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S W R Y  

Current  and impending r e s t r i c t i o n s  on emiss ion  of s u l f u r  d ioxide  t o  the  
atmosphere have brought  o u t  t h e  f a c t  t h a t  a s h o r t a g e  of low-sulfur  f u e l s  
e x i s t s  f o r  power p l a n t  and i n d u s t r i a l  use. This  s i t u a t i o n  has  prompted 
cons iderable  r e s e a r c h  work on removal of s u l f u r  d ioxide  d u r i n g  o r  a f t e r  
combustion ( i . e .  t h e  so c a l l e d  s t a c k  gas t rea tment  processes) .  Because 
they have had c o n s i d e r a b l e  r e s e a r c h  emphasis throughout the i n d u s t r y ,  much 
of  t h e  p u b l i c i t y  d i s c u s s i n g  methods of  a l l e v i a t i n g  s u l f u r  d i o x i d e  p o l l u t i o n  
has  been concent ra ted  on s t a c k  gas  t r e a t i n g  p r o c e s s e s .  

Coal conversion p r o c e s s e s  have g e n e r a l l y  been overlooked i n  t h i s  f i e l d ,  
s i n c e  most of  them have h i s t o r i c a l l y  been d i r e c t e d  toward conversion of  - 
c o a l  t o  l i g h t  d i s t i l l a t e  f u e l s ,  and hence have been f a i r l y  c o s t l y .  A much 
less c o s t l y  process  i s  now under development, however, which i s  capable  
o f  producing an a s h - f r e e ,  low-sulfur  f u e l  f o r  power p l a n t  and i n d u s t r i a l  
use. The p r o c e s s ,  known as t h e  P i t t s b u r g  6 Midway Solvent  Refined Coal 
Process ,  is being  developed under  t h e  sponsorsh ip  of t h e  Office of Coal 
Research. The process  appears  t o  be p o t e n t i a l l y  more a t t r a c t i v e  than  
o t h e r  methods of a l l e v i a t i n g  s u l f u r  d i o x i d e  p o l l u t i o n .  

The Solvent Refined Coal Process  can produce a low-sul fur ,  a s h l e s s  f u e l  t o  
s e l l  a t  a cons iderably  lower p r i c e  than  most o t h e r  low-sulfur  f u e l s .  
Furthermore, t h e  use  o f  Solvent  Refined Coal h a s  a number of p o t e n t i a l  
advantages o v e r  s t a c k  g a s  t r e a t i n g  processes  even ac about the  same b a s i c  
o v e r a l l  cost. It a p p e a r s  t h a t  t h e  Solvent  Refined Coal Process w i i l  . 
u l t i m a t e l y  p l a y  a key r o l e  i n  provid ing  a low-sulfur  f u e l  t o  meet the  
requirements  o f  u t i l i t i e s  o p e r a t i n g  under a i r  p o l l u t i o n  c o n t r o l  laws and 
a t  t h e  same time make p o s s i b l e  t h e  u t i l i z a t i o n  of  c u r r e n t  r e s e r v e s  of big?,- 
s u l f u r  coal .  

INTRODUCTION 

The p a s t  few y e a r s  have  s e e n  a much g r e a t e r  concern i n  t h i s  country regard ing  
atmospheric p o l l u t i o n ,  and t h i s  has  l e d  t o  i n c r e a s e d  l e g i s l a t i o n  r e s t r i c t i n g  
t h e  d ischarge  o f  many s u b s t a n c e s  t o  t h e  atmosphere. Two o t  t h e  major 
t a r g e t s  of such l e g i s l a t i o n  have been s u l f u r  d ioxide  and p a r t i c u l a t e  m a t t e r .  
While r e s t r i c t i o n s  on p a r t i c u l a t e  mat te r  are ‘not new, they are becoming more 
s t r i n g e n t  a l l  t h e  time. R e s t r i c t i o n s  on s u l f u r  d ioxide  a r e  more recent, 
however, and promise t o  have a much g r e a t e r  impact on t h e  n a t i o n a l  energy 
p i c t u r e .  Many of t h e  major  c i t i e s  of t h e  United S t a t e s  now have l i m i t a t i o n s  
on t h e  s u l f u r  d ioxide  c o n t e n t  of s t a c k  gases  and i t  appears t h a t  such 
l imi ta t ions  w i l l  become both  more widespread and more s t r i n g e n t .  
remote a reas  such a s  the Black Mesa reg ion  of  Arizona t h e r e  is g r e a t  concern 
about  a tmospheric  p o l l u t i o n  (1). 
emiss ions  w i l l  probably be a p p l i e d  t o  t h e  e n t i r e  country.  On t h e  b a s i s  of 
p r e s e n t  t rends it appears  t h a t  t h e s e  r e s t r i c t i o n s  w i l l  l i m i t  f u e l s  t o  a 

Even i n  

Eventua l ly  r e s t r i c t i o n s  on s u l f u r  d ioxfde  
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a s u l f u r  content  o f  less than 1% and i n  many densely populated a r e a s  t h e  l i m i t s  
w i l l  be less than 0.5%. 

Many a r t i c l e s  and pub l i ca t ions  i n  t h e  p a s t  s e v e r a l  y e a r s  have d i scussed  
va r ious  means of a l l e v i a t i n g  t h e  a i r  p o l l u t i o n  problem r e s u l t i n g  from 
emission o f  s u l f u r  dioxide t o  t h e  atmosphere. 
being done and t h e r e f o r e  most of  t he  p u b l i c a t i o n s  have emphasized only one 
method of reducing s u l f u r  d iox ide  emissions;  namely, t h e  t r ea tmen t  o f  s t a c k  
gases fol lowing combustion of high-sulfur  f u e l s .  A number of p rocesses  have 
been announced f o r  d e s u l f u r i z a t i o n  of  petroleum r e s i d u a l  f u e l s ,  b u t  comparat ively 
l i t t l e  has  been s a i d  p u b l i c l y  about removing s u l f u r  from c o a l  p r i o r  t o  combustion. 
Even when s u l f u r  removal p r i o r  t o  combustion has  been d i scussed  i t  h a s  g e n e r a l l y  
dea l t  on ly  with mechanical removal of  p y r i t i c  m a t e r i a l s  from t h e  coa l .  While 
t h i s  can be  done i n  some cases  f o r  a moderate r educ t ion  o f  s u l f u r  c o n t e n t ,  i t  
is no t  p r a c t i c a l  f o r  a t t a i n i n g  t h e  e x t e n t  of s u l f u r  removal r equ i r ed  f o r  most 
h igh - su l fu r  c o a l s .  

