  a c i d  vapor i ze r  and i s  f e d  t o  t h e  
decomposition r e a c t o r  where t h e  S O 3  is  decomposed t o  SO2 and 02. 
Subsequent ope ra t ions  invo lve  t h e  s e p a r a t i o n  of H 2 0 ,  SO2, and 02 .  
Nuclear h e a t  w i l l  be  r equ i r ed  f o r  t h e  s u l f u r i c  a c i d  vapor i ze r  and s u l f u r  
t r i o x i d e  r e a c t o r .  

process ,  t h e  purpose of t h i s  s e c t i o n  i s  t o  d i s c u s s  t h e  VHTR p rocess  
i n t e r f a c e s .  As i n d i c a t e d  above, t h e s e  i n t e r f a c e s  occur a t  t h e  s u l f u r  
t r i o x i d e  r educ t ion  r e a c t o r  and a t  t h e  s u l f u r i c  a c i d  vapor i ze r .  

components75 are l i s t e d  i n  Table 35. 

(Figure 32 i s  a schematic of t h e  system.) 
Although s i g n i f i c a n t  c o m p a t i b i l i t y  problems e x i s t  throughout t h i s  

Operating cond i t ions  t h a t  have been proposed f o r  t h e s e  two 

Table 3 5 .  Proposed o p e r a t i n g  cond i t ions  f o r  t h e  s u l f u r  t r i o x i d e  
r educ t ion  r e a c t o r  and s u l f u r i c  a c i d  vapor i ze r  

Operating cond i t ions  

Composition of Unit  Locat ion 

Temperature P res su re  environment 
(OF) ( P s i 4  ( v o l  %) 

800 55 18% H 2 0  SO3 r educ t ion  Process stream 
react o r  i n p u t  82%  SO^ 

48% so2 

Process stream 1600 45 12% 0 2  
ou tpu t  18% H 2 0  

22% SO3 
1000 b H e l i u m  

Helium 
H e l i u m  i n p u t  1700 
Helium ou tpu t  1100 9 80 

Acid vapor i ze r  Process  stream 5 7 7  %60 Concentrated 
i n p u t  H2S04- 

Process  stream 800 55 18% H 2 0  

Helium H e l i u m  i n p u t  900 65 
Helium ou tpu t  700 50 Helium 

ou tpu t  822 SO3 

- 

L a t e r  estimates i n d i c a t e  t h a t  t h e  a c i d  vapor i ze r  components could 
o p e r a t e  i n  an  environment of concentrated H2SO4 a t  p r e s s u r e s  of 50 t o  
125 p s i g  and temperatures of 150' t o  620'F. General ly ,  materials t h a t  
could be expected t o  withstand t h e s e  cond i t ions  are t h e  noble  metals - 
gold,  platinum, and tantalum - and h igh - s i l i con  a l l o y s  such as Duriron 
and Has te l loy  D.  A d i s c u s s i o n  of t h e  use fu lness  of t h e s e  materials i n  
t h e s e  process  cond i t ions  fol lows.  
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Obviously, t h e  use of gold,  platinum, o r  tantalum as hea t  exchanger 
tub ing  would be economically p r o h i b i t i v e .  Furthermore , t h e  economics of 
p l a t i n g  o r  l i n i n g  a less r e s i s t a n t  metal  with platinum o r  gold has  been 
reviewed r e c e n t l y  by UE&C.75  
t h i c k  coa t ing  would be p r o h i b i t i v e  a t  today 's  pr ices .  

Tantalum, OLI t h e  o t h e r  hand, is no t  as expensive as gold and 
plat inum and is  being used by t h e  chemical i n d u s t r y  as tube l i n e r s  f o r  
t he  evaporat ion of HC1, HNO3, and H3PO4. Although the use of tantalum 
is  l i m i t e d  by i t s  s u s c e p t i b i l i t y  t o  hydrogen embri t t lement  a t  tempera-  
t u r e s  above 750"F, t h i s  should no t  b e  a r e s t r i c t i o n  i n  t h e  thermochemical 
hydrogen process .  The re fo re ,  a c a r e f u l  economic a n a l y s i s  should be made 
of t h e  p o t e n t i a l  f o r  usirig tantalum and tantalum a l l o y s  as tube l i n e r s  
i n  t h e  a c i d  vapor i ze r .  

