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ABSTRACT 

R e s u l t s  a r e  p r e s e n t e d  from a s t u d y  by P u l l m a n  Ke l logg ,  with a s s i s t a n c e  
from Gulf U n i v e r s i t i e s  Research  Consort ium ( G U R C )  , of t h e  c a r b o n  d i o -  
x i d e  s u p p l y  s i t u a t i o n  f o r  misc ib le  f l o o d i n g  o p e r a t i o n s  t o  e n h a n c e  o i l  
r e c o v e r y .  

C a n d i d a t e  o i l  r e s e r v o i r s  have been i d e n t i f i e d ,  and t h e  c a r b o n  d i o x i d e  
r e q u i r e m e n t s  and t h e  p o t e n t i a l  r e c o v e r a b l e  o i l  f o r  some of t h e s e  h a v e  
been e s t i m a t e d .  

A s u r v e y  of carbon d i o x i d e  s o u r c e s  h a s  been conducted w i t h i n  t h e  g e o -  
g r a p h i c  a r e a s  where c a n d i d a t e  o i l  r e s e r v o i r s  e x i s t .  Sources  c o n s i d e r e d  
were bo th  h igh  and low q u a l i t y  g a s e s  from c o m b u s t i o n  v e n t s ,  c h e m i c a l  
p r o c e s s  s t a c k s ,  and n a t u r a l l y  o c c u r r i n g  g a s  d e p o s i t s .  

The su rvey  shows more t h a n  enough  c a r b o n  d i o x i d e  is a v a i l a b l e  f rom 
above-ground s o u r c e s  a lone t o  meet expec ted  demands. 

Sys tems t o  p u r i f y  and d e l i v e r  t h e  c a r b o n  d i o x i d e  h a v e  been  d e s i g n e d  
a n d  t h e  c o s t s  of t h e  d e l i v e r e d  ca rbon  d i o x i d e  es t imated.  Lowest  c o s t  
i s  c a r b o n  d i o x i d e  f rom n a t u r a l  s o u r c e  w i t h  c r e d i t  f o r  b y - p r o d u c t  
m e  t h a n e .  

A more comprehens ive  s u r v e y  of a b o v e - g r o u n d  and n a t u r a l  s o u r c e s  is 
recommended. 

n 

v i  



I .  SUMMARY 

T h i s  r e p o r t  conc ludes  t h e  f i r s t  phase  of a s t u d y  by P u l l m a n  K e l l o g g ,  
a s s i s t e d  by Gul f  U n i v e r s i t i e s  R e s e a r c h  C o n s o r t i u m ,  o f  e n h a n c e d  o i l  
r e c o v e r y  th rough  carbon d i o x i d e  m i s c i b l e  f l o o d i n g .  During t h i s  p h a s e  
o f  t h e  s t u d y ,  t h e  l o c a t i o n  of ma jo r  above -g round  and some n a t u r a l l y  
o c c u r r i n g  s o u r c e s  o f  c a r b o n  d i o x i d e  h a v e  been  i d e n t i f i e d  w i t h i n  a 
t h i r t e e n  s t a t e  r eg ion  known t o  have f i e l d s / r e s e r v o i r s  s u i t a b l e  f o r  EC)R 
by carbon d i o x i d e  m i s c i b l e  f l o o d i n g  ( i n f o r m a t i o n  p r e s e n t e d  f o r  n a t u r a l  
s o u r c e s  is l i m i t e d  by incomple te  g e o l o g i c a l  d a t a  and by t h e  p r o p r i c -  
t a r y  n a t u r e  of o w n e r s h i p ) .  I n  a d d i t i o n ,  s e p a r a t i o n  and t r a n s p o r t a t i o n  
cos t  f o r  s e v e r a l  h y p o t h e t i c a l  cases  i n c l u d i n g  b o t h  above -g round  arid 
n a t u r a l  s o u r c e s  were deve loped .  

T i m e  and f u n d i n g  h a s  l i m i t e d  t h i s  p h a s e  o f  s t u d y  t o  a b r o a d  s c o p e  
o r i e n t a t i o n  t y p e  of r e p o r t .  For example,  s e n s i t i v i t y  s t u d i e s  a r e  n o t  
i n c l u d e d  f o r  t h e  a f f e c t  on cos t  of  carbon d i o x i d e  p u r i t y  or p i p e l i n e  
d i s t a n c e s ,  nor is any a t t e m p t  made t o  match carbon d i o x i d e  s o u r c e s  t o  
t h e  b e s t  c a n d i d a t e  f i e l d s / r e s e r v o i r s .  I t  was a l s o  n o t  p o s s i b l e  d u r i n g  
t h i s  phase  of s t u d y  t o  i n c l u d e  c e r t a i n  p o r t i o n s  of t h e  c o s t  p i c t u r e  
s u c h  as c o s t  of p u r c h a s i n g  carbon d i o x i d e  or d r i l l i n g  wel l s  f o r  n a t u -  
r a l  s o u r c e s .  I t  is e x p e c t e d  t h a t  a r e p o r t  i n  g r e a t e r  d e p t h  w i l l  be 
conc luded  w i t h i n  twe lve  months d u r i n g  a second phase of s tudy .  

Al though l i m i t e d  i n  scope ,  s e v e r a l  c o n c l u s i o n s  can be drawn f rom t h i s  
p h a s e  of  s t u d y .  For example, above-ground s o u r c e s  o f  c a r b o n  d i o x i d e  
i n  t h e  t h i r t e e n  s t a t e  r eg ion  ( e s t i m a t e d  a t  3 3  b i l l i o n  S C F D  p r e s e n t l y )  
a r e  s u f f i c i e n t  t o  s a t i s f y  t h e  p r o j e c t e d  f u t u r e  demand fo r  EOR appl ica-  
t i o n s  even w i t h o u t  d i s c o v e r y  o f  s u b s t a n t i a l  new s o u r c e s  o f  n a t u r a l  
s u p p l y .  I t  a l s o  a p p e a r s  t h a t  each s t a t e  s u r v e y e d  c o u l d  be s e l f  sup -  
p o r t i n g  i n  carbon d i o x i d e  from above-ground sources;  however , much of 
t h i s  c a r b o n  d i o x i d e  ( r o u g h l y  8 0 % )  i s  p r e s e n t l y  a v a i l a b l e  a s  a by- 
p r o d u c t  from c e m e n t  p l a n t  o r  power p l a n t  s t a c k  g a s e s  and is of low 
q u a l i t y .  Recovery of carbon d i o x i d e  from t h e s e  abundant  s o u r c e s  w i l l  
t h u s  be e x p e n s i v e  due t o  h igh  s e p a r a t i o n  c o s t s ,  which  c o u l d  p r e v e n t  
e x t e n s i v e  u s e  of t h e s e  abundant  s o u r c e s .  

T h e  h i g h e s t  q u a l i t y  above-ground s o u r c e s  of carbon d i o x i d e  a re  proce:ss 
v e n t s  from f e r t i l i z e r  and chemical p l a n t s .  P r e s e n t l y ,  uncommitted by- 
p r o d u c t  carbon d i o x i d e  from ammonia manufac tu re  ( t y p i c a l l y  98% CO ) is 
t h e  most promis ing  p r o c e s s  v e n t  s o u r c e  s ince  a b o u t  7 0  p e r c e n t  i s  l o -  
c a t e d  i n  a r e a s  of h igh  p o t e n t i a l  f o r  EOR by CO m i s c i b l e  f l o o d  - namle- 
l y ,  L o u i s i a n a ,  South Texas ,  and Oklahoma. B y - p r o d u c t  c a r b o n  d i o x i d e  
from S y n t h e t i c  N a t u r a l  Gas p l a n t s  (SNG) h a s  g r e a t  p o t e n t i a l  a s  a f u -  
t u r e  s o u r c e  o f  c a r b o n  d i o x i d e  f o r  EOR e s p e c i a l l y  i f  a s i g n i f i c a n t  
amount of SNG i s  produced by g a s i f i c a t i o n  of c o a l .  The a m o u n t  of h igh  
p u r i t y  carbon d i o x i d e  from p r o c e s s  v e n t s  is expec ted  t o  f a l l  s h o r t  (of 
t o t a l  r e q u i r e m e n t s  i f  EOR by carbon d i o x i d e  m i s c i b l e  f l o o d  p r o v e s  to 

, , be commerc ia l ly  s u c c e s s f u l .  
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N a t u r a l  g a s  w e l l s  r i c h  i n  c a r b o n  d i o x i d e  h a v e  p e r h a p s  t h e  g r e a t e s t  
p o t e n t i a l  as  a f u t u r e  s o u r c e  of carbon d i o x i d e  f o r  EOR; h o w e v e r ,  t h e  
exac t  q u a n t i t i e s  a v a i l a b l e  a r e  no t  known s i n c e  no e x h a u s t i v e  su rvey  of 
t h i s  source h a s  been made. Areas  b e l i e v e d  t o  have g r e a t  p o t e n t i a l  f o r  
h i g h  p u r i t y  n a t u r a l l y  o c c u r r i n g  c a r b o n  d i o x i d e  w e l l s  a r e  t h e  F o u r  
C o r n e r s  a r e a  ( U t a h ,  C o l o r a d o ,  A r i z o n a ,  N e w  M e x i c o ) ,  S o u t h e a s t  
Co lo rado ,  Nor theas t  N e w  Mex ico ,  and C e n t r a l  M i s s i s s i p p i .  Based  on 
h i s t o r i c a l  d a t a  f o r  t h e  n a t u r a l  g a s  i n d u s t r y ,  it is  g e n e r a l l y  con-  
c l u d e d  t h a t  n a t u r a l  s o u r c e s  a l o n e  ( l i k e  p r o c e s s  v e n t s )  c a n n o t  s u p p l y  
a l l  t h e  carbon d i o x i d e  r e q u i r e m e n t s  f o r  EOR e f f o r t s  i f  c a r b o n  d i o x i d e  
m i s c i b l e  f l o o d i n g  is commerc ia l ly  s u c c e s s f u l .  

Based on c o s t  d a t a  deve loped  d u r i n g  t h i s  p h a s e  o f  s t u d y  ( T a b l e  I-l), 
t h e  lowest c o s t  carbon d i o x i d e  would be from a n a t u r a l  s o u r c e  c o n t a i n -  
i n g  by-product  n a t u r a l  g a s  t o  o f f s e t  t h e  c o s t  of producing  t h e  c a r b o n  
d i o x i d e .  R e a l i s t i c a l l y ,  i t  seems t h a t  t h e  n a t u r a l  s o u r c e s  s t u d i e d  i n  
t h i s  r e p o r t  would most l i k e l y  be d e v e l o p e d  i n d e p e n d e n t l y  of  EOR e f -  
f o r t s  f o r  t h e  n a t u r a l  g a s  c o n t e n t  a l o n e .  Thus  t h e  c a r b o n  d i o x i d e  
r a t h e r  t han  t h e  n a t u r a l  g a s  would be a v a i l a b l e  a s  by-product .  The  c o s t  
o f  t h e  carbon d i o x i d e  i n  t h i s  c a s e  would depend on many c o n s i d e r a t i o n s  
i n c l u d i n g  t o  w h a t  e x t e n t  t h e  c o s t  of deve lop ing  t h e  n a t u r a l  g a s  s o u r c e  
i s  charged  a g a i n s t  t h e  carbon d i o x i d e .  

Above-ground s o u r c e s ,  e s p e c i a l l y  from s t a c k  g a s e s  s u c h  a s  power p l a n t s  
w i l l  be expens ive .  I n  t h e  l a t t e r  c a s e ,  c lose p r o x i m i t y  t o  t h e  c a n d i -  
d a t e  f i e l d / r e s e r v o i r  w i l l  be h i g h l y  d e s i r a b l e  fo r  u t i l i z a t i o n  o f  t h i s  
abundant  s o u r c e .  