When coa l  conversion p rocesses  are discussed i n  connect ion w i t h  s u l f u r  removal, 
they are u s u a l l y  dismissed wi th  t h e  con ten t ion  t h a t  t hey  are t o o  expensive.-  
This  concept ion has  undoubtedly r e s u l t e d  from the  background on t h e  work on 
c o a l  conversion p rocesses  i n  t h e  p a s t .  
of  coa l  d a t e s  back t o  t h e  work by Bergius as e a r l y  as 1913. Most of t h e  
e a r l y  work was d i r e c t e d  toward product ion of g a s o l i n e  and d i s t i l l a t e  f u e l  
o i l s  from coal .  The e a r l y  workers very qu ick ly  discovered t h a t  they could 
n o t  produce s i g n i f i c a n t  q u a n t i t i e s  of  d i s t i l l a t e  m a t e r i a l s  by d i r e c t  hydro- 
genat ion wi thou t  t h e  use of c a t a l y s t s .  Almost from t h e  ear l ies t  days,  
t h e r e f o r e ,  c a t a l y t i c  p rocess ing  was used i n  t h e  d i r e c t  hydrogenat ion of coal. 
For t h e  same reason c a t a l y t i c  p rocesses  were a l s o  emphasized i n  t h e  hydrogenat ion 
of coal  tars produced by the  ca rbon iza t ion  of  coa l .  

Research work i n  hydrogenation of bo th  c o a l  and coal  tars de r ived  from carboni- 
z a t i o n  of  coal  has  continued i n t e r m i t t e n t l y  s i n c e  t h a t  t i m e .  Even t h e  l a t e s t  
processes  developed have n o t  a s  y e t  proved t o  be economically a t t r a c t i v e ,  
however, i n  s p i t e  of  t h e  improved technology and improved c a t a l y s t s  developed 
s ince  the  e a r l y  days.  A l l  o f  t h e  research work c a r r i e d  o u t  from 1913 t o  t h e  
p re sen t  t i m e ,  p r i m a r i l y  using c a t a l y t i c  conve r s ion ,  undoubtedly forms the  
b a s i s  f o r  conclusions by many obse rve r s  t h a t  s u l f u r  removal by d i r e c t  
conversion is n o t  economical. 

Most o f  t h e  r e sea rch  work 

Research work on d i r e c t  hydrogenat ion 

SULFUR REMOVAL BY C O A L  CONVERSION 

1. Solvent Refined Coal Process  

A c o a l  conversion p rocess  is c u r r e n t l y  b e i n g  developed which is n o t  n e a r l y  
as c o s t l y  as e a r l i e r  processes .  The coa l  i s  converted n o t  t o  d i s t i l l a t e s  
but  t o  a low-sulfur ,  a s h l e s s  f u e l  resembling p i t c h  i n  its outward appearance.  
There a r e  a number o f  f a c t o r s  which make t h i s  p rocess  much less  expensive than 
p r i o r  c o a l  conversion processes .  These f a c t o r s  are ( 1 )  a much l o w e r  hydrogen 
consumption (about 1-2% by weight of coa l  compared t o  about 6-8% f o r  conversion 
t o  d i s t i l l a t e s ) ;  (2 )  less c o s t l y  equipment and lower o p e r a t i n g  c o s t s  r e s u l t i n g  
from t h e  use of  less seve re  o p e r a t i n g  c o n d i t i o n s ;  and (3)  no c a t a l y s t  is r equ i r ed .  
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The process  is  be ing  developed by The P i t t s b u r g  & Midway Coal +lining Co. 
under t h e  sponsorsh ip  o f  t h e  O f f i c e  o f . C o a 1  Research,  U. S. Department of 
t h e  I n t e r i o r .  It has  been des igna ted  as the  P i t t s b u r g  & Midway Solvent  
Refined Coal Process .  

A schematic  f low diagram of t h e  Solvent  Refined Coal Process  is  given i n  
Figure 1. Raw c o a l  is  p u l v e r i z e d  and mixed with a coal-der ived s o l v e n t  
b o i l i n g  in  t h e  g e n e r a l  range 550-800°F. 
t o g e t h e r  wi th  hydrogen, through a p r e h e a t e r  t o  a r e a c t i o n  zone, o r  d i s s o l v e r .  
The d i s s o l v e r  is o p e r a t e d  a t  a tempera ture  of  about 80OoF. and a pressure  of 
1000 ps ig .  A t  t h e s e  c o n d i t i o n s  about 95% of the  MAF coal  i s  d isso lved .  
A f t e r  s e p a r a t i o n  of e x c e s s  hydrogen, t h e  d i s s o l v e r  e f f l u e n t  c o n s i s t s  of t h e  
c o a l  s o l u t i o n  p l u s  t h e  undisso lved  inorganic  m a t e r i a l  from the  c o a l .  This  
s l u r r y  goes t o  t h e  f i l t r a t i o n  s e c t i o n  of t h e  p l a n t  where t h e  undissolved c o a l  
s o l i d s  are separa ted .  The f i l t r a t e  is  s e n t  t o  a vacuum f l a s h  d i s t i l l a t i o n  
s t e p  f o r  removal of  t h e  s o l v e n t  f o r  recyc le .  The bottoms t r a c t i o n  from t h e  
vacuum f lash  tower is  a h o t  l i q u i d  with a s o l i d i f i c a t i o n  p o i n t  of about 
300OF. This is t h e  major  product  of t h e  p r o c e s s ,  and i s  known as Solvent  
Refined Coal. This  material can e i t h e r  b e  s e n t  as a hot  molten l i q u i d  t o  an 
ad jacent  power p l a n t  o r  s o l i d i f i e d  f o r  shipment t o  another  I ) c a t i o n .  