The next  group of  p o t e n t i a l  cand ida te  materials is  those  u t i l i z i n g  
t h e  co r ros ion  resistance of s i l i c o n .  One cand ida te  from t h i s  group i s  
Duriron, a 14.5X s i l i c o n ,  85% i r o n  c a s t a b l e  a l l o y .  Vendor d a t a  suggest  
t h a t  co r ros ion  rates f o r  Duriron i n  80% H2S04 a t  temperatures up t o  430°F 
are below 1 m i l  p e r  y e a r .  In a d d i t i o n ,  co r ros ion  rates less than 1 m i l  
per y e a r  were observed i n  98.3% HzS04 a t  temperatures as high as 640°F. 
'rhese d a t a  f u r t h e r  show t h a t  s u l f u r  d iox ide  d i s so lved  i n  e i t h e r  w a t e r  o r  
s u l f u r i c  a c i d  corrodes Duriron a t  a rate. of 1000 m i l s  per yea r ;  however, 
t h e  a d d i t i o n  of 4.5% chromium t o  Duriron reduces t h i s  co r ros ion  rate t o  
4 m i l s  p e r  y e a r .  With t h e  chromium a d d i t i o n ,  t h e  a l l o y  i s  s o l d  as 
Durichlor  51 o r  Superchlor.  A summary of t h e  nominal composition and 
p r o p e r t i e s  o f  Dukiron and i t s  r e l a t e d  a l l o y s  i s  l i s t e d  i n  Tables 36 and 
37. A review of t h e  p r o p e r t i e s  reveals t h a t  t h e s e  materials have s e v e r a l  
s i g n i f i c a n t  l i m i t a t i o n s  wi th  r ega rd  t o  mechanical p r o p e r t i e s  and thermal 
shock c h a r a c t e r i s t i c s .  Because of t h e  b r i t t l e n e s s  of t h i s  material, 
ope ra t ion  a t  d i f f e r e n t i a l  p re s su res  i n  excess  of  50 p s i  i s  no t  recommended. 
Furthermore, Duriron c a s t i n g s  are v i r t u a l l y  unmachinable and can b e  welded 
only wi th  d i f f i c u l t y .  A t  p r e s e n t ,  Duriron can b e  c a s t  only i n t o  1- in .  x 
3-f t  tubes o r  i n t o  1/2- in .  x 6 - f t  x 8-f t  s h e e t s ;  t h e r e f o r e ,  u se  of t h i s  
inaterial i n  a convent ional  shell-and-tube h e a t  exchanger i s  not  p r a c t i c a l .  
United Engineers and Constructors ,  however, has  recommended t h e  use of 
t h i s  material i n  plate- type h e a t  exchangers. 

This  e f f o r t  i n d i c a t e d  t h a t  even a l - m i l -  

Table 3 6 .  Nominal composition of Duriron-type a l l o y s  
and of  Has te l loy  D 

._.-.-___ 

Alloy (%> 

Element Duriron Durichlor  5 1  Super chlo r Has te l loy  D 

S i l i c o n  
Carbon 
Manganese 
Chromium 
Iron 
Cobalt  
Copper 

14.5 14.5 14.5 8.5 t o  10.0 
0.85 0.85 0.85 0.12 
0.65 0.65 0.65 0.5 t o  1.25 

4 -50 4.50 1 .0  
Balance Balance Balance 2 -0  

1.5 
2.0 to 4.0 
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Despi te  t h e s e  numerous l i m i t a t i o n s ,  Duriron-type materials cont inue 
t o  b e  used i n  the chemical processing i n d u s t r y .  With regard t o  t h e  
thermochemical hydrogen p rocess ,  t h e  Durichlor  5 1  material should be 
considered a cand ida te  material f o r  the a c i d  v a p o r i z e r .  

be  a cand ida te  f o r  u se  i n  t h e  a c i d  vapor i ze r .  
r e s i s t a n c e  of  Has te l loy  D i n  s u l f u r i c  a c i d  (Table 38) r e v e a l s  t h a t  t h i s  
material is r e s i s t a n t  t o  t h e  a c i d  a t  a l l  concen t r a t ions  a t  temperatures 
up t o  t h e  normal b o i l i n g  p o i n t  o€ t h e  a c i d .  
t he  a l l o y  develops maximum r e s i s t a n c e  t o  co r ros ion  a f t e r  a six-week 
exposure.76 
form. Tables 36 and 3 7  summarize t h e  p h y s i c a l  and mechanical p r o p e r t i e s  
of Has te l loy  D .  
s t r e n g t h  and toughness when compared t o  t h e  Duriron materials. Although 
Has te l loy  D i s  a v a i l a b l e  as a c e n t r i f u g a l  c a s t i n g ,  i t  does n o t  appear t o  
be any easier t o  weld than Duriron. I n  view of i t s  a v a i l a b i l i t y  i n  tube  
shapes and improved toughness,  Has t e l loy  D should b e  considered a candi- 
d a t e  f o r  t h e  thermochemical p rocess .  