- 2 -  
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TABLE 1-1 

Carbon Diox ide  
S o u r c e  

Aboveg round 

Ammonia P l a n t  Ven t s  

Power P l a n t  F l u e g a s  

Case I ( 9 8 %  C 0 2  -2% C H 4  ) 

I Case 111 ( 5 0 %  C 0 2  -50% CH4 ) 
I 

w 

Case I V  ( 4 8 %  C 0 2  -50% C H 4  -2% H 2  S) 

I n v e s t m e n t  and  C o s t  Summary 

Carbon D i o x i d e  
Capac i t y  I n v e s t m e n t  

MMSCFD MMS U.S. 

184 T r a n s m i s s i o n  Sys tem 134.8 

125 Recovery P l a n t  34.1 
T r a n s m i s s i o n  System 19 .2  
T o t a l  53.3 

125  

1 2 5  

125 

Notes  - 

- U.S .  Gulf  Coast L o c a t i o n  is assumed 
- Inves tmen t  Costs  2nd Q u a r t e r  1977 
- A l l  i nves tmen t  + 25% 
- Transmiss ion  s y s t e m s  p i p e l i n e s  

Ammonia P l a n t  Ven t s  - 145 m i l e  t r u n k l i n e  
Power P l a n t  - 25 mi le  
N a t u r a l  S o u r c e s  - 100 mile 

T r a n s m i s s i o n  ' System 62.9 

Recovery P l a n t  11.4 
T r a n s m i s s  i o n  Sys tem 67.9 
T o t a l  79.3 

Recovery P l a n t  48.0 
T r a n s m i s s i o n  Sys tem 68.3 
T o t a l  l-iC-3 

cost 
$ / M W C O ~  

1.15 

1.04 
0.21 

.1.25 

0.72 

-1.62 
0.87 

-0.75 

-1.19 
0.89 

-0.30 
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I A.  ENHANCED O I L  RECOVERY - BACKGROUND 

By 1975 ,  t h e  pe t ro l eum i n d u s t r y  i n  t h e  U n i t e d  S t a t e s  had d i s c o v -  
e r e d  an  e s t i m a t e d  4 1 8  b i l l i o n  b a r r e l s  of d o m e s t i c  o i l .  O f  t h i s  
amount,  app rox ima te ly  2 0 0  b i l l i o n  b a r r e l s  - r o u g h l y  one h a l f  - was 
d i s c o v e r e d  by t h e  mid 1 9 3 0 ' ~ ~  and abou t  75 p e r c e n t  was d i s c o v e r e d  
by  1950.  P r o d u c t i o n  from t h e s e  proven r e s e r v e s  a s  of 1975 t o t a l e d  
a b o u t  109  b i l l i o n  b a r r e l s ,  and it is e s t i m a t e d  t h a t  c u r r e n t  recov- 
e r y  t e c h n i q u e s  w i l l  add an a d d i t i o n a l  2 8  b i l l i o n  b a r r e l s  of pro-  
d u c t i o n .  Recove ry  f rom c u r r e n t  p r o v e n  r e s e r v e s  u s i n g  e x i s t i n g  
t e c h n i q u e s  w i l l  ave rage  abou t  3 3  p e r c e n t .  [ 1 , 2 ]  

A s  r e c e n t l y  a s  1962,  t h e  e x p e c t e d  r e c o v e r y  e f f i c i e n c y  from p r o v e n  
d o m e s t i c  r e s e r v e s  wa:; abou t  28 p e r c e n t .  The i n c r e a s e s  i n  expec ted  
r e c o v e r y  e f f i c i e n c y  s i n c e  t h a t  time can be a t t r i b u t e d  t o  t h e  ap- 
p l i c a t i o n  of s econdary  r e c o v e r y  t e c h n i q u e s  ( a s  compared t o  p r imary  
r e c o v e r y  us ing  n a t u r a l  r e s e r v o i r  e n e r g y ) .  [ 21 

U n t i l  r e c e n t l y ,  s econda ry  r e c o v e r y  t e c h n i q u e s  have f o c u s e d  on i n -  
j e c t i o n  of wa te r ,  t h e  so c a l l e d  w a t e r f l o o d ,  t o  r e c o v e r  a d d i t i o n a l  
o i l  from t h e  r e s e r v o i r .  Wate r f lood  is s t i l l  t h e  predominant  t e c h -  
n i q u e  used i n  secondary  o i l  r e c o v e r y ,  and a b o u t  h a l f  t h e  c u r r e n t  
domest ic  c rude  o i l  is produced by t h i s  t e c h n i q u e .  

N a t u r a l  g a s  h a s  sometimes been i n j e c t e d  i n t o  r e s e r v o i r s  t o  main-  
t a i n  r e s e r v o i r  p r e s s u r e ,  b u t  t h i s  t e c h n i q u e ,  n e v e r  w i d e l y  
p r a c t i c e d ,  is o n l y  r a r e l y  used now because o f  i n h e r e n t  i n e f f i c i e n -  
c i e s  and h igh  g a s  cos t s .  

I n  v iew o f  d e c l i n i n g  d o m e s t i c  d i s c o v e r i e s  and r i s i n g  demand,  t h e  
U n i t e d  S t a t e s  o i l  i n d u s t r y  i n  r e c e n t  y e a r s  h a s  focused  i n c r e a s i n g  
a t t e n t i o n  on d e v e l o p i n g  new m e t h o d s  o f  i m p r o v i n g  o i l  r e c o v e r y  
e f f i c i e n c y .  These  methods g e n e r a l l y  c a l l e d  enhanced o i l  r e c o v e r y  
( E O R )  i n v o l v e  t e c h n i q u e s  somewhat  more a d v a n c e d  t h a n  t h o s e  used  
p r e v i o u s l y .  T h i s  h i g h e r  d e g r e e  o f  s o p h i s t i c a t i o n  i s  r e q u i r e d  
s i n c e  e x i s t i n g  t e c h n i q u e s  have alreaclj; r ecove red  t h e  o i l  wh ich  i s  
e a s i l y  r ecove red .  

Methous f o r  EOR under development  i n  r e c e n t  y e a r s  employ a v a r i e t y  
of  t e c h n i q u e s  t o  i n c r e a s e  o i l  r e c o v e r y  e f f i c i e n c y .  T h e s e  i n c l u d e  
so c a l l e d  " the rma l"  methods i n  which steam or a i r  t o  s u p p o r t  com- 
b u s t i o n  is i n j e c t e d  i n t o  t h e  r e s e r v o i r  ( g e n e r a l l y  u s e d  on h e a v y  
o i l s )  , chemica l '  f l o o d i n g  i n  which v a r i o u s  polymers  or s u r f a c t a n t s  
a r e  i n j e c t e d ,  and m i s c i b l e  f l o o d i n g  w i t h  carbon d i o x i d e  i n j e c t i o n .  

T h e r m a l  p r o c e s s e s  a r e  p r e s e n t l y  t h e  most  d e v e l o p e d  of t h e  E O R  
methods.  ( I t  is e s t i m a t e d  t h a t  2 0 0  t h o u s a n d  b a r r e l s  per  d a y  a r e  
p r e s e n t l y  r ecove red  us ing  the rma l  t e c h n i q u e s .  ) Carbon d i o x i d e  m i s -  
c i b l e  f l o o d i n g  and chemical  methods,  d e s p i t e  c o n t i n u i n g  r e s e a r c h  
and f i e l d  t e s t i n g ,  have y e t  t o  a c h i e v e  widespread  commercial use.  



B .  CARBON D I O X I D E  M I S C I B L E  FLOODING FOR EOR 

The concep t  of i n j e c t i n g  g a s  i n t o  o i l  r e s e r v o i r s  t o  improve  r e -  
c o v e r y  is n o t  new. I n  t h e  t r a d i t i o n a l  manner ( r e f e r r e d  t o  h e r e  as 
an  immisc ib l e  process)  t h e  i n j e c t e d  g a s  d e l a y s  p r e s s u r e  d e c l i n e ,  
and h e l p s  d i s p l a c e  t h e  o i l  t o  t h e  producing  wells. 

A concep t  which has  ga ined  wider  accep tance  i n  r e c e n t  y e a r s  is thme 
s o  c a l l e d  m i s c i b l e  f l o o d i n g  t e c h n i q u e  f o r  EOR. I n  a m i s c i b l e  d i s -  
p l acemen t  p r o c e s s ,  t h e  f l u i d  i n j e c t e d  i n t o  t h e  r e s e r v o i r  a c t s  as a 
s o l v e n t  f o r  t h e  o i l ,  and under t h e  c o n d i t i o n s  of  m i s c i b i l i t y  es- 
s e n t i a l l y  e l i m i n a t e s  t h e  i n t e r f a c e s  and c a p i l l a r y  f o r c e s  be tween  
t h e  o i l  and t h e  f l u i d .  

V a r i o u s  hydrocarbon g a s e s  ( and l i q u i d s )  have  been used as  m i s c i b l e  
and immisc ib l e  a g e n t s  i n  t h e  p a s t ;  h o w e v e r ,  t h e i r  u s e  h a s  been  
e s s e n t i a l l y  d i s c o n t i n u e d  due t o  t h e  r i s i n g  c o s t s  f o r  h y d r o c a r b o n s  
i n  r e l a t i o n  t o  t h e  a d d i t i o n a l  o i l  r ecove red .  

A f a v o r a b l e  a l t e r n a t e  t o  hydrocarbons  a s  m i s c i b l e  a g e n t s  is carbon 
d i o x i d e .  Upon i n i t i a l  i n j e c t i o n  t h e  carbon d i o x i d e  i s  n o t  misci-  
b l e  wi th  t h e  o i l .  Because of i ts  a b i l i t y  t o  v a p o r i z e  h y d r o c a r b o n  
components i n  t h e  o i l ,  a m i s c i b l e  m i x t u r e  be tween  t h e  r e s e r v o i r  
o i l  and t h e  carbon d i o x i d e  may be formed. I n  a d d i t i o n ,  t h e  d i s -  
s o l v e d  carbon d i o x i d e  v o l u r n e t r i c a l l y  e x p a n d s  t h e  o i l  and r e d u c e s  
i t s  v i s c o s i t y ,  w h i c h  allow:; t h e  o i l  t o  f l o w  more r e a d i l y  and c a n  
r e s u l t  i n  b e t t e r  r ecove ry .  

Carbon d i o x i d e  m i s c i b l e  f l o o d i n g  i s  s t i l l  c o n s i d e r e d  an e x p e r i -  
m e n t a l  p r o c e s s ,  and i ts  e f f e c t i v e n e s s  a s  an EOR p r o c e s s  r e m a i n s  
l a r g e l y  unproven. For example,  l i t t l e  is known about  which methods 
o f  p r a c t i c i n g  carbon d i o x i d e  m i s c i b l e  f l o o d i n g  a r e  most e f f e c t i v e ,  
and  a g r e a t  d e a l  of v a r i a t i o n  e x i s t s  among t h e  proposed methods o f  
a p p l i c a t i o n .  Some d e s i g n s  c a l l  f o r  a1 t e r n a t i n g  carbon d i o x i d e  w i t h  
wa te r  i n j e c t i o n ,  w h i l e  o t h e r s  i n v o l v e  use of  an a d d i t i o n a l  gas 
s u c h  as methane o r  f l u e  g a s  i n  c o m b i n a t i o n  w i t h  c a r b o n  d i o x i d e  
f l o o d i n g .  Also h i g h l y  u n c e r t a i n  a t  p r e s e n t  is t h e  amount of  i n c r e -  
m e n t a l  o i l  r ecove ry  which can be o b t a i n e d  f rom a g i v e n  volume o f  
ca rbon  d i o x i d e  i n j e c t e d .  I d e n t i f i c a t i o n  of r e s e r v o i r s  which  a r e  
p o t e n t i a l  c a n d i d a t e s  fo r  carbon d i o x i d e  m i s c i b l e  f l o o d i n g  i s  y e t  
a n o t h e r  a r e a  of u n c e r t a i n t y .  