The Solvent Refined Coal has  a h e a t i n g  va lue  of about  16,000 BTU p e r  pound 
and is s u r p r i s i n g l y  uniform i n  i t s  a n a l y s i s  r e g a r d l e s s  of t h e  type  of coa l  
fed  t o  the  process .  For example, Solvent  Refined Coal products  der ived  from 
both l i g n i t e  and bi tuminous c o a l s ,  when vacuum f l a s h e d  t o  the  same mel t ing  
p o i n t ,  have t h e  same carbon-hydrogen r a t i o ,  h e a t i n g  value and oxygen content  
even though t h e  c o a l s  from which they were der ived  d i f f e r  widely i n  t h e s e  
c h a r a c t e r i s t i c s .  

The coal-solvent  s l u r r y  is pumped, 

There i s  some var iat ’ - - ,Li  s u l f u r  c o n t e n t ,  however, t o r  Solvent  Refined Coal 
produced from widely d i f f e r e n t  c o a l s .  In genera l  a l l  of t h e  p y r i t i c  s u l f u r  
and o v e r  60% of t h e  o r g a n i c  s u l f u r  is removed d u r i n g  t h e  process .  I ~ J S  
means t h a t  i n  p r o c e s s i n g  a c o a l  c o n t a i n i n g  2% p y r i t i c  s u l t u r  and 2% organic  
s u l f u r  ( t o t a l  s u l f u r  c o n t e n t  of 4 % )  t h e  Solvent  Refined Coal product  would 
c o n t a i n  cons iderably  less  than  1% s u l f u r .  This  r e p r e s e n t s  a s u b s t a n t i a l  
reduct ion  i n  p o t e n t i a l  s u l f u r  d ioxide  emiss ion .  Where the  r a t i o  of  p y r i t i c  
s u l f u r  t o  o r g a n i c  s u l f u r  is h i g h e r  than 1 t o  1 ,  as i t  is i n  most c a s e s ,  t h c  
e x t e n t  of s u l f u r  r e d u c t i o n  would b e  even g r e a t e r .  A t o t a l  s u l f u r  removal 
of 85% i s  n o t  uncommon f o r  t h e  process .  Since t h e  h e a t i n g  value of  t h e  Solvent 
Refined Coal is  much g r e a t e r  than t h a t  of raw c o a l  t h e  e f f e c t i v e  s u l t u r  content  
is even lower than  it would f i r s t  appear. For example, Solvent  Refined Coal 
having a s u l f u r  c o n t e n t  of 0.8% would be e q u i v a l e n t  i n  s u l f u r  d ioxide  emission 
t o  a Western c o a l  c o n t a i n i n g  0.4% s u l f u r  and having  a h e a t i n g  value of 8000 
BTU p e r  pound. 

i 

i 

, 

The hydrogen requirement  of t h e  Solvent  Refined Coal Process  is about I-2X 
by weight  of t h e  c o a l  t r e a t e d .  The hydrogen can b e  r e a d i l y  obta ined  by 
steam reforming o f  the by-product gas from t h e  p r o c e s s .  There is s u f f i c i e n t  
gas produced t o  supply  a l l  of  the  hydrogen requirements  i f  p rocess  f u e l  can 
be obta ined  from a n o t h e r  source .  In most cases  i t  is  expected t h a t  a p a r t  o f  
t h e  Solvent Refined Coal produced would b e  used as process  f u e l .  This  would 
e l i m i n a t e  any requirement  f o r  n a t u r a l  gas. In view of t h e  impending shor tage  
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of  gas i n  most areas having l a r g e  coal  d e p o s i t s ,  t h i s  is a very real advantaga.  

In a d d i t i o n  t o  t h e  Solvent  Refined Coal,  a l i g h t  l i q u i d  is a l s o  produced i n  
t h e  process .  
u s u a l l y  about 10-15% by weight of t h e  o r i g i n a l  c o a l  charged. Thls  product  
would be  s u i t a b l e  as f eed  stock t o  a petroleum r e f i n e r y  and should be a very 
va luab le  b l end ing  component. 

The l i q u i d  p roduc t  is cons ide rab ly  h i g h e r  i n  n i t r o g e n  t h a n  petroleum f r a c t i o n s  
o f  t he  same b o i l i n g  range,  b u t  n i t r o g e n  removal p rocesses  have been and a re  
s t i l l  b e i n g  developed i n  connect ion wi th  c a t a l y t i c  hydrocracking processes .  
It i s  a n t i c i p a t e d  t h a t  t h e  h e a v i e r  f r a c t i o n  o f  t h i s  product  would be  processed 
by c a t a l y t i c  hydrocracking followed by c a t a l y t i c  reforming,  while rhe l i g h t  
l i q u i d s  would b e  processed by h y d r o t r e a t i n g  p l u s  reforming. The hlgh c y c l i c  
content  o f  t h e  coal-der ived m a t e r i a l  should provide e x c e l l e n t  reformer charge 
s tocks  i n  e i t h e r  case. The reformate would thus have a h i g h  concen t r a t ion  of 
benzene, t o luene  and xylene.  These materials are v a l u a b l e  e i t h e r  as chemical 
by-products o r  t o  provide t h e  a romat i c  compounds which w i l l  b e  needed i n  
g r e a t e r  q u a n t i t i e s  f o r  non-leaded gaso l ines  of  t h e  f u t u r e .  The l i g h t  l i q u i d  
a l s o  con ta ins  l a r g e  q u a n t i t i e s  of  phenol and c r e s y l i c  a c i d s  (about  15-20% by 
weight)  which could be  s e p a r a t e d  and s o l d  as by-products.  
work i n  o t h e r  l a b o r a t o r i e s  on similar coal-der ived l i q u i d s  gene ra l ly  support  
t he  above obse rva t ions  (*). 