Has t e l loy  D is  ano the r  h igh - s i l i con  a l l o y  (10% S i )  which a p p e a r s  t o  
A review of t h e  co r ros ion  

The vendor i n d i c a t e s  t h a t  

During t h i s  pe r iod  a p r o t e c t i v e  s u l f a t e  f i l m  is thought t o  

These d a t a  suggest  t h a t  Has t e l loy  D may have improved 

Table 38. Corrosion rates of Has te l loy  1) in s u l E u r i c  a c i d  
I_ 

P e n e t r a t i o n  rate (mils /year)  

Concentrat ion of Normal Bo i l ing  
s u l f u r i c  a c i d  Room b o i l i n g  temperature 

(wt %> temperature l5OoP p o i n t  ( O F )  
-- 

2 1 6 4 212 

5 

10 

1 5 7 212 

1 5 1 3  212 

25 1 2 9 224 

50 

60 

I 1 11 264 

1 6 8 291 

7 7  3 2 29 38 3 

80 1 2 36 39 5 

85 1 2 9 1  450 

90 1 2 1 9 1  510 

96 1 1 86 604  

Table 35 i n d i c a t e s  t h a t  t h e  SO3 r educ t ion  r e a c t o r  i s  c u r r e n t l y  
designed t o  o p e r a t e  a t  a helium i n l e t  temperature of 1700°F and wi th  a 
p r e s s u r e  d i f f e r e n t i a l  up t o  955 p s i  a c r o s s  t h e  h e a t  exchanger w a l l .  
Based on t h e  d i s c u s s i o n  of t h e  high-temperature load-carrying c a p a b i l i t y  
of t ube  materials for t h e  steam reforming and c o a l  g a s i f i c a t i o n  systems, 
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t h e  proposed o p e r a t i n g  c.onditions f o r  t h e  SO3 r educ t ion  r e a c t o r  do not  
appear t o  be real is t ic .  A s  i n d i c a t e d  earlier, 1650' t o  1700°F appears  
t o  b e  t h e  upper l i m i t  f o r  u se  o f  convent ional  a l l o y s  i n  h e a t  exchangers 
designed t o  o p e r a t e  under balanced p r e s s u r e  cond i t ions .  Redesign of t h e  
SO3 r educ t ion  r e a c t i o n  t o  o p e r a t e  wi th  a balanced p r e s s u r e  and wi th  an 
a n t i c i p a t e d  h e a t  exchanger tube l i f e  of f i v e  y e a r s  would make t h i s  
system more real is t ic  w i t h  respecl- t o  material s t r e n g t h  l i m i t a t i o n s .  

material w i t h i n  t h e  s u l f u r  t r i o x i d e  r e a c t o r  w i l l  b e  exposed t o  an  environ- 
ment c o n s i s t i n g  p r i n c i p a l l y  of SO2 and SO3 and con ta in ing  lesser con- 
c e n t r a t i o n s  of 0 2  and H20 .  General ly ,  t hose  a l l o y s  having t h e  necessa ry  
c reep  s t r e n g t h  t o  b e  considered for t h i s  a p p l i c a t i o n  w i l l  have s u f f i -  
cient levels of n i c k e l  and chromium t o  resist c o r r o s i o n  by t h e  0 2  and 
H2-0 i n  t h i s  environment. However, t h e  SO2 and SO3 could have a more 
s i g n i f i c a n t  impact on t h e  c o r r o s i o n  rates of t h e  tube materials. For 
iron-chromium-nickel a l l o y s ,  t h e  b e s t  co r ros ion  r e s i s t a n c e  to SO2 and 
SO3 is ob ta ined  wi th  high-chromium c o n t e n t s  and wi th  n i c k e l  l e v e l s  
below 35%.  Nickel  con ten t  i n  excess  of t h i s  amount tends t o  dec rease  
t h e  resistance t o  s u l f u r  a t t a c k .  Alloys w i t h  202 chromium or  less 
o f f e r  l i t t l e  resistance and are r a p i d l y  d e t e r i o r a t e d .  These cr i ter ia  
suggest  t h a t  lncoloy 800 i s  marg ina l ly  a c c e p t a b l e .  C e n t r i f u g a l l y  cast 
a l l o y s  such as IK40 and Supertherm appear t o  b e  good cand ida te s  f o r  
t h i s  a p p l i c a t i o n  both i n  terms of  co r ros ion  and s t r e n g t h  p r o p e r t i e s .  