L i t t l e  is known about  t h e  e f f e c t  on t h e  p r o c e s s  of p r e v i o u s  recov- 
e r y  t e c h n i q u e s  o r  i n d i v i d u a l  r e s e r v o i r  p r o p e r t i e s  s u c h  as  r o c k  
f o r m a t i o n  or r e s e r v o i r  t e m p e r a t u r e .  
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I n  a d d i t i o n  t o  q u e s t i o n s  r e l a t i n g  t o  t e c h n i c a l  a s p e c t s  o f  t h e  
p r o c e s s ,  t h e  c o s t  and a v a i l a b i l i t y  o f  p o t e n t i a l  c a r b o n  d i o x i d e  
s u p p l i e s  a r e  impor t an t  c o n s i d e r a t i o n s  a f f e c t i n g  t h e  p o t e n t i a l  ap- 
p l i c a t i o n  of carbon d i o x i d e  m i s c i b l e  f l o o d  f o r  EOR. In fo rma t ion  i n  
t h e s e  c r i t i c a l  a r e a s  is somewhat u n c e r t a i n  a t  p r e s e n t .  

D e s p i t e  t h e s e  u n c e r t a i n t i e s ,  t h e  p o t e n t i a l  f o r  o i l  r e c o v e r y  by 
c a r b o n  d i o x i d e  m i s c i b l e  f l o o d i n g  i s  l a r g e .  D e p e n d i n g  on  t h e  
economic p a r a m e t e r s  one chooses ,  estimates range up t o  10  b i l l i o n  
b a r r e l s  u l t i m a t e  r ecove ry  by t h i s  p r o c e s s . [ 3 ]  A b e s t  g u e s s  f o r  t h e  
amount of o i l  expec ted  t o  be r ecove red  by carbon d i o x i d e  m i s c i b l e  
f l o o d  is i n  t h e  range of four  b i l l i o n  b a r r e l s .  Whether s u c h  pro-  
d u c t i o n  w i l l  eve r  be r e a l i z e d  depends  t o  a g r e a t  e x t e n t  on whether  
s u f f i c i e n t  low c o s t  carbon d i o x i d e  can be found. 

Al though,  s t i l l  c o n s i d e r e d  an e x p e r i m e n t a l  p r o c e s s ,  carbon d i o x i d e  
m i s c i b l e  f l o o d i n g  f o r  EOR i s  b e i n g  t r i e d  on a c o m m e r c i a l  s c a l e .  
Beginning i n  e a r l y  1 9 7 2 ,  t h e  SACROC u n i t  i n  S c u r r y  C o u n t y ,  T e x a s  
s t a r t e d  i n j e c t i o n  of carbon d i o x i d e  i n  t h e  Canyon R e e f .  f i e l d  of 
West Texas.  T h e  carbon d i o x i d e  m i s c i b l e  f lood  i n  combinat ion wi th  
w a t e r f l o o d  was s e l e c t e d  a f t e r  s t u d y  of v a r i o u s  f l o o d i n g  t e c h -  
n i q u e s .  These s t u d i e s  showed t h a t  a wa te r  d r i v e n  c a r b o n  d i o x i d e  
m i s c i b l e  f lood  would y i e l d  t h e  h i g h e s t  i n c r e a s e d  r ecove ry ,  and was 
p o t e n t i a l l y  t h e  most economica l ly  a t t r a c t i v e .  

Carbon d i o x i d e  fo r  t h e  SACHOC p r o j e c t  is o b t a i n e d  from n a t u r a l  g a s  
w e l l s  l o c a t e d  some 200  mi l e s  s o u t h  of t h e  Canyon Reef f i e l d .  A f t e r  
p u r i f i c a t i o n  t h e  carbon d i o x i d e  is t r a n s p o r t e d  by p i p e l i n e  t o  t h e  
f i e l d . 1  I t  is e s t i m a t e d  t h a t  an a d d i t i o n a l  100-200 m i l l i o n  b a r -  
r e l s  of o i l  w i l l  be p r o d u c e d  from t h e  Canyon Reef  f i e l d  by t h e  
ca rbon  d i o x i d e  m i s c i b l e  f l o o d .  

A number of a d d i t i o n a l  t e s t s  of carbon d i o x i d e  m i s c i b l e  f l o o d i n g  
a r e  c u r r e n t l y  underway. T h e s e  tests a r e  l o c a t e d  p r i m a r i l y  i n  West 
T e x a s ,  S o u t h  L o u i s i a n a ,  M i s s i s s i p p i ,  and West V i r g i n i a .  

l p a r t  of t h e  carbon d i o x i d e  is used for  a carbon d i o x i d e  f l o o d  a t  
t h e  North C r o s s e t t  f i e l d  l o c a t e d  a long  t h e  p i p e l i n e .  
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c. SCOPE OF THIS REPORT 

T h i s  r e p o r t  i s  t h e  r e s u l t  o f  e f f o r t s  by P u l l m a n  K e l l o g g ,  w i t h  
ass is tance from Gulf U n i v e r s i t i e s  R e s e a r c h  C o n s o r t u m  ( G U R C )  , t o  
s t u d y  fo r  t h e  Un i t ed  S t a t e s  Energy Research and Development Admin- 
i s t r a t i o n  ( E R D A )  t h e  a v a i l a b i l i t y  and c o s t  o f  s u p p l y i n g  c a r b o n  
d i o x i d e  f o r  m i s c i b l e  f l o o d i n g  o p e r a t i o n s .  I 

T h i s  s t u d y ,  conducted under C o n t r a c t  EX-76-C-01-2515 , began  w i t h  
t h e  i d e n t i f i c a t i o n  of c a n d i d a t e  o i l  r e s e r v o i r s  t hough t  t o  be s u i t -  
a b l e  f o r  EOR by  use of c a r b o n  d i o x i d e  mi sc ib l e  f l o o d i n g  t e c h -  
n i q u e s .  T h e s e  o i l  r e s e r v o i r s ,  l o c a t e d  i n  t h i r t e e n  s t a t e s ,  
e s t a b l i s h e d  t h e  a p p r o x i m a t e  g e o g r a p h i c  l o c a t i o n s  where  c a r b o n  
d i o x i d e  i s  needed. R e s e r v o i r s  i n  t h e  t h i r t e e n  s t a t e s  were  se lec-  
t e d  by GURC on t h e  b a s i s  of c r i t e r i a  p e r t a i n i n g  t o  rock  and f l u i d  
p r o p e r t i e s  and r e s e r v o i r  c o n d i t i o n s  w h i c h  make them candidates  f o r  
EOR us ing  carbon d i o x i d e  m i s c i b l e  f l o o d i n g .  F u r t h e r  r e f inemen t  of 
t h i s  i n i t i a l  s c r e e n i n g  by G U R C  f o r  some of  t h e s e  r e s e r v o i r s  h a s  
r e s u l t e d  i n  e s t i m a t e s  of t h e  p o t e n t i a l  r e c o v e r a b l e  o i l  and t h e  
q u a n t i t y  of carbon d i o x i d e  r e q u i r e d  fo r  miscible f l o o d i n g .  

W i t h i n  t h i s  g e o g r a p h i c  a r e a  a l l  above  g r o u n d  s o u r c e s  of  c a r b o n  
d i o x i d e  have been de te rmined  and c l a s s i f i e d  a c c o r d i n g  t o  s o u r c e  
and a v a i l a b l e  q u a n t i t i e s .  U n d e r g r o u n d  s o u r c e s  of  n a t u r a l l y  oc- 
c u r r i n g  carbon d i o x i d e  a r e  i d e n t i f i e d  o n l y  a s  t o  a p p r o x i m a t e  geo -  
g r a p h i c  l o c a t i o n  w i t h i n  the t h i r t e e n  s t a t e  r e g i o n .  Development of 
a d d i t i o n a l  i n f o r m a t i o n  p e r t a i n i n g  t o  n a t u r a l  s o u r c e s  o f  c a r b o n  
d i o x i d e  i s  l e f t  t o  f u t u r e  s t u d y ,  and is beyond t h e  s c o p e  of  t h i s  
r e p o r t  . 
One of t h e  aims of t h i s  s t u d y  is t o  d e t e r m i n e  a c o s t  f o r  c a r b o n  
d i o x i d e  d e l i v e r e d  t o  t h e  o p e r a t o r  of t h e  o i l  r e s e r v o i r .  P o r t i o n s  
of t h i s  cos t ,  however, cannot  be developed w i t h i n  t h e  c o n f i n e s  of 
t h i s  s tudy .  For example,  t h e  c o s t s  of p u r c h a s i n g  c a r b o n  d i o x i d e  
from t h e  owner or d r i l l i n g  g a s  wells fo r  n a t u r a l l y  o c c u r r i n g  c a r -  
bon d i o x i d e  a r e  not  e s t a b l i s h e d .  D r i l l i n g  c o s t s  per  u n i t  o f  c a r -  
bon d i o x i d e  a r e  a f u n c t i o n  of many f a c t o r s  s u c h  as d e p t h ,  p u r i t y  
and  l o c a t i o n  of  t h e  d e p o s i t .  T h e s e  c o s t s  w i l l  be  e s t a b l i s h e d  
d u r i n g  a s e c o n d  p h a s e  of t h i s  i n v e s t i g a t i o n  (See Summary  a n d  
Recommendations s e c t i o n s ) .  A s  an a l t e r n a t e  approach ,  sys tems have 
been hypo thes i zed  f o r  t h e  d e l i v e r y  of carbon d i o x i d e  from s e l e c t e d  
s o u r c e s  t o  c a n d i d a t e  r e s e r v o i r s  and t h e  c o s t s ,  i n c l u d i n g  r e c o v e r y  
p l a n t s  and t r a n s p o r t a t i o n  s y s t e m s ,  have  been d e v e l o p e d  f o r  t h e  
c a s e s  s e l e c t e d  fo r  s t u d y  ( see  d e f i n i t i o n  of cases).  

I n  a d d i t i o n  t o  these t a s k s ,  t h i s  s t u d y  i n c l u d e s  an  i n v e s t i g a t i o n  
o f  s o u r c e s  of p h y s i c a l  and e q u i l i b r i u m  p r o p e r t i e s  of c a r b o n  d i o x -  
i d e .  Results of t h i s  i n v e s t i g a t i o n  a r e  inc luded  i n  t h e  appendix  t o  
t h i s  r e p o r t .  
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D. D E F I N I T I O N  OF CASES 141 

The c a s e s  s e l e c t e d  f o r  s t u d y  i n  t h i s  r e p o r t  i n c l u d e  t h e  f o l l o w i n g  
s o u r c e s  of carbon d i o x i d e :  

1. Power p l a n t  f l u e  g a s  
2. Ammonia p l a n t  v e n t  g a s e s  
3 .  N a t u r a l l y  o c c u r r i n g  g a s  d e p o s i t s  

During t h e  c o u r s e  of t h i s  s t u d y  f u r t h e r  d e f i n i t i o n  was d e v e l o p e d  
f o r  each  of t h e  above c a s e s .  For example,  t h e  power p l a n t  s o u r c e  
h a s  been d e f i n e d  a s  f l u e  g a s  from a c o a l - f i r e d  p l a n t .  A c o a l  f i r e d  
power p l a n t  was s e l e c t e d  a s  t h i s  seems most r e a l i s t i c  i n  l i g h t  of 
f u t u r e  energy  p o l i c i e s .  

T h e  ammonia p l a n t  p r o c e s s  v e n t  c a s e  was s e l e c t e d  e a r l y  i n  t h e  
s t u d y  a f t e r  i n v e s t i g a t i o n  of carbon d i o x i d e  s o u r c e s  and G U R C  i n -  
f o r m a t i o n  on c a n d i d a t e  r e s e r v o i r s .  T h i s  i n v e s t i g a t i o n  i n d i c a t e d  
t h a t  f o r  t h e  S o u t h  L o u i s i a n a  a r e a ,  ammonia p l a n t  p r o c e s s  v e n t s  
c o u l d  p r o b a b l y  s u p p l y  s u f f i c i e n t  c a r b o n  d i o x i d e  f o r  an  EOR 
p r o j e c t .  I t  was a l s o  n o t e d  t h a t  t h e  S o u t h  P a s s  a r e a ,  an a r e a  
c o n t a i n i n g  s e v e r a l  f i e l d s  w i t h  r e s e r v o i r s  s a t i s f y i n g  t h e  G U R C  
c r i t i c a l  p a r a m e t e r s  f o r  p o t e n t i a l  c a r b o n  d i o x i d e  m i s c i b l e  f l o o d  
EOR a p p l i c a t i o n s ,  was l o c a t e d  nearby .  