The s o l i d s  from t h e  f i l t r a t i o n  s e c t i o n  are d r i e d  t o  remove excess  s o l v e n t ,  
then burned i n  a f l u i d i z e d  combustion zone. The solids con ta in  cons lde rab le  
undissolved carbon (35-55% by weight)  and it is  d e s i r a b l e  t o  recover  t h i s  
for its h e a t i n g  value.  In a d d i t i o n  t o  carbon, t h e  s o l i d s  also con ta in  
about 5-8% s u l f u r .  This makes t h e  s u l f u r  d iox ide  con ten t  0:  t h e  combustion 
gases q u i t e  h i g h ,  high enough so t h a t  i t  is f e a s i b l e  t o  combine t h i s  S u l f u r  
d iox ide  wi th  hydrogen s u l f i d e  from t h e  s o l u t i o n  s t e p  in a modified Claus 
process .  The f l u i d i z e d  combustion zone would b e  a Pope, Evans and Robbins 
f l u i d i z e d  bed b o i l e r .  It has  r e c e n t l y  been shown that s u l f u r  d iox ide  from 
such a b o i l e r  can b e  concen t r a t ed  i n  a small p a r t  o f  the t o t a l  combustion 
gas. The concent a t i o n  i n  t h i s  gas stream is ove r  30 times t h a t  ob ta ined  i n  
normal combustioni3). 
t o  use t h e  s u l f u r  d iox ide  i n  a Claus type  r e a c t i o n ,  This scheme permirs t h e  
recovery of  e s s e n t i a l l y  a l l  o f  t h e  s u l f u r  from t h e  p rocess  as e l emen ta l  s u l f u r .  

The steam generated from combustion of  t h e  mine ra l  r e s i d u e  p l u s  t h a t  from 
process  waste h e a t  can be  r e a d i l y  converted t o  e l e c t r l c a l  power. 
power generated i s  s u f f i c i e n t  n o t  only t o  supply t h e  c o a l  mine and t h e  
p rocess ing  p l a n t ,  b u t  would a l s o  provide excess  power. 
p l a n t  i s  l o c a t e d  close enough, a d d i t i o n a l  s a v i n g s  could probably be a t t a i n e d  
by sending t h e  steam d i r e c t l y  t o  the  main power p l a n t .  

2 .  Other  P rocess ing  Methods 

While t h e  Solvent  Refined Coal Process  w a s  f o r  some t i m e  t h e  on ly  p u b l i c l y  
announced p rocess  f o r  producing low-sulfur  f u e l s  from c o a l ,  a t  least one 
o t h e r  coa l  conversion p rocess  f o r  product ion of low-sulfur f u e l s  has r e c e n t l y  
been announced(4). 
t he  Office o f  Coal Research. The major d i f f e r e n c e  between t h e  H-Coal Process  

Th i s  l i q u i d  has  a b o i l i n g  range o f  about 100-45@°Fc and is 

The r e s u l t s  of 

Such concen t r a t ions  shou ld  make i t  even more p r a c t i c a l  

The 

l f  t h e  p rocess ing  

This i s  t h e  H-Coal P rocess ,  also sponsored i n  p a r t  by 
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and t h e  Solvent  Refined Coal Process  is t h a t  t h e  H-Coal Process  uses a 
petroleum type  d e s u l f u r i z a t i o n  c a t a l y s t  i n  an e b u l l a t e d  bed r e a c t i o n  
zone. The e b u l l a t e d  bed is maintained by l i q u i d  phase t l u i d i z a r i o n  of t h e  
c a t a l y s t  and t h i s  r e q u i r e s  a very high r a t e  o f  i n t e r n a l  l i q u i d  recyc le .  
Both t h e  c a t a l y s t  and t h e  h i g h  i n t e r n a l  r e c y c l e  i n c r e a s e  the  c o s t  of t h e  
process  over t h e  Solvent  Refined Coal Process .  In genera l  i t  appears  t h a t  
the  Solvent  Refined Coal Process  w i l l  b e  more economical where t h e  requi red  
s u l f u r  levels can be reached wi thout  t h e  use o f  a c a t a l y s t  lhe  use o t  a 
c a t a l y t i c  process  may be d e s i r a b l e  when s u l f u r  requirements  a r e  i n  t h e  order  
of 0.1 t o  0.2%. a l though even  in such cases i t  may still be more e f f i c i e n t  
t o  use  the  Solvent  Refined Coal Process  as t h e  f i r s t  scage  01 a two-stage 
scheme. The second s t a g e  would b e  a c a t a l y t i c  s t e p  in which t h e  feed  s t o c k  
would conta in  much fewer contaminants  than  t h e  rdw Loa1 

The Solvent  Refined Coal Process  has  been r e f e r r e d  L O  as "non-ca ta ly t ic" ,  
p r i m a r i l y  because a commercial c a t a l y s t  is n o t  used.  There is cons iderable  
experimental  ev idence ,  however, t h a t  t h e  i n o r g a n i c  mineral  matt.eL i n  t h e  
coa l  h a s  a s i g n i f i c a n t  c a t a l y t i c  e f f e c t  in t h e  Solvent Retined Coal Process .  
While t h e  c a t a l y t i c  e f f e c t  is c e r t a i n l y  n o t  as g r e a t  as chat ob ta ined  from a 
f r e s h  commercial h y d r o d e s u l f u r i z a t i o n  c a t a l y s t ,  t h e  d i f f e r e n c e  is  probably 
not  n e a r l y  as g r e a t  a f t e r  normal d e a c t i v a t i o n  oi t h e  commer,ial c a t a l y s t ,  
The e x t e n t  of t h e  expec ted  d i f f e r e n c e  h a s  n o t  y e t  been e s c a b l i s h e d ,  bu t  i t  
is t h i s  d i f f e r e n c e  which w i l l  u l t i m a t e l y  determine t h e  t e a s i b i l i t y  o t  us ing  
a c a t a l y t i c  process  f o r  d i r e c t  hydrogenat ion of c o a l .  