A review of  Table 35 f u r t h e r  i n d i c a t e s  t h a t  t h e  hea t  exchanger tube 

3 . 6  Summary 

The preceding has been an  a n a l y s i s  of t h e  high-temperature load- 
c a r r y i n g  c a p a b i l i t y  and c o m p a t i b i l i t y  c h a r a c t e r i s t i c s  of a c r o s s  s e c t i o n  
of materials which could b e  considered as PHX tube materials i n  t h e  steam 
reforming, steam-coal g a s i f i c a t i o n ,  and Westinghouse thermochemical 
hydrogen processes .  A summary of s i g n i f i c a n t  obse rva t ions  fol lows.  

1. 

2 .  

3. 

E x t r a p o l a t i o n  of stress i n t e n s i t y  limits f a r  Code Case 
1592 materials s u g g e s t s  t h a t  des ign  stress a l lowab les  f o r  
s t a i n l e s s  steels a t  temperatures  above 3.550"F w i l l  be  too  
l o w  t o  al low r e l i a b l e  long-term use. 

A r e v i s i o n  of t h e  Code t o  a l low designs of components w i t h  
t h ree -  t o  f ive -yea r  l i f e t i m e s  could i n c r e a s e  t h e  range of 
temperature u t i l i z a t i o n  f o r  s t a i n l e s s  steels t o  1600°F. 
However, t he  impact of t a k i n g  t h i s  s t e p  f o r  t h e  s t e a m  
reformer,  steam-coal g a s i f i e r ,  and SO3 r e d u c t i o n  r e a c t o r  
may be  economically unacceptable .  

Due t o  t h e  wide v a r i a t i o n  i n  e x t r a p o l a t i o n s  of stress 
r u p t u r e  p r o p e r t i e s  f o r  s o l i d - s o l u t i o n  n i c k e l  a l l o y s  and 
c e n t r i f u g a l l y  cast materials a t  t h e  proposed process  
o p e r a t i n g  temperatures ,  an assessment of t h e  maximum 
temperature  a t  which the.se materials can b e  used 
r e l i a b l y  cannot b e  made a t  t h i s  t i m e .  
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4 .  I n  t h e  proposed steam reformer environment, c a t a s t r o p h i c  
f a i l u r e  of t h e  PHX tube  material by c a r b u r i z a t i o n  and 
metal dus t ing  is p o s s i b l e .  The use  of c a t a l y s t  tube 
materials having high l e v e l s  of n i c k e l  and s i l i c o n  ( i . e . y  
HK40) has reduced t h e  frequency of t h i s  type of f a i l u r e  
i n  t h e  petroleum indus t ry .  

5. Erosion and s u l f i d a t i o n  e f f e c t s  are expected t o  i n f l u e n c e  
t h e  s e r v i c e  l i f e  of Y H X  t ube  materials i n  the steam-coal 
g a s i f i c a t i o n  p rocess .  Cur ren t ly ,  however, no experimental  
d a t a  are a v a i l a b l e  t o  a l low an assessment of the e f f e c t  
of e r o s i o n  i n  t h i s  process .  Prel iminary s u l f i d a t i o n  experi-  
ments conducted a t  I I T R I  suggest  t h a t  , of t h e  c.andidate 
materials be ing  considered,  310 and 314 s t a i n l e s s  steel ,  
Incone l  601, and Incoloy 800 are more r e s i s t a n t  t o  
s u l f i d a t i o n  than are 304 and 316 s t a i n l e s s  s t e e l  and 
Inconel  600. 

6.  Heat exchanger materials i n  t h e  a c i d  vapor i ze r  component 
of t h e  Westinghouse thermochemical process  are expected 
t o  be i n  an environment of concentrated s u l f u r i c  a c i d  a t  
temperatures of 620" t o  800°F. Gold and plat inum could 
b e  used t o  resist co r ros ion  i n  t h i s  environment, bu t  t h e  
c o s t  of t h e s e  materials makes t h e i r  use p r o h i b i t i v e ;  t hus  
tantalum is  more a t t r a c t i v e .  High-si l icon a l l o y s  such as 
Duriron and Has te l loy  D may have s u f f i c i e n t  co r ros ion  
r e s i s t a n c e ,  b u t  t h e i r  poor f a b r i c a t i o n  and low d u c t i l i t y  
suggest  marginal u s e  i n  t h i s  a p p l i c a t i o n .  
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