H y p o t h e t i c a l  c a s e s  a r e  used  t o  e v a l u a t e  n a t u r a l l y  o c c u r r i n g  
s o u r c e s  of carbon d i o x i d e .  T h i s  a p p r o a c h  i s  a d o p t e d  b e c a u s e  d e -  
t a i l e d  i n f o r m a t i o n  on n a t u r a l  carbon d i o x i d e  s o u r c e s  is not  wide ly  
a v a i l a b l e  and i n  many c a s e s  s t i l l  u n d e r  i n v e s t i g a t i o n .  T h e s e  
c a s e s  c o n s i s t  of a h igh  q u a l i t y  s o u r c e  - 98  p e r c e n t  c a r b o n  d i o x -  
i d e ,  and low q u a l i t y  s o u r c e  - 50 p e r c e n t  carbon d i o x i d e .  For e a c h  
of  t h e s e ,  p o s s i b l e  c o n t a m i n a t i o n  of t h e  s o u r c e  is a l l o w e d  f o r  by 
assuming a two p e r c e n t  hydrogen s u l f i d e  l e v e l .  

Assumpt ions  

I n  d e v e l o p i n g  c o s t s  f o r  t h i s  s t u d y ,  c e r t a i n  g r o u n d  r u l e s  a n d  
a s s u m p t i o n s  have t o  be made. Pr imary t o  t h e s e  a r e  t h a t  t h i s  s t u d y  
i s  c o n c e r n e d  w i t h  c o m m e r c i a l  i n s t a l l a t i o n s ,  r a t h e r  t h a n  p i l o t  
i n s t a l l a t i o n s .  Commercial i n s t a l l a t i o n s  a r e  d e f i n e d  h e r e  a s  t h o s e  
r e q u i r i n g  a t  l e a s t  1 0 0  m i l l i o n  s t a n d a r d  c u b i c  f e e t  p e r  d a y  of  
c a r b o n  d i o x i d e .  

I n  keeping w i t h  t h e  d e f i n i t i o n  of commercial  i n s t a l l a t i o n s  adopted 
f o r  t h i s  s t u d y ,  sys tems a r e  d e s i g n e d  f o r  t h e  d e l i v e r y  of 1 2 5  M M  
S C F D  of  carbon d i o x i d e  from t h e  power p l a n t  and n a t u r a l l y  o c c u r -  
r i n g  s o u r c e s .  A s  a r e s u l t  of t h e  s t u d y  of carbon d i o x i d e  a v a i l a b l e  
f rom ammonia p l a n t  v e n t s  i n  t h e  South L o u i s i a n a  a r e a ,  t h i s  s y s t e m  
is d e s i g n e d  t o  d e l i v e r  184 MMSCFD of  ca rbon  d i o x i d e .  



An e q u a l l y  impor t an t  assumpt ion  i s  t h e  q u a l i t y  o f  c a r b o n  d i o x i d e  
r e q u i r e d  fo r  m i s c i b l e  f l o o d i n g .  Although much d i s c u s s i o n  c u r r e n t l y  
e x i s t s  a b o u t  t h i s  t o p i c ,  t h e  q u a l i t y  s e l e c t e d  is a n o m i n a l  9 8  
p e r c e n t .  For s o u r c e s  c o n t a i n i n g  hydrogen s u l f i d e ,  t h i s  is r e d u c e d  
t o  1/4 g r a i n  H2S p e r  100 s t a n d a r d  c u b i c  f e e t  o f  c a r b o n  d i o x i d e  
produced .  

Assumptions have b e e n  made to d e v e l o p  t r a n s p o r t a t i o n  c o s t s .  L a c k -  
i n g  s p e c i f i c  s o u r c e - c a n d i d a t e  r e s e r v o i r  l o c a t i o n s ,  a r b i t r a r y  
p i p e l i n e  l e n g t h s  have been adopted  f o r  each  case (except  f o r  proc-  
ess v e n t s  case) on t h e  b a s i s  of best g u e s s e s  of p o s s i b l e  e c o n o m i c  
l e n g t h . 1  The c a r b o n  d i o x i d e  i s  assumed t o  be d e l i v e r e d  t o  t h e  
c a n d i d a t e  r e s e r v o i r  a t  2 , 0 0 0  p s i g ,  and a 2 0 0  p s i g  p r e s s u r e  l o s s  
h a s  been assumed f o r  a l l  p i p e l i n e s .  For t h e  n a t u r a l l y  o c c u r r i n q  
s o u r c e s ,  t h e  g a s  is assumed t o  be a v a i l a b l e  a t  250 p s i g  and 75OF, 
wate r  s a t u r a t e d .  

'See N o t e s ,  Table  1-1, for  a summary of p i p e l i n e  d i s t a n c e s .  
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111. CARBON . D I O X I D E  SUPPLY SITUATION 

A .  INTRODUCTION 

A n  a s s u m p t i o n  f u n d a m e n t a l  t o  t h e  c o n c e p t  o f  e n h a n c e d  o i l  
r e c o v e r y  by ca rbon  d i o x i d e  m i s c i b l e  f l o o d i n g  is t h e  a v a i l a k l i l -  
i t y  of  s u f f i c i e n t  low c o s t  carbon d i o x i d e  t o  make t h e  r ecove ry  
t e c h n i q u e  economica l ly  v i a b l e .  T h i s  s e c t i o n  w i l l  d i s c u s s  t h e  
s o u r c e s  of ca rbon  d i o x i d e  c o n s i d e r e d  f o r  p o s s i b l e  u s e  i n  E O R ,  
a n d  w i l l  a t t e m p t  t o  d e f i n e  t h e  q u a n t i t i e s  e x p e c t e d  t o  be  
a v a i l a b l e  from each .  Succeeding  s e c t i o n s  i n  t h i s  r e p o r t  f o c u s  
a t t e n t i o n  on t h e  economic a s p e c t s  a s s o c i a t e d  w i t h  t h e  s o u r c e s  
s e l e c t e d  f o r  s t u d y .  

The  t h e o r e t i c a l  volume o f  s u p e r c r i t i c a l  c a r b o n  d i o x i d e  r e -  
q u i r e d  t o  r e c o v e r  a b a r r e l  of o i l  a t  a n t i c i p a t e d  r e s e r v o i r  
c o n d i t i o n s  is 2.5-3.0 MSCF [ 1 , 6 ] .  The a c t u a l  volume r e q u i r e d  
c a n  be 5-7 MSCF o r  more.1 S i n c e  t h e  b e s t  g u e s s  t a r g e t  f o r  
C 0 2  EOR is a p p r o x i m a t e l y  4 b i l l i o n  b a r r e l s  of o i l  1 2 1 ,  upwards 
of  30 t r i l l i o n  c u b i c  f e e t  of C 0 2  c o u l d  be r e q u i r e d . 2  

I t  shou ld  be emphasized t h a t  e q u a l l y  a s  i m p o r t a n t  a s  t h e  t o t a l  
C 0 2  a v a i l a b l e  ( a s  is most o f t e n  r e p o r t e d )  i s  t h e  r a t e  a t  w h i c h  
t h e  C 0 2  c a n  be s u p p l i e d .  I t  is n o t  enough t o  h a v e  s o  many 
t r i l l i o n  c u b i c  f e e t  of Co;! a v a i l a b l e  over  t h e  long run if o n l y  
a few m i l l i o n  c u b i c  fieet  pe r ’day  can  be produced.  

From p r o j e c t i o n s  by 1,ewin and A s s o c i a t e s  [ 2 ] ,  t h e  expec ted  o i l  
p r o d u c t i o n  by C 0 2  EOR i n  1995 is  930,000 bb l /day .  I f  a w o r s t  
c a s e  of 7 MSCF C 0 2  p e r  b a r r e l  o f  o i l  r e c o v e r e d  i s  a s s u m e d ,  
t h e n  peak C 0 2  demand w i l l  be e x p e c t e d  t o  r e a c h  6 . 5  b i l l i o n  
S C F D .  Using t h e  e x p e c t e d  p r o d u c t i o n  f i g u r e s  f rom t h e  Lewin 
s t u d y  and 3-7 MSCF CO2/bbl o i l ,  F i g u r e  111-1 r e p r e s e n t s  what  
cou ld  be c o n s i d e r e d  a boundary f o r  t h e  f u t u r e  demand of carbon 
dioxide. 

T h i s  s t u d y  h a s  c o n s i d e r e d  t h e  f o l l o w i n g  p o t e n t i a l  s o u r c e s ,  of 
c a r b o n  d i o x i d e  [ 3 , 4 ] :  

1. Power p l a n t  stac:k g a s e s  
2 .  F l u e  g a s e s  from cement p l a n t s  and l i m e s t o n e  c a l c i n a t i o n  
3. By-product of f e r t i l i z e r  and chemica l  p l a n t s  
4 .  N a t u r a l l y  o c c u r r i n g  g a s  wells h igh  i n  C 0 2  
5. By-product from c o a l  g a s i f i c a t i o n  p l a n t s  ( S N G  p l a n t s )  
6 .  Fermenta t  ion  i n d u s t r i e s  
7. Phosphate  m a n u f a c t u r i n g .  

1 N e t  C 0 2  - t o t a l  i n j e c t e d  m i n u s  C 0 2  r e c y c l e d .  

2Under t h e  most f a v o r a b l e  economic c o n d i t i o n s  ( 1 0 %  DCFROR,  $ 2 5 / b b l  o i l )  
t h e  l i m i t  of i n c r e m e n t a l  o i l  r e c o v e r y  by C 0 2  EOR is e s t i m a t e d  a t  7 . 5  
b i l l i o n  b a r r e l s [ 2 , 5 ] .  T h i s ,  t h e n  could  r e q u i r e  a s  much a s  50 t r i l l i o n  

@ 
S C F  Of C02.  
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I n i t i a l  s c r e e n i n g  e f f o r t s  have  shown t h a t  t h e  f i r s t  f o u r  
s o u r c e s  of C 0 2  l i s t e d  a r e  t h e  more l i k e l y  ones f o r  EOR a p p l i -  
c a t i o n s ;  t h e r e f o r e ,  t h e s e  form t h e  b a s i s  f o r  t h e  C02 s u p p l y  
p i c t u r e  p r e s e n t e d  i n  t h i s  s e c t i o n .  The e l i m i n a t i o n  of t h e  l a s t  
two is j u s t i f i e d  because  'of low a v a i l a b i l i t y  coupled w i t h  h igh  
C 0 2  s e p a r a t i o n  c o s t s .  For t h e  f i f t h  s o u r c e ,  c o a l  g a s i f i c a t i o n  
p l a n t s ,  t h e  p o t e n t i a l  Co;! p r o d u c t i o n  is l a r g e ;  h o w e v e r ,  t h e  
p r o s p e c t  f o r  c o n s t r u c t i o n  of f a c i l i t i e s  i n  t h e  n e a r  f u t u r e  is 
u n c e r t a i n .  