3. New Process  Developments 

Addi t iona l  l a b o r a t o r y  work h a s  revea led  t h a t  t h e  use o t  Larbon monoxide and 
steam t o  rep lace  p a r t  of t h e  hydrogen promises  t o  resuLL i n  t u r t h e r  process  
improvement. 
r e c e n t l y  t h a t  advantageous r e s u l t s  have c l e a r l y  been shown t o r  t h e  use of 
carbon monoxide and steam in process ing  of  coa l .  
o r i g i n a t e d  by s c i e n t i s t s  a t  t h e  U -  S. Bureau of Mines15) (6)  ( I ) .  
of  t h e s e  promising d i s c l o s u r e s ,  l a b o r a t o r y  work was undertaken by P i t  t sburg  
& Midway t o  apply t h e  p r i n c i p l e  t o  t h e  Solvent  Refined Coal Process*  It 
w a s  found by P&M t h a t  t h e  u s e  of carbon monoxide and steam w a s  more e f f e c t i v e  
than hydrogen a lone  f o r  p r o c e s s i n g  of  l i gn i t e  and subbituminous coa ls .  
r e s u l t s  were very promising a l s o  f o r  bituminous c o a l ,  a l though t h e  improvements 
were n o t  as  pronounced a s  w i t h  l i g n i t e s  or subbituminous .oa ls .  In a d d i t i o n ,  
mix tures  of  carbon monoxide and hydrogen wi th  s team have been found LO be 
about as e f f e c t i v e  as carbon monoxide and steam a l o n e -  

These r e s u l t s  s t r o n g l y  s u g g e s t  t h a t  s y n t h e s i s  gas  could be used i n  p l a c e  of 
hydrogen in t h e  Solvent  Refined Coal Process .  
should a l s o  have an economic b e n e f i t  s i n c e  some of t h e  s c e p s  normally used 
to  conver t  s y n t h e s i s  gas  t o  hydrogen could be e l i m i n a t e d .  Another advantage 
is t h a t  the r e a c t i o n  of  carbon monoxide and steam i n  t h e  d i s s o l v e r  forms 
hydrogen in  excess  of  t h a t  used in t h e  s o l u t i o n  process ,  with a consequent 
enrichment of  hydrogen i n  t h e  recyc le  gas  system. Removal oi p a r t  of  t h i s  
hydrogen could make i t  cheaply  a v a i l a b l e  as a pure gas f o r  l a t e r  use in 
c a t a l y t i c  hydrogenat ion s t e p .  
o f  t h e  recyc le  gas and might ,  in  f a c t ,  be  b e n e f i c i a l .  
t ages  are t h a t  the coal would n o t  r e q u i r e  a d r y i n g  s t e p  and phenol ic  waste  

Although t h i s  i d e a  had been t r i e d  many years  dgo, IL is only 

This  recent work was 
As a r e s u l t  

The 

The use of. s y n t h e s i s  gas 

This  would n o t  adverse ly  aftect  t h e  Lomposition 
Other p o t e n t i a l  advan- 

I 

I 



- 43 - 

water could be recycled to  provide p a r t  of t h e  water  t o r  t h e  p rocess?  This 
would a l s o  e l imina te  t h e  n e c e s s i t y  f o r  treatment of pheno i i c  waste w a L e r .  

The p o t e n t i a l  use of s y n t h e s i s  gas O K  carbon monoxide and steam in t h e  Solvent 
Refined Coal Process is a r e l a t i v e l y  new development and is  being f u r t h e r  
s t u d i e d  a t  t he  p r e s e n t  t i m e .  It i s  a n t i c i p a t e d  that  t h e  work w i l l  u l t i m a t e l y  
make t h e  process  even more economically a t t r a c t i v e ,  

4. Economics of  Solvenr Refined' Coal Process  

An economic s tudy has  r e c e n t l y  been made t o  derermine rhe  p r i c e  ac which che 
Solvent  Refined Coal would have t o  b e  so ld  eo a r t a i n  a 10% discounted cash 
flow rate o f  r e t u r n  on investment(8),  
very dependent on c r e d i t s  allowed f o r  by-products of che p rocess  A summary 
o f  t h e  e f f e c t  o f  by-products on t h e  p r i c e  of  Solvenr Refined Coal is given 
i n  Table 1. I f  t h e  l i g h t  l i q u i d s ,  s u l f u r  and e l e c t r i c a l  power are considered 
as by-products,  t h e  p r i c e  'of Solvent Refined Coal would be aboue 40c/MM BTU 
(Case I ) .  
l ong  ton and the excess  e l e c t r i c a l  power ac 0.4~ p e r  KWH 

I f  t h e  Solvent Refined Coal p l a n t  were l o c a t e d  in an atea where i t  is i m p r a c t i c a l  
t o  market the l i g h t  l i q u i d  as a by-product, t h e  c o s t  or t h e  Solvenr Refined 
Coal would inc rease  t o  about 45c/MM BTU (Case 11)- In t h i s  case t h e  l i g h t  
l i q u i d  would be included Cn t h e  Solvent Refined Coal and wauld lower i t s  
me l t ing  po in t  t o  some e x t e n t .  I f  i t  is a l s o  not p o s s i b l e  t o  sell  s u l f u r  and 
e lectr ical  power as by-products,  t h e  c o s t  o f  r h e  Solvent Refined Coal would 
f u r t h e r  i n c r e a s e  t o  about 47c/MM BTU (Case 111). 

The above p r i c e s  are based on the assumption t h a r  t he  Solvent  Refined Coal 
p l a n t  would be l o c a t e d  ad jacen t  t o  a power p l a n t  i n  r h e  I l l inois-Kentucky 
area. This means t h a t  t he  Solvent  Refined Coal would b e  pumped as a l i q u i d  
d i r e c t l y  t o  t h e  power p l a n t .  l f  che p a r e r  p l a n t  w e r e  k c a t a d  ac  some d i s t a n c e  
from t h e  p rocess ing  p l a n t ,  about 2c/MM BTU would have t o  be added f o r  product 
s o l i d i f i c a t i o n ,  i n  a d d i t i o n  t o  any t r a n s p o r t a t i o n  c o s t s -  

The p r i c e  range o f  40 t o  50c/MM BTU f o r  t h e  Solvent Refined Coal product  
appears  very r easonab le  i n  comparison wich c u r r e n t  p r i c e s  f o r  compe t i t i ve  
low s u l f u r  f u e l s .  For eftample, t h e  r ecen t  p r i c e  quoted f o r  1% s u l f u r  N U .  6 
f u e l  o i l  was $4.10 p e r  b a r r e l  (about 65cIMM BTU in New York Harbor) and 
$4.62 p e r  b a r r e l  (about 73c/MM BTU) i n  t h e  Chicago a r e a ( 9 )  
even a t  t hese  p r i c e s  the q u a n t i t y  of No. 6 f u e l  o i l  con ra in ing  less t han  1% 
s u l f u r  is  d e f i n i t e l y  l i m i t e d .  