D i s c u s s i o n  of  t h e  c a r b o n  d i o x i d e  s u p p l y  s i t u a t i o n  i n  t h i s  
s e c t i o n  is l i m i t e d  t o  t h e  t h i r t e e n  s t a t e s  i n d i c a t e d  t o  have  
o i l  f i e l d s  s u i t a b l e  f o r  c a r b o n  d i o x i d e  m i s c i b l e  f l o o d i n g .  
R e s u l t s  of t h e  su rvey  f o r  t h e  f i r s t  t h r e e  s o u r c e s  ( c l a s s i f i e d  
a s  above-ground s o u r c e s )  a r e  d i s c u s s e d  f i r s t  f o l l o w e d  by a 
d i s c u s s i o n  of  t h e  n a t u r a l l y  o c c u r  i n g  s o u r c e s .  F i g u r e s  a r e  
c u r r e n t l y  l i m i t e d  f o r  t h e  amount of c a r b o n  d i o x i d e  a v a i l a b l e  
from n a t u r a l  s o u r c e s ;  t h e r e f o r e ,  t h i s  d i s c u s s i o n  is l a r g e l y  
q u a l i t a t i v e  ( see  a l s o  Appendix,  P a r t  B ) .  
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B.  ABOVE GROUND S O U R C E S  

Aggrega te  Supply P i c t u r e  

W i t h i n  t h e  t h i r t e e n - s t a t e  a r e a ,  t h e  t o t a l  a v a i l a b l e  CO f r o m  
a l l  above-ground s o u r c e s  is 33 b i l l i o n  S C F D  ( T a b l e  111-I), t h e  
bu lk  of w h i c h  is low c o n c e n t r a t i o n ,  low p u r i t y  s t a c k  g a s e s .  
T h i s  t o t a l  is more than  a d e q u a t e  t o  s a t i s f y  t h e  e x p e c t e d  peak 
r e q u i r e m e n t s ;  h o w e v e r ,  t h e  a v a i l a b l e  s u p p l y  o f  t h e  m o r e  
d e s i r a b l e ,  h igh  p u r i t y  C 0 2  f rom c h e m i c a l  p l a n t s  w i l l  b e  f a r  
s h o r t  of r e q u i r e m e n t s  i f  ca rbon  d i o x i d e  m i s c i b l e  f l o o d i n g  f o r  
EOR p roves  t o  be a s u c c e s s f u l  commercial  p r o c e s s .  

T h e  d i s t r i b u t i o n  of a l l  a v a i l a b l e  above-ground c a r b o n  d i o x i d e  
is d e p i c t e d  i n  F i g u r e  1 1 1 - 2 ,  p r e p a r e d  f rom t h e  d a t a  i n  T a b l e  
111-1. From p r e l i m i n a r y  c o m p i l a t i o n s  of  C 0 2  EOR c a n d i d a t e  
f i e l d s  and t h e  a s s o c i a t e d  C% r e y u i r e m e n t s 3 ,  it a p p e a r s  that 
each  a r e a  c a n  be s e l f - s u p p o r t i n g  i n  C 0 2 ;  however,  l o c a l  C 0 2  is 
g o i n g  t o  c o s t  m u c h  more i n  some a r e a s  t h a n  i n  o t h e r s .  The 
s u p p l y  of n a t u r a l l y  o c c u r r i n g  C 0 2  h a s  n o t  b e e n  well  d e f i n e d ,  
b u t  i t  is d e f i n i t e l y  c o n c e i v a b l e  t h a t  f o r  c e r t a i n  a r e a s ,  
n o t a b l y  West Texas ,  the impor t ing  of n a t u r a l  C 0 2  cou ld  have an 
economic advan tage  over  l o c a l  s u p p l y .  

I t  is e v i d e n t  froin F i g u r e  111-2 t h a t -  t h e  mos t  a b u n d a n t  sup-  
p l i e s  o f  a b o v e - g r o u n d  C 0 2  a r e  l o c a t e d  i n  I l l i n o i s ,  S o u t h  
Texas ,  and C a l i f o r n i a .  L o u i s i a n a  h a s  o n l y  30 p e r c e n t  a s  much 
C 0 2  a s  I l l i n o i s ;  h o w e v e r ,  i t  is f e l t  t h a t  S o u t h  L o u i s i a n a  
cou ld  have one of the b e t t e r  matches b e t w e e n  h i g h  p u r i t y  C 0 2  
s u p p l y  and r e s e r v o i r  r e q u i r e m e n t s .  T h i s  p o s s i b i l i t y  is e x -  
p l o r e d  i n  f u r t h e r  d e t a i l  i n  S e c t i o n  V .  

3 See S e c t i o n  I V  

n 

1 4 -  



TABLE 111-1 
ABOVE GROUND SOURCES OF CO2 - MMSCFD 

S t a t e  T o t a l  - Power P l a n t *  Cement P l a n t  C h e m i c a l  P l a n t  

Ark.  5 2 0 . 1  386 .5  (1) 122 .0  (1) 1 1 . 6  ( 3 , 4 )  

C o l o .  2 , 1 6 5 . 2  2,088.2 (1)  77.0 (1) -0- 

La.  2 , 1 1 8 . 7  - -  1 , 7 3 3 . 6  (1) 85 .0  (1) 300 .1  ( 3 , 4 )  

Miss. 719.8 5 5 5 . 8  (1) 106 .0  (1) 58.0 ( 3 , 4 )  

N .  M .  2 ,372 .4  .2,314.7 (1) 38.0 (1) 1 9 . 7  ( 3 , 4 )  

O k .  1 , 1 7 6 . 6  8 6 7 . 3  (1 )  203.0 (1) 106 .3  ( 3 , 4 )  

W. Tx. 2 , 0 0 0 . 0  .L,529.4 ( 1 )  416.0 (1) 54.6 ( 3 , 4 )  

S.  Tx. 4 , 7 0 0 . 0  3 , 9 8 3 . 6  (1) 609.0 (1) 107 .4  ( 3 , 4 )  

F l a .  3 , 9 0 7 . 0  3 , 2 5 1 . 0  ( 2 )  648.0 ( 6 )  8.0 ( 3 , 4 )  

C a l .  4 , 6 6 3 . 0  2 ,347 .0  ( 2 )  2 ,246 .0  ( 6 )  70.0 ( 3 , 4 )  

Mont.  294.0 117.0 ( 2 )  177 .0  ( 5 )  -0- 

U t a h  441 .3  260.0 ( 2 )  177 .0  ( 5 )  4.3 

I l l .  6 , 7 1 3 . 5  6 , 1 9 2 . 0  ( 2 )  436.0 ( 6 )  85.5** ( 3 , 4  ) 

wyo. 1 , 0 0 6 . 5  825 .0  ( 2 )  177 .0  ( 5 )  6 . 5  ( 3 , 4 )  

3 2 , 6 0 0 . 1  2 6 , 4 5 1 . 1  5 , 5 1 7 . 0  832.0 

( 1 )  F i n n e y  & Heath - " O i l f i e l d s  b S o u r c e s  o f  CO2 i n  a N i n e - S t a t e  Area  

( 2 )  "Steam-Electr ic  P l a n t  F a c t o r s "  - 1975  N a t i o n a l  Coal A s s o c i a t i o n .  
( 3 )  World N i t r o g e n  - 1976  S t a n f o r d  R e s e a r c h  I n s t i t u t e .  
( 4 )  C h e m i c a l E c o ? X m i c s  Handbook - 1973.  
( 5 )  B u r e a u  o f - ~ ~ s & A r % ~ < ~ ~  1 , i t t l e  - 1972  - r e g i o n a l  V a l u e s  a p p o r -  

o f  t h e  S o u t h w e s t  U.S." - Feb .  1977 .  

t i o n e d  e q u a l l y  ( n o  breakdown q i v e n ) .  
( 6 )  S t a t i s t i c a l  A b s t r a c t s  o f  U . S .  - 1976  f o r  cemen t  p l a n t s .  Use f a c t o r  

CF TO 2/1x-C=. 

* V a l u e s  from r e f .  1 a r e  a p p a r e n t - l y  b a s e d  o n  i n s t a l l e d  c a p a c i t y  
w h e r e a s  t h o s e  f r o m  r e f .  2 a r e  b a s e d  on  a c t u a l  K W H  g e n e r a t i o n  f o r  
t h e  y e a r .  

* * I n c l u d e s  two SNG p l a n t s  t o t a l i n g  80 .6  MMSCFD. 
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S t a c k  Gas S o u r c e s  o f  Carbon Dioxide  

By f a r  t h e  l a r g e s t  known and most widespread  s i n g l e  s o u r c e  o f  
C 0 2  is s t a c k  g a s e s  from power p l a n t s  ( T a b l e  111-11, accoun t ing  
f o r  over  26 b i l l i o r l  s c f d ,  o r  8 0  p e r c e n t  of t h e  C 0 2  a v a i l a b l e .  
T y p i c a l l y  power p l a n t  C 0 2  o u t p u t  f a l l s  w i t h i n  t h e  r a n g e  o f  
1 t o  300 m i l l i o n  S C F D  f o r  g a s  f i r e d  p l a n t s  and c a n  be a s  much 
a s  2 b i l l i o n  SCFD f o r  c o a l  f i r e d  p l a n t s [ 3 ] ;  however ,  t h e  con-  
c e n t r a t i o n  of C 0 2  i n  the s t ack  g a s e s  is l o w  ( 6 - 1 6  p e r c e n t )  and 
t h e  a v a i l a b l e  p r e s s u r e  is low ( <  5 i n c h e s  w a t e r  p o s i t i v e  
p r e s s u r e ) .  A s  a consequence t h e  e x p e n s e  of  p u r i f i c a t i o n  and 
c o m p r e s s i o n  c a n  p u s h  t h e  c o s t  t o  $1.04/MSCF C 0 2  b e f o r e  
d e l i v e r y . 4  A t  t h e  r a t e  of 5 MSCF C%/bbl o i l  t h e  c o s t  o f  o i l  
w i l l  r i s e  by $5.20,/bblO.5 To f u r t h e r  a g g r a v a t e  t h e  s i t u a t i o n ,  
c u r r e n t l y  e x i s t i n g ,  h igh  o u t p u t  c o a l - f  i r e d  p l a n t s  a r e  g e n e r -  
a l l y  l o c a t e d  a t  an  u n f a v o r a b l e  d i s t a n c e  f rom t h e  o i l  r e s -  
e r v o i r s ,  whereas  t h e  low o u t p u t  gas- f  i r e d  p l a n t s  a r e  g e n e r a l l y  
found nea rby .  The u s e  of coal  produced C Q  c o u l d ,  t h e r e f o r e ,  
i n v o l v e  s i g n i f i c a n t  t r a n s p o r t a t i o n  c o s t s .  I t  is f e l t  t h a t  
power p l a n t  s o u r c e s  of C 0 2  w i l l  be a t t r a c t i v e  o n l y  i f  t h e  h igh  
c o s t s  a s s o c i a t e d  wi th  r ecove ry  a r e  o f f s e t  by l o w  t r a n s p o r t a -  
t i o n  cos t s ,  t h e r e b y  e l i m i n a t i n g  a l l  power p l a n t s  e x c e p t  t h o s e  
i n  close p r o x i m i t y  t o  c a n d i d a t e  f i e l d s .  

The d i s t r i b u t i o n  of power p l a n t  p l u s  cement p l a n t  produced CC12 
is d e p i c t e d  i n  F i g u r e  1 1 1 - 3 .  T h i s  ;Imp h a s  been p r e p a r e d  f rom 
e l e c t r i c  power g e n e r a t  ion c a p a c i t y  and f u e l  c o n s u m p t i o n  d a t a  
a s  p rov ided  by F inney[3 ]  a n d  t h e  N a t i o n a l  Coal  A s s o c i a t i o n [ 9 1 .  
For t h e  p u r p o s e s  of t h i s  r e p o r t  C 0 2  out-put (MMSCFD) from power 
p l a n t s  is c a l c u l a t e d  by m u l t i p l y i n g  megawatt g e n e r a t i o n  capac-  
i t y  by 0.14 f o r  g a s - f i r e d  u n i t s ,  0 . 3 9 3  f o r  o i l  f i r e d  u n i t s ,  
and  0.84 f o r  c o a l  f i r e d  u n i t s .  C e m e n t  p l a n t  C 0 2  o u t p u t  h a s  
b e e n  c a l c u l a t e d  f r o m  p l a n t  c a p a c i t y  d a t a  by F i n n e y i 3 1 ,  
L i t t l e [ S ] ,  and f r o m  S t a t i s t i c a l  A b s t r a c t s  o f  t h e  U . S .  [ 6 ] .  
C 0 2  o u t p u t  (MSCFD)  i s  c a l c u l a t e d  b y - m u l t i p l y i n g  t o n s F y  c a -  
p a c i t y  by 90 f o r  g a s  f i r e d  u n i t s ,  1 7 8  f o r  c o a l  f i r e d  u n i t s ,  
and 100 f o r  u n s p e c i f i e d  u n i t s .  The q u a n t i t i e s  of C02  from ce- 
m e n t  p l a n t s  a r e  combined wi th  power p l a n t  v a l u e s  f o r  p u r p o s e  
o f  d i s t r i b u t i o n  mapping. As would be e x p e c t e d ,  t h e  power p l a n t  
g e n e r a t e d  C 0 2  d i s t r i b i i L i o n  c l o s e l y  p a r a l l e l s  t h e  a g g r e g a t e  
s u p p l y  p i c t u r e  wi th  C a l . i f o r n i a ,  South T e x a s ,  and I l l i n o i s  SUP-  
p l y i n g  t h e  b u l k  of t h e  C 0 2 .  

/ \  

4 See S e c t i o n  V I  

5 N e t  C 0 2  - t o t a l  i n j e c t e d  m i n u s  C 0 2  r e c y c l e d .  
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Carbon Diox ide  from P r o c e s s  V e n t s  

One of t h e  more p r o m i s i n g  and h i g h l y  d e s i r a b l e  C02 s o u r c e s  is 
h i g h  p u r i t y  by-product.  C02 from process  p l a n t  v e n t s .  T h e r e  is 
a p p r o x i m a t e l y  830 MMSCF of r e c o v e r a b l e  C02 b e i n g  v e n t e d  d a i l y  
( T a b l e  111-2 and F i g .  1 1 1 - 4 ) ,  and of t h i s  o v e r  h a l f  is s u i t -  
a b l e  f o r  g e n e r a l i z e d  c o l l e c t i o n  schemes.6 

T h e r e  a re  a number of p r o c e s s e s  v e n t i n g  C02 and  among t h e s e  
t h e  more commonly c o n s i d e r e d  are:  

1. S y n t h e s i s  g a s  m a n u f a c t u r e  i n  ammonia and hydrogen  p l a n t s '  
2 .  SNG p r o d u c t i o n  
3 .  E t h y l e n e  o x i d e  s y n t h e s i s  
4 .  A c r y l o n i t r i l e  s y n t h e s i s  

The t o t a l  C02 o u t p u t  f r o m  a l l  a c r y l o n i t r i l e  p l a n t s  is s m a l l  
( 1 3  MMSCFD) compared t o  o t h e r  C02 s o u r c e s  and  is h i g h l y  i m -  
p u r e ;  t h e r e f o r e ,  it w i l l  be ignored  i n  t h i s  s u r v e y .  By-product 
C02 from e t h y l e n e  o x i d e  p l a n t s  is more  s u b s t a n t i a l  ( 1 0 0  M M  
S C F D  t o t a l )  b u t  is low i n  p u r i t y .  T h e s e  p l a n t s  a r e  i n c I u d e d  
i n  t h e  o v e r a l l  p r o c e s s  v e n t  s u p p l y  p i c t u r e ,  b u t  a r e  n o t  
c o n s i d e r e d  a s  p o i n t  s o u r c e s  of C02 f o r  p o s s i b l e  c o l l e c t i o n  
schemes due t o  low i n d i v i d u a l  o u t p u t  and p u r i t y .  

T h e  p o t e n t i a l  o f  SNG b y - p r o d u c t  C02 is  e n o r m o u s .  A t  t h e  
p r e s e n t ,  a p p r o x i m a t e l y  8 0  MMSCFD C02 t o t a l  is b e i n g  p r o d u c e d  
by t w o  S N G  f a c i l i t i e s  i n  I l l i n o i s  u t i l i z i n g  n a p h t h a  and N G L  a s  
f e e d s t o c k s .  [ l o ] .  T y p i c a l  250  MMSCFD SNG c o a l  g a s i f i c a t i o n  
p l a n t s  a s  a r e  b e i n g  p l anned  w i l l  g e n e r a t e  o v e r  3 0 0  M M S C F D  o f  
C02 e a c h .  T h i s  is h i g h  q u a l i t y  C02 which w i l l  r e q u i r e  no f u r -  
t h e r  p u r i f i c a t i o n ;  t h e  o n l y  cos t s  a s s o c i a t e d  w i t h  t h i s  w i l l  be 
c o m p r e s s i o n  and d r y i n g ,  t r a n s m i s s i o n ,  and i n j e c t i o n .  P r i m a r y  
s i t e s  f o r  t h e  u n i t s  under  c u r r e n t  d e t a i l e d  c o n s i d e r a t i o n  a r e  
i n  t h e  F o u r  C o r n e r s  a r ea  of N e w  Mexico. 

The most v i a b l e  source of C02 from process v e n t s  t o d a y  i s  un- 
commit ted  ammonia p l a n t  by -p roduc t ,  a c c o u n t i n g  f o r  6 2 5  MMSCFD 
o r  r o u g h l y  75  percent  of a l l  a v a i l a b l e  p r o c e s s  v e n t  C02.  A 
t y p i c a l  1000 STPD ammonia p l a n t  w i l l  g e n e r a t e  22-23 MMSCFD o f  
C02. T h i s  i s  a h i g h  p u r i t y  s o u r c e  w h i c h ,  a f t e r  d r y i n g  and  
c o m p r e s s i o n ,  c a n  be u s e d  d i r e c t l y  f o r  EOR i n j e c t i o n .  T h i s  
m a k e s  ammonia v e n t  g a s  p r o b a b l y  t h e  most d e s i r a b l e  o f  a l l  C 0 2  
sou rces  as of  t oday .  F u r t h e r m o r e ,  7 0  p e r c e n t  o f  a l l  ammonia 
v e n t  C02 ( 4 5 0  MMSCFD)  is  c o n c e n t r a t e d  i n  t h r e e  o f  t h e  more 
p r o m i s i n g  areas  f o r  C02 EOR: L o u i s i a n a ,  Sou th  Texas ,  and O k l a -  
homa. T h i s  source is e x p l o r e d  i n  f u r t h e r  d e t a i l  i n  S e c t i o n  V.  

6Among t h e  more p r o m i s i n g  o f  t h e s e  is a proposed c o l l e c t i o n  s y s t e m  f o r  
s o u t h e r n  L o u i s i a n a  d e s c r i b e d  i n  S e c t i o n  V. 
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c02 S o u r c e s -  
C i t i e s  

L o u i s i a n a  
D o n a l d s o n v i l  l e  
L u l  i n g  
S t e r l i n g t o n  
Lake  C h a r l e s  
P o l l o c k  
G e  ismar 
A v o n d a l e  
T a f  t 
Michoud 
P l a q u e m i n e  

T e x a s  

I 
h) 
0 

I 

Beaumont  

S e a d r  i f  t 
H o u s t o n  
FreepOK t 
P o r t  N e c h e s  
Dumas 
P a s a d e n a  
O d e s s a  
V i c t o r i a  
C l e a r  L a k e  
B i g  S p r i n g s  
T e K r e l l  
F t .  S t o c k t o n  
P l a i n v i e w  
Deer P a r k  
O r a n g e  
P u c k e t t  
Longv i e w  
D i m m i t t  
D a l l a s  
K e r e n s  

B o r g e r  

0 klahoma 
En i d  
V e r d i g r i s  
Woodward 
P r y o r  

TABLE 111-2 
C02 SOURCES FROM PROCESS VENTS* 

C 0 2  Amount C 0 2  Amount P o s s i b l e  C02 S u p p l i e s -  
MMSCFD G e o g r a p h i c  A r e a s  nnscm 
103 .2  D o n a l d s o n v i l l e  - G e i s m a r  111 .8**  

35 .5  S t e r  1 ington 35.5 
4 6 . 1  L u l i n g  - T a f t  - A v o n d a l e  72.2** 

1 4 . 7  Lake C h a r l e s  1 4 . 7  
2 6 . 9  
2i .O 
1 8 . 9  
1 5 . 9  

9.2 
8.1 

300.1 
Beaumont  - P o r t  N e c h e s  
H o u s t o n  - P a s a d e n a  - 
S e a d r i f t  - C l e a r  L a k e  

34 .5  
1 8 . 9  
1 5 . 0  
1 2 . 9  
1 1 . 2  
1 0 . 3  

8 . 2  
7 .2  
6.8 
6 .5  
6.0 
5 .5  
5.2 
4.5 
3.4 
1 . 6  
1 .0  
1 .0  
0 .9  
0.7 
0 . 5  

BOKgeK - Dumas  

0.2 
162.0 

46.6 En i d  
29.1 V e r d i g r  is 
26.4 Woodward 

44 .8  

41 .1  
27 .1  

46.6 
2 9 . 1  
26.4 

4.2 
106.3 

* I n c l u d e s  Ammonia a n d  E t h y l e n e  O x i d e  P l a n t  V e n t s  
**Ammonia P l a n t  V e n t s  O n l y  



c e 

M i s s i s s i p p i  

11 1 i n o  is 

C a l i f o r n i a  

N e w  Mexico 

A r k a n s a s  

F l o c  i d a  

Wyoming 

Montana 

Color a d o  

C02 S o u r c e s -  
Cities 

P a s c a g o u l a  
Yazoo C i t y  

Mor 1: is 
J o l  i e t  
E a s t  Dubuque 

Welmington 
Avon 
B r e a  
H e l m  
E l  C e n t r o  
Ven t u  r a 
Han f ord 
B a k e r s f i e l d  
L a t h  r op 
H e r c u l e s  
E l  Segundo 

Car l s b a d  
Denton 

H e l e n a  
Bly  t h e v i l l e  

Tampa 
Pen sac0 1 a 

Cheyenne 
Geneva 

TABLE 111-2 (CONTD.) 
C02 SOURCES FROM PROCESS VENTS 

C 0 2  Amount P o s s i b l e  C02 S u p p l i e s -  C02 Amount 
MMSCFD G e o g r a p h i c  Areas MMSCFD 

46.8 P a s c a g o u l a  
11.2 

58.0 

41.8 Morris - J o l i e t  
38.8 

4 . 9  
85.5 

46.8 

80 .6  

Welmington - Brea - E l  Segundo 29.2 17 .8  
1 2 . 1  
1 0 . 1  

8.0 
5.2 
3.6 
3.5 
3 . 4  
2.8 
2.2 
1 . 3  
10.0 

13.2  
6.5 

TT-7 

6.4 
5.2 

11 .6  

5.2 
2.8 

8.0 

6.5 
4.3 

< 1 . 0  

< 1 . 0  
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c. NATURALLY OCCURRING CARBON D I O X I D E  WELLS 

N a t u r a l  g a s  wells high i n  C 0 2  a l s o  h o l d  p r o m i s e  as  a s i g n i f i -  
c a n t  s o u r c e  of  C 0 2 ,  e s p e c i a l l y  d u r i n g  peak  EOR y e a r s .  T h e  
q u a n t i t y  a v a i l a b l e  from a s i n g l e  w e l l  c a n  be as  h i g h  a s  87  MM 
SCFD and p u r i t i e s  can run a s  h igh  a s  99.6 p e r c e n t  [ 7 1 ;  however  
t h e  combina t ion  of h igh  o u t p u t  and p u r i t y  w i l l  p r o b a b l y  n o t  be 
v e r y  common. No e x h a u s t i v e  su rvey  of C 0 2  we l l s  h a s  been  com- 
p l e t e d  t o  d a t e  b u t  n e v e r t h e l e s s  some q u a l i t a t i v e  assessments 
c a n  be made. 