Some power p l a n t s  i n  t h e  I l l i n o i s  area have tu rned  t o  s h i p p i n g  low-sulfur coa l  
from t h e  Western states i n  an e f f o r t  t o  meet rhe r e s t r i c e i o n s  on s u l f u r  
con ten t .  While such c o a l  is a v a i l a b l e  a t  t h e  mine si te  f o r  a low p r i c e ,  t h e  
c o s t  of sh ipp ing  i t  f o r  1000-1500 miles i s  very high.  For example, t h e  total 
c o s t  of Wyoming low-sulfur c o a l  d e l i v e r e d  t o  t h e  Chicago area is about 55-60c/MM 
BTU(10). 
range o f  45-50c/MM BTU(I0), t h i s  is at l e a s t  as h igh  as t h e  p r i c e  f o r  Solvent  
Refined Coal. Because i t  is v i r t u a l l y  f r e e  and would not r e q u i r e  an e l e c r r o -  
s t a t i c  p r e c i p i t a t o r ,  the. Solvent  Refined Coal i s  much more advantageous fo r  
a power p l a n t  even a t  t h e  same p r i t e -  

The p r i c e  of Solvent  Refined C o d  i s  

The l i g h t  l i q u i d s  are valued at  $3.50  per b a r r e l ,  s u l f u r  a t  $10 p e r  

Furthermore,  

Although lower n e g o t i a t e d  f r e i g h t  r a t e s  may b r i n g  t h i s  down t o  t h e  

\ 
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OTHER METHODS OF SULFUR DIOXIDE CONTROL 

1. . Stack Gas T r e a t i n g  Processes  

I n  most reviews o f  t h e  g e n e r a l  problem o f  a i r  p o l l u t i o n  abatement ,  s t a c k  gas  
t r e a t i n g  processes  have been d iscussed  as if they were t h e  only p r a c t i c a l  
methods f o r  c o n t r o l  o f  s u l f u r  d ioxide  emiss ion ,  Varioue groups c a l l i n g  f o r  
more research on s u l f u r  d i o x i d e  c o n t r o l  n e a r l y  always s p e c i f i c a l l y  menrion 
s t a c k  gas t rea tment  p r o c e s s e s .  Considerable  research  e f f o r t s  h a v e  a l ready  
been d i r e c t e d  toward removal of  s u l f u r  d ioxide  from combustion gases .  These 
e f f o r t s  have r e s u l t e d  I n  t h e  emergence o f  n o  less than 2 1  d i f f e r e n t  s t a c k  
gas t r e a t i n g  processes  i n  v a r i o u s  s t a t e s  of development ~ 

Probably the  most advanced of such processes  are t h e  dry l imes tone  process  
and Combustion Eng inee r ing  Corpora t ion ' s  dolomite i n j e c t i o n  wet sc rubbing  
process .  Both of t h e s e  p r o c e s s e s  adsorb s u l f u r  d i o x i d e  on t h e  dolomite  o r  
l imestone.  No a t tempt  is made t o  recover  t h e  s u l f u r  d ioxide  and a s  a r e s u l t  
no s i g n i f i c a n t  by-products a r e  a v a i l a b l e  for sale. 

Another of t h e  more advanced s t a c k  g a s  processes  is t h e  Monsanto c a t a l y t i c  
o x i d a t i o n  process .  
recovers  s u l f u r i c  a c i d  as a by-product. The value  o f  s u l f u r i c  a c i d  as a 
by-product has diminished somewhat in  r e c e n t  months, however, s i n c e  t h e  p r i c e  
o f  s u l f u r  has  decreased  s h a r p l y .  

A l l  t h r e e  of t h e s e  p r o c e s s e s  have been i n s t a l l e d  on a test b a s i s  i n  a few 
power p l a n t s  throughout  the country.  
I n d i c a t e d  t h a t  a c t u a l  c o s t s  o f  a l l  of these  s t a c k  gas t r e a t i n g  processes  
w i l l  be f a r  i n  excess  o f  t h e  g e n e r a l l y  publ i shed  c o a t  e s t i m a t e s .  
i n c r e a s e s  are a p p a r e n t l y  so g r e a t  t h a t  i t  h a s  been s a i d  t h a c  c o s t s  publ ished 
even s i x  months ago a r e  now o b s o l e t e ( l l ) .  
of t h e s e  processes  f o r  s u l f u r  removal has  g e n e r a l l y  been l e s s  than  o r i g i n a l l y  
a n t i c i p a t e d .  

This p r o c e s s  i s  much more c o s t l y  than  t h e  o t h e r  two, but  

The r e s u l t s  of  t h e s e  tests have 

The 

In a d d i t i o n ,  t h e  e f f e c t i v e n e s s  

For these  reasons no a t t e m p t  w i l l  be made t o  d i r e c t l y  compare s t a c k  gas  
t r e a t i n g  c o s t s  w i t h  t h e  c o s t s  of producing a low-sulfur  f u e l  from coal .  
Information obta ined  from p r i v a t e  sources  i n d i c a t e s  t h a t  t h e  a c t u a l  c o s t  of 
s t a c k  gas  t r e a t i n g  p r o c e s s e s  w i l l  be in  t h e  same g e n e r a l  range as t h e  c o s t s  
of decreas ing  t h e  s u l f u r  c o n t e n t  of t h e  f u e l .  It is s t i l l  f a r  too e a r l y  t o  
a t tempt  any a c t u a l  c o s t  comparisons at t h i s  t i m e ,  however, and i t  appears  t h a t  
experimental  work should  probably be cont inued i n  both types of  p o l l u t i o n  
c o n t r o l  methods. 

In connect ion w i t h  t h e  r e l a t i v e  merits o f  s t a c k  gas t r e a t i n g  vs. d e s u l f u r i z a t i o n  
of  c o a l  it is of  i n t e r e s t  t o  cons ider  c e r t a i n  aspects which would n o t  be 
d i r e c t l y  accounted f o r  i n  most economic comparisons. 
are c e r t a i n  b e n e f i t s  which would tend t o  favor  t h e  c o a l  d e s u l f u r i z a t i o n  route  
i f  t h e  obvious c o s t s  o f  p o l l u t i o n  c o n t r o l  were about t h e  same in  both cases .  

In t h i s  regard  t h e r e  

( a )  By-products - The p o t e n t i a l  by-products a v a i l a b l e  from s t a c k  
gas t r e a t i n g  processes  are genera l ly  l i m i t e d  t o  s u l f u r  o r  s u l f u r i c  a c i d .  A 
c o a l  conversion p r o c e s s ,  however,  has t h e  p o t e n t i a l  f o r  product ion  of  many 
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more by-products than can reasonably  be  cons idered  i n  an i n i t i a l  economic 
eva lua t ion .  Ult imate  u t i l i z a t i o n  of  such by-products through f u r t h e r  research  
and development holds  the  promise of  making t h e  Solvent  Refined Coal Process  
considerably cheaper  than  s t a c k  gas t r e a t i n g  processes .  

In  a d d i t i o n ,  i t  seems t h a t  t h e  power companies g e n e r a l l y  p r e f e r  n o t  t o  
d i v e r s i f y  i n t o  t h e  chemical b u s i n e s s  as t h e y  would b e  forced  t o  do by the  
i n s t a l l a t i o n  o f  any s t a c k  gas  t r e a t i n g  process  r e q u i r i n g  recovery of by- 
products  such a s  s u l f u r  o r  s u l f u r i c  ac id .  A t  t h e  same u l t i m a r e  cos t  i t  is 
much more convenient  f o r  them t o  s imply buy a low-sulfur  f u e l ,  

(b) Uniform B o i l e r  Design - Because o f  t h e  uni formi ty  o f  t h e  Solvent  
Refined Coal r e g a r d l e s s  of  c o a l  s o u r c e  its widespread use f o r  power genera t ion  
could lead  t o  a uniform of f - the-she l f  des ign  f o r  power p l a n t  b o i l e r s .  
p r e s e n t  time b o i l e r s  must b e  designed f o r  a p a r t i c u l a r  type o f  c o a l  and when 
a d i f f e r e n t  t y p e  o f  c o a l  is  used,  s e v e r e  o p e r a t i n g  problems can r e s u l t .  
h a s  happened i n  t h e  s u b s t i t u t i o n  o f  low-sulfur  Western c o a l s  i n  b o i l e r s  designed 
f o r  I l l i n o i s  c o a l s ( l * ) .  
would l e a d  t o  c o s t  sav ings  f o r  t h e  power companies, s i n c e  t h e  c o s t  o f  producing 
such b o i l e r s  should  be  less than  i f  many d i f f e r e n t  des igns  were requi red .  

A t  t h e  

This  

It is almost c e r t a i n  t h a t  the  use o f  uniform b o i l e r s  

(c )  The use o f  a low-sulfur  f u e l  is a p o s i t i v e  guarantee  t h a t  s u l f u r  
d ioxide  p o l l u t i o n  would b e  c o n t r o l l e d  a t  a l l  t imes.  
coa l  process ing  p l a n t  could b e  handled by a p p r o p r i a t e  s t o c k - p i l i n g  o f  low- 
s u l f u r  fue l .  
t h e  o p e r a b i l i t y  of t h e  process  would r e s u l t  i n  e x c e s s i v e  emission of s u l f u r  
d ioxide  t o  t h e  atmosphere. Thus, t h e  use o f  a low-sulfur  f u e l  is a more 
r e l i a b l e  and p o s i t i v e  method o f  p o l l u t i o n  c o n t r o l .  

Any down-time i n  t h e  

With s t a c k  gas c l e a n i n g  processes ,  however, any i n t e r r u p t i o n  i n  

(d) I n t e g r a t i o n  wi th  o t h e r  processes  - Even though the  economics o f  a 
Solvent  Refined Coal p l a n t  s t a n d i n g  alone. a r e  a t t r a c t i v e ,  a d d i t i o n a l  economic 
b e n e f i t s  can be  a t t a i n e d  by i n t e g r a t i n g  i t  wirh  o t h e r  processes  i n  a mult i -  
p rocess  complex. For example, t h e  Solvent  Refined Coal product  can be  simply 
a f i r s t  s t a g e  i n  an o v e r a l l  p rocess  t o  produce d i s t i l l a t e  f u e l s  and p i p e l i n e  
gas ,  a s  w e l l  as a low-sulfur  power p l a n t  fue l .  

An e s p e c i a l l y  a t t r a c t i v e  combination process  scheme is now under s tudy  by 
P&M through a s u b c o n t r a c t  w i t h  C h e m  Systems, Inc .  In  t h i s  scheme t h e  Solvent  
Refined Coal is hydrocracked and h y d r o t r e a t e d  in two c a c a l y t i c  hydrogenat ion 
s t e p s  t o  produce a d i s t i l l a t e  m a t e r i a l  s u i t a b l e  f o r  use as f e e d  s t o c k  t o  a 
petroleum r e f i n e r y .  A coa l  g a s i f i c a t i o n  process  is used t o  produce hydrogen 
f o r  t h e  t h r e e  hydrogenat ion s t e p s  i n  t h e  complex. 
is produced i n  both  t h e  g a s i f i c a t i o n  and hydrogenat ion s t e p s .  
r e s i d u e  from t h e  Solvent  Refined Coal Process  is charged t o  t h e  g a s i f i c a t i o n  
process  t o  u t i l i z e  t h e  undisso lved  carbon. 