Areas  known t o  have n a t u r a l l y  o c c u r r i n g  C 0 2  wells w i t h i n  t h e  1 3  
s t a t e s  a r e  d e p i c t e d  i n  F igu re  111-5. [ 5 ]  The a c t u a l  q u a n t i t i e s  
a v a i l a b l e  a r e  unknown b u t  i t  is f e l t  t h a t  t h o s e  a r e a s  h a v i n g  
t h e  g r e a t e s t  p o t e n t i a l  of h igh  p u r i t y  C 0 2  a r e  t h e  Four  C o r n e r s  
a r e a ,  S o u t h e a s t  C o l o r a d o ,  N o r t h e a s t  N e w  Mexico ,  and C e n t r a l  
M i s s i s s i p p i .  Other  a r e a s ,  n o t a b l y  S o u t h w e s t  T e x a s ,  have  some 
p o t e n t i a l  of producing  C 0 2  of lower c o n c e n t r a t i o n s  ( 3 0 - 5 0  p e r -  
c e n t ) .  

For pu rposes  of e s t a b l i s h i n g  phe  m a x i m u m  p o t e n t i a l  C 0 2  f rom 
n a t u r a l  s o u r c e s  it can be noted,  t h a t  abou t  731 t r i l l i o n  S C F  of  
n a t u r a l  g a s  h a s  been d i s c o v e r e d  i n  t h e  U . S  t o  d a t e ,  and c u r r e n t  
r e s e r v e s  a r e  e s t i m a t e d  a t  2 2 5 '  t r i l l i o n  SCF.  T h e  q u a n t i t y  of  
C 0 2  r e q u i r e d  t o  produce a l l  p o t e n t i a l l y  C 0 2  r e c o v e r a b l e  o i l  is 
75 t r i l l i o n  SCF.  It seems u n l i k e l y  t h a t  s u c h  a q u a n t i t y  o f  C 0 2  
c o u l d  be found from n a t u r a l  s o u r c e s .  T h e  r e a s o n a b l y  e x p e c t e d  
r e c o v e r y  of 4 b i l l i o n  b a r r e l s  of o i l  could  r e q u i r e  30 t r i l l i o n  
SCF,  and it is g e n e r a l l y  c o n c e d e d  t h a t  e v e n  t h a t  q u a n t i t y  o f  
C 0 2  is u n l i k e l y  t o  be produced from n a t u r a l  s o u r c e s  a lone . [71  

I n  any of these c a s e s  t h e r e  e x i s t s  t h e  p o s s i b i l i t y  t h a t  t h e  C 0 2  
might  be contaminated  with hydrogen s u l f i d e .  Whereas h y d r o g e n  
s u l f i d e  p o s e s  no p a r t i c u l a r  p r o b l e m s  f o r  t h e  mi sc ib l e  p r o c -  
e s s e s ,  and might  even enhance t h e m [ l 3 ] ,  t h e r e  is a concern  over  
the environmental impact regarding t h e  uses of hydrogen sulfide 
con tamina ted  g a s e s .  I n  p a r t i c u l a r  t h e  T e x a s  R a i l r o a d  Commis- 
s i o n  h a s  p r o m u l g a t e d  R u l e  36 r e s t r i c t i n g  p e r m i s s i o n  t o  u s e  
g a s e s  contaminated  t o  a c e r t a i n  l e v e l .  [ 7 ]  The r e s u l t i n g  a d d i -  
t i o n a l  c o s t s  of p u r i f i c a t i o n  of c o n t a m i n a t e d  g a s e s  c o u l d  v e r y  
w e l l  impede development of these s o u r c e s . 7  

For pu rposes  of t h i s  report .  i n  t h e  absence  of d e f i n i t i v e  d a t a ,  
s e v e r a l  h y p o t h e t i c a l  n a t u r a l  C 0 2  s o u r c e s ,  bo th  contaminated  and 
u n c o n t a m i n a t e d ,  a r e  c o n s i d e r e d  and c o s t s  a r e  d e v e l o p e d  f o r  
each .  T h i s  is expounded f u r t h e r  i n  S e c t i o n  V I I .  I t  is b a s i c a l l y  
assumed t h a t  t h e  q u a n t i t i e s  r e q u i r e d  f o r  an e c o n o m i c a l  E O R  
p r o j e c t  w i l l  be a v a i l a b l e .  

-- 

7 ~ e e  S e c t i o n  VI I .  
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I V .  CANDIDATE O I L  FIELDS AND RESERVOIRS 

Carbon d i o x i d e  is e f f e c t i v e  a s  a n  o i l  r e c o v e r y  a g e n t  by m i s c i b l y  
d i s p l a c i n g  t h e  o i l  t r a p p e d  by c a p i l l a r y  f o r c e s ,  t h e r e b y  a l l o w i n g  
r e c o v e r y  from t h e  c o n t a c t e d  f l u i d .  

C a r b o n  d i o x i d e  is n o t  d i r e c t l y  m i s c i b l e  w i t h  o i l  u p o n  i n i t i a l  
i n j e c t i o n ,  b u t  as t h e  ca rbon  d i o x i d e  c o n t a c t s  t h e  o i l ,  some o f  t h e  
hydroca rbon  c o n s t i t u e n t s  of t h e  c r u d e  a r e  vapor i zed  , and a m i s c i b l e  
m i x t u r e  is formed. Mixing due  t o  f low in  t h e  r e s e r v o i r  w i l l  t e n d  
t o  a l t e r  t h e  m i s c i b l e  compos i t ion  [ l ] .  M a i n t a i n i n g  t h e  o p e r a t i n g  
p r e s s u r e  of  t h e  r e s e r v o i r  h igh  enough w i l l  keep t h e  carbon d i o x i d e -  
hydroca rbon  m i x t u r e  m i s c i b l e  wi th  t h e  c r u d e  a t  r e s e r v o i r  t e m p e r a -  
t u r e s .  The p r e s e n c e  of methane o r  n i t r o g e n  i n  t h e  c a r b o n  d i o x i d e  
can d r a s t i c a l l y  i n c r e a s e  t h e  p r e s s u r e  r e q u i r e d  f o r  m i s c i b i l i t y ,  so 
t h e  s o u r c e  o f  c a r b o n  d i o x i d e  u s e d  s h o u l d  be of  r e a s o n a b l y  h i g h  
p u r i t y .  A t  r e s e r v o i r  c o n d i t i o n s  t h e  ca rbon  d i o x i d e  w i l l  be  i n  t h e  
s u p e r c r i t i c a l  s t a t e ,  so i t s  d e n s i t y  may be near  t h a t  of t h e  o i l  and 
wa te r  t h e r e b y  r educ ing  s e g r e g a t i o n  b e t w e e n  t h e  f l u i d s  1 2 1 .  S i n c e  
t h e  v i s c o s i t y  of t h e  ca rbon  d i o x i d e  is on t h e  o r d e r  o f  o n e  t e n t h  
t h a t  o f  mos t  l o w  v i s c o s i t y  c r u d e s ,  t h e  t e n d e n c y  € o r  t h e  c a r b o n  
d i o x i d e  t o  channe l  t h rough  t h e  o i l  is a major problem and t e n d s  t o  
r educe  t h e  v o l u m e t r i c  sweep of t h e  r e s e r v o i r  [ 3 ] .  I n  many a p p l i -  
c a t i o n s  t h e  ca rbon  d i o x i d e  is a l t e r n a t e d  w i t h  w a t e r  i n j e c t i o n  f o r  
t h e  pu rpose  of l o w e r i n g  t h e  o v e r a l l  c a r b o n  d i o x i d e  r e q u i r e m e n t .  

Rased o n  these  and o t h e r  observed  phenomena, a s c r e e n i n g  p r o c e d u r e  
t a k i n g  i n t o  a c c o u n t  p r o c e s s  c h a r a c t e r i s t i c s  , r e s e r v o i r  g e o l o g i c a l  
c o n d i t i o n s ,  and f l u i d  p r o p e r t i e s  was developed  e a r l y  i n  t h i s  inves-  
t i g a t i o n  t o  loca te  p o s s i b l e  c a n d i d a t e  ca rbon  d i o x i d e  m i s c i b l e  o i l  
r e s e r v e s .  T h i s  was a p p l i e d  t o  a d a t a  bank of ove r  2500 r e s e r v o i r s  
m a i n t a i n e d  by GURC. The b a s i c  s c r e e n i n g  c r i t e r i a  i n c l u d e s  t h e  API 
g r a v i t y  of t h e  c r u d e ,  t h e  d e p t h  and t h i c k n e s s  o f  t h e  f o r m a t i o n ,  
r e s e r v o i r  t e m p e r a t u r e ,  p e r m e a b i l i t y ,  and o i l  s a t u r a t i o n .  S p e c i f i c  
p a r a m e t e r s  s e l e c t e d  by GURC a r e  s h o w n  below: 

A P I  G r a v i t y  
Depth 
T h i c k n e s s  
O i l  S a t u r a t i o n  
R e s e r v o i r  Tempera ture  
P e r m e a b i l i t y  

> 27 
> 2 0 0 0  f t .  

> 20 p e r c e n t  PV 
N o t  a c r i t i c a l  parameter  

Not a c r i t i c a l  parameter  
R e  a so n a  b 1 y homog e nou s 

Only 1.5-2 p e r c e n t  of t h e  f i e l d s  ana lyzed  meet t h e  s c r e e n i n g  c r i -  
t e r i a .  These c a n d i d a t e  f i e l d s ,  l o c a t e d  i n  t h i r t e e n  s t a t e s ,  a r e  
mapped i n  F i g u r e  I V - 1  and t a b u l a t e d  i n  T a b l e  I X - 1  and T a b l e  IX-2 i n  
t h e  appendix .  Tab le  I X - 1  p r e s e n t s  q u a l i t a t i v e  i n f o r m a t i o n  o n  t h e  

n 

-26- 



l o c a t i o n  of t h e  c a n d i d a t e  f i e l d s  w h i l e  T a b l e  IX-2 l i s t s  t h e  e s t i -  
mated p o t e n t i a l  r ecove ry  and c a r b o n  d i o x i d e  r e q u i r e m e n t s  f o r  t h e  
s t a t e s  w i t h  most p r o m i s i n g  c a n d i d a t e  f i e l d s  - T e x a s ,  L o u i s i a n a ,  
M i s s i s s i p p i ,  and C a l i f o r n i a .  These  t a b l e s ,  p r e p a r e d  by GURC, a r e  
i n i t i a l  e s t i m a t e s  on ly  based on r e s e r v o i r  m o d e l i n g .  They s h o u l d  
n o t  be t a k e n  a s  proven f a c t ,  b u t  should  be used  o n l y  t o  p a s s  some 
q u a l i t a t i v e  judgement on r ecove ry  p o t e n t i a l .  
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Q 
V. CARBON D I O X I D E  FROM H I G H  P U R I T Y  PROCESS VENTS 

A.  INTRODUCTION 

Q u i t e  p o s s i b l y  one of t h e  f u t u r e  c a r b o n  d i o x i d e  EOR p r o j e c t s  
w i l l  u t i l i z e  h igh  p u r i t y  p r o c e s s  v e n t s  a s  t h e  p r i m a r y  s o u r c e  
o f  carbon d i o x i d e .  T h i s  is l i k e l y  b e c a u s e  o f  a f o u r f o l d  ad-  
v a n t a g e  ove r  o t h e r  s o u r c e s :  (1 )  t h e r e  a r e  some r e a s o n a b l e  
p r o x i m i t i e s  between p r o c e s s  v e n t s  and o i l  f i e l d s ,  ( 2 )  m u l t i p l e  
ca rbon  d i o x i d e  v e n t s  t e n d  t o  be c l u s t e r e d  w i t h i n  a g i v e n  i n -  
d u s t r i a l  a r e a ,  ( 3 )  t h e  q u a n t i t y  o f  c a r b o n  d i o x i d e  from e a c h  
s o u r c e  under c o n s i d e r a t i o n  w i l l  be r e l a t i v e l y  a c c u r a t e l y  known 
( o r  can be a c c u r a t e l y  d e t e r m i n e d ) ,  ( 4 )  t h e r e  w i l l  n o t  be a n y  
need  fo r  a p u r i f i c a t i o n  scheme f o r  carbon d i o x i d e  from ammonia 
p l a n t  v e n t s  ( a v a i l a b l e  a t  98 p e r c e n t  p u r i t y )  - compression and 
p i p i n g  is a l l  t h a t  w i l i  be r e q u i r e d .  