Prel iminary r e s u l t s  of  t h i s  s tudy  i n d i c a t e  t h a t  a l l  of  t h e s e  processes  complement 
each o t h e r  e f f e c t i v e l y  so as t o  make a very promising scheme. 
design and economic s t u d y  o f  t h i s  scheme is be ing  made by C h e m  Systems, Inc . ,  
t h e  f i r s t  phase of  which is soon t o  b e  publ i shed  by t h e  O f f i c e  of  Coal Research. 

Methane f o r  p i p e l i n e  gas 
The mineral  

A conceptual  
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.2. Methane 

Probably the  u l t i m a t e  p o l l u t i o n - f r e e  f u e l  i s  n a t u r a l  g a s ,  and i t s  use by 
power p l a n t s  would e l i m i n a t e  s u l f u r  d iox ide  emissions.  This  i s  no t  a very 
p r a c t i c a l  s o l u t i o n  t o  t h e  problem, however, s i n c e  t h e r e  simply is  n o t  
enough gas t o  supply f u e l  requirements even f o r  e x i s t i n g  power p l a n t s ,  not 
t o  mention t h e  l a r g e  q u a n t i t y  o f  new power p l a n t s  which w i l l  be r equ i r ed  i n  
t h e  f u t u r e .  In f a c t ,  i t  is ques t ionab le  how long  many o f  t he  power p l a n t s  
now u s i n g  n a t u r a l  gas w i l l  b e  a b l e  t o  con t inue  bu rn ing  t h i s  f u e l .  

A number of p rocesses  are now b e i n g  developed t o  conve r t  c o a l  t o  s y n t h e t i c  
gas. The c o s t s  f o r  producing s y n t h e t i c  gas  from c o a l ,  however, are almost 
c e r t a i n  t o  b e  h i g h e r  t han  t h e  c o s t s  o f  producing a h e a v i e r  l i q u i d  material 
such as Solvent  Refined Coal. These h i g h e r  c o s t s  r e s u l t  from g r e a t e r  
requirements i n  terms o f  bo th  hydrogen consumption and the  process  s t e p s  
necessa ry  f o r  conversion.  The conversion of  c o a l  t o  gas  w i l l  almost 
c e r t a i n l y  become a commercial r e a l i t y  as g a s i f i c a t i o n  p rocesses  are developed, 
b u t  i t  is  l i k e l y  t h a t  such gas w i l l  be used p r i m a r i l y  as a premium f u e l  where 
its c o s t  can be  more easily j u s t i f i e d  than i n  a power p l a n t .  S i m i l a r l y ,  
l i q u i f i e d  n a t u r a l  gas imported i n t o  t h i s  country i s  so c o s t l y  t h a t  i t  is  
very u n l i k e l y  t o  be  used t o  a s i g n i f i c a n t  e x t e n t  f o r  power gene ra t ion .  
s a t i s f y  the requirements  for a low-sulfur  p a r e r  p l a n t  f u e l ,  i t  is much more 
r e a l i s t i c  t o  use a less c o s t l y  f u e l  such as Solvent  Refined Coal. 

To 

9. Nuclear Power 

Among the o t h e r  methods which have been suggested f o r  s u l f u r  d iox ide  emission 
c o n t r o l  is t h e  use o f  nuclear power. Th i s  is a lso  n o t  a r e a l i s t i c  s o l u t i o n  
s i n c e  the a n t i c i p a t e d  demand f o r  electrical  power i s  so g r e a t  t h a t  even with 
t h e  most o p t i m i s t i c  advances i n  n u c l e a r  power g e n e r a t i o n ,  f o s s i l  f u e l s  w i l l  
be  r equ i r ed  f o r  many y e a r s  i n t o  t h e  f u t u r e .  Furthermore,  n u c l e a r  power has  
its own p e c u l i a r  t ype  of environmental  problems to  be  so lved .  

CONCLUSIONS 

The p rob lemof  s u l f u r  d i o x i d e  and p a r t i c u l a t e  emissions to  t h e  atmosphere can 
b e s t  be  solved by removing t h e  ash and s u l f u r  from c o a l  p r i o r  t o  combustion. 
From a p r a c t i c a l  s t a n d p o i n t ,  t h i s  can b e  accomplished by  t h e  P i t t s b u r g  & 
Midway Solvent Refined Coal P rocess ,  now be ing  developed under t h e  sponsor- 
s h i p  o f  the O f f i c e  o f  Coal  Research. Th i s  p rocess  appears  t o  be  p o t e n t i a l l y  
a w e  a t t r a c t i v e  t h a n  o t h e r  methods of  a l l e v i a t i n g  the p r e s e n t  problem of  
s u l f u r  d iox ide  and p a r t i c u l a t e  p o l l u t i o n  from power p l a n t s .  
t he  Solvent Refined Coal P rocess  can h e l p  t o  r e l i e v e  t h e  c u r r e n t  sho r t age  of 
low-sulfur  f u e l s  and a t  t h e  same time provide a means o f  u t i l i z i n g  t h e  high- 
s u l f u r  coa l  reserves o f  t h e  na t ion .  

In a d d i t i o n ,  

I 
I 
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TABLE I 

REQUIRED PRICE FOR P&M SOLVENT REFINED COAL 

S e l l i n g  Price,  
Inc lud ing  PO% DCF 

Return on Investment 
(Cents p e r  Mi l l i on  BTU) 

Case I - L i g h t  l i q u i d  product s o l d  as 
r e f i n e r y  feed s tock .  S u l f u r  
and e l e c t r i c a l  power s o l d  as 

~ by-products. 

Case 11 - Light  l i q u i d  combined wi th  
Solvent Refined Coal f o r  
sale as power p l a n t  f u e l .  
S u l f u r  and electr ical  power 
s o l d  as by-products. 

Case I11 - Ligh t  l i q u i d  combined w i t h  
Solvent Refined Coal f o r  
sale as power p l a n t  f u e l .  
No by-products so ld .  

40.7 

45.0 

47.4 

\ 
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