I n  o r d e r  t o  a s c e r t a i n  t h e  a u a n t i t v  of carbon d i o x i d e  a v a i l a b l e  
from process v e n t s  t h e  Chemical EGonomics Handbook,  1 9 7 3  [ll 
and World N i t r o a e n .  1976 121 were c o n s u l t e d  t o r  summar ie s  of 

d -  

c u r r e n t  f e r t i l i z e r  p l a n t s -  and o t h e r  p l a n t s  v e n t i n g  c a r b o n  
d i o x i d e .  T h e  above d a t a  a r e  l i s t e d  by company name and p l a n t  
whereas  t h e  c o m p i l a t i o n  i n  T a b l e  111-2  shows t h e  b reakdown by 
s t a t e  and c i t y  U s i n g  T a b l e  1 1 1 - 2 ,  i t  is p o s s i b l e  t o  d e f i n e  
which g e o g r a p h i c a l  a r e a s  ha e h ighe r  c o n c e n t r a t i o n s  o f  c a r b o n  
d i o x i d e  o u t p u t  t han  0 t h e r s . I  P o s s i b l e  a r e a s  a r e  s u g g e s t e d  i n  
t h e  second column of Tab le  1 1 1 - 2 .  

O f  t h e s e  g r o u p i n g s  t h e  two t h a t  a p p e a r  t h e  most  v i a b l e  f o r  
ca rbon  d i o x i d e  EOR e f f o r t s ,  Donaldsonvi l le-Geismar and Lul ing-  
Taf t -Avondale ,  a r e  l o c a t e d  i n  s o u t h e r n  L o u i s i a n a .  T h e  t o t a l  
o u t p u t  o f  t h e s e  h i g h - p u r i t y ,  ammonia p l a n t  c a r b o n  d i o x i d e  
v e n t s  (184  MMSCFD) i s  more than  t w i c e  a n y  o t h e r  g e o g r a p h i c a l  
a r e a  and a l l  t h e  v e n t s  a r e  c o n t a i n e d  w i t h i n  a 70-mi le  s t r e t c h  
a long  t h e  M i s s i s s i p p i  R i v e r .  Fu r the rmore ,  t h e r e  a r e  c a n d i -  
d a t e  o i l  f i e l d s / r e s e r v o i r s  l o c a t e d  less than  90 m i l e s  away i n  
t h e  S o u t h  P a s s  Area o f  c o a s t a l  L o u i s i a n a .  T h i s  f o r t u n a t e  
p a i r i n g  of a r e l a t i v e l y  l a r g e  q u a n t i t y  o f  h i g h  p u r i t y  c a r b o n  
d i o x i d e  and nearby  c a n d i d a t e  f i e l d s / r e s e r v o i r s  w i l l  form t h e  
b a s i s  f o r  an economic e v a l u a t i o n  of c o s t s  a s s o c i a t e d  w i t h  EOR 
by u s e  of carbon d i o x i d e  from high  p u r i t y  v e n t s .  

- 

1See a l s o  F i g u r e  1 1 1 - 4  

. ~ -. - . . . .. . ... . . . 
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B.  PROPOSED SYSTEM FOR SOUTH L O U I S I A N A  

Background 

P r e l i m i n a r y  communicat ions w i t h  GURC [ 31 on poss ib le  c a n d i d a t e  
o i l  f i e l d s  s i n g l e  o u t  South  L o u i s i a n a  as one area having  a num- 
ber of p o t e n t i a l  EOR f i e l d s .  A l r e a d y  s e v e r a l  c o m p a n i e s  h a v e  
conduc ted  small  mi sc ib l e  f i e l d  t e s t s  on s e v e r a l  of t h e s e ,  most- 
l y  w i t h  hydrocarbon g a s e s ,  [4]  and one company h a s  b e e n  a w a r d e d  
a c o n t r a c t  by ERDA t o  t es t  carbon d i o x i d e  misc ib le  f l o o d i n g  i n  
t h i s  a r e a . [ S ]  D e f i n i t i v e  r e s u l t s  f rom t h e s e  t e s t s  c o u l d  be  
a v a i l a b l e  as  e a r l y  as  1980. 

For t h e  twenty-year  r e c o v e r y  p e r i o d  1980-2000, it h a s  b e e n  es- 
t i m a t e d  t h a t  875 b i l l i o n  S C F  o f  c a r b o n  d i o x i d e  m i g h t  be u t i -  
l i z e d  for EOR e f f o r t s  i n  t h e  Sou th  L o u i s i a n a  a r e a ,  w i t h  d a i t l y  
demands r ang ing  from 1 5  MMSCF d u r i n g  i n i t i a l  e f f o r t s  ( 1 9 8 0 - 8 s )  
t o  2 5 0  MMSCF d u r i n g  t h e  p e a k  r e c o v e r y  p e r i o d  ( 1 9 9 0 - 2 0 0 0 ) .  
Ammonia p l a n t  v e n t s  from t h e  f i v e  c i t i e s  u n d e r  c o n s i d e r a t : t o n  
w i l l  c u r r e n t l y  p rov ide  a t o t a l  of 184 MMSCFD o f  c a r b o n  d i o x i d e  
a t  maximum o u t p u t . 2  T h i s  q u a n t i t y  s h o u l d  be f a i r l y  r e l i a b l e  
t h r o u g h o u t  t h e  l i f e  of t h i s  p ro jec t  due  t o  t h e  r e s e r v e s  of feed  
g a s  w i t h i n  t h e  r e g i o n ,  and t h e  f a v o r a b l e  a l l o c a t i o n  s t a t u s  ac- 
co rded  t o  t h e  a g r i c u l t u r a l  i n d u s t r y .  For t h e  p u r p o s e s  of t h i s  
e v a l u a t i o n  it w i l l  be assumed t h a t  184  MMSCFD i s  t h e  q u a n t i t y  
o f  carbon d i o x i d e  a v a i l a b l e .  

T h i s  s u p p l y  of carbon d i o x i d e  is g e n e r a t e d  f r o m  t w e l v e  p l a n t s  
owned by e i g h t  c o m p a n i e s  - o n e  p l a n t  a t  G e i s m a r ,  s e v e n  i n  
D o n a l d s o n v i l l e ,  one a t  T a f t ,  two i n  L u l i n g  and one a t  Avondale.  
These  s o u r c e s  w i l l  f a rm t h e  f e e d s  f o r  a common p i p e l i n e  t r a n s -  
p o r t i n g  t h e  carbon d i o x i d e  t o  t h e  Sou th  P a s s  Area. 

T h e  P i p e l i n e  

For  ea se  o f  c o s t  e s t i m a t i n g ,  t h e  r o u t i n g  o f  t h e  p r o p o s e d  
p i p e l i n e  w i l l  f o l l o w  e x i s t i n g  p i p e l i n e  and/or r a i l w a y  r i g h t  o f  
ways wherever possible  ( a s  d e p i c t e d  on The  O i l  a n d  G a s  -- Map o f  
L o u i s i a n a [ 6 ] ) .  T h i s  w i l l  a v o i d  t h e  u n c e r t a i n t y  of c o s t s  f o r  
p u r c h a s i n g  new r i g h t  o f  ways .  A l s o ,  it is assumed t h a t  n o  
r a i l w a y  or r i v e r  c r o s s i n g s  w i l l  be  r e q u i r e d  e x c e p t  f o r  t h e  
Geismar c r o s s i n g  o f  t h e  M i s s i s s i p p i  R ive r .  

2Average  o u t p u t  w i l l  be s l i g h t l y  o v e r  1 7 1  MMSCFD b a s e d  on 340 s t r e a m  
d a y s / y e a r  . 
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Q 
The proposed  l i n e  b e g i n s  a t  Geismar and p a s s e s  i n  o r d e r  D o n a l d -  
s o n v i l l e ,  T a f t ,  L u l i n g ,  and Avondale ,  t hen  on t o  t h e  S o u t h  P a s s  
Area. Two or t h r e e  a t tempts  have been made t o  f i n d  a best r o u t e  
based  on minimum o v e r a l l  l i n e  l e n g t h ;  however,  no d e t a i l e d  rou t -  
i n g  s t u d y  or o p t i m i z a t i o n  h a s  been done.3 A ske t ch '  o f  t h e  r o u t e  
chosen  is g i v e n  i n  F i g u r e  V - 1 .  I t  h a s  been  d e c i d e d  by  m u t u a l  
agreement  among Ke l logg ,  E R D A ,  and G U R C  t h a t  t h e  f i n a l  c a r b o n  
d i o x i d e  d e l i v e r y  p r e s s u r e  be s e t  a t  2 , 0 0 0  p s i g .  B a s e d  o n  
e x p e r i e n c e  g a i n e d  from o p e r a t i o n  of  carbon d i o x i d e  p i p e l i n e s  i n  
t h e  s u p e r c r i t i c a l  s t a t e  ( S A C R O C )  a n d  s u b c r i t i c a l  s t a t e  
(Phi l l ips -USOK),  it was d e c i d e d  t o  b a s e  t h i s  p i p e l i n e  s t u d y  on 
s u p e r c r i t i c a l  o p e r a t i o n .  4[7,8] For ease of t r a n s p o r t a t i o n  cos ts  
compar ison  among the t h r e e  carbo?  d i o x i d e  s o u r c e  ca ses  c o n s i d -  
e r e d 5  a 200 p s i  t o t a l  p re s su re  d6'op is assumed. Thus,  t h i s  l i n e  
w i l l  o p e r a t e  i n  t h e  r ange  2 , 0 0 0 - 2 , 2 0 0  p s i g .  

Throughout  t h i s  r e p o r t  a l l  t r a n s m i s s i o n  l i n e s  w i l l  be  s i z e d  ac- 
c o r d i n g  t o  A N S I  B31.8 C l a s s  3 typ 'e  C c o d e s 6  u s i n g  API 5L-X60 
s c h e d u l e  60 p i p i n g .  B l o c k  v a l v e s  wi th  b y p a s s  ( a n d  r e h e a t  pro-  
v i s i o n )  a r e  assumed e v e r y  e i g h t  miles a long  t h e  p i p e l i n e  and t h e  
l i n e  w i l l  be b u r i e d  u n d e r  a 3 0 - i n c h  c o v e r .  C r i t e r i a  u s e d  i n  
s e l e c t i n g  t h e  diameter f o r  a p a r t i c u l a r  s e c t i o n  is minimum t o t a l  
p i p e  we igh t  c o m p a t i b l e  w i t h  a l l o w a b l e  p r e s s u r e  d rop .  T h e r e  h a s  
been no a t t e m p t  to  e v a l u a t e  p r e s s u r e  d r o p  ( a n d  t h e r e f o r e  l i n e  
s i z e )  v e r s u s  compress ion  t r a d e o f f .  L i n e  l e n g t h s  and d i a m e t e r s  
f o r  t h e  proposed  p i p e l i n e  a r e  shown s c h e m a t i c a l l y  i n  F ig .  V-2. 

31t was o r i g i n a l l y  ag reed  w i t h  ERDA t h a t  t h e  t r u n k l i n e  l e n g t h  s h o u l d  be 
1 0 0  m i l e s ,  h o w e v e r ,  t h i s  i s  u n r e a l i s t i c  f o r  t h i s  s t u d y  s i n c e  t h i s  
l e n g t h  w i l l  p u t  t h e  p i p e l i n e  over  10 miles away from known o i l f i e l d s .  

4There  have been r e p o r t s  of t r o u b l e  w i t h  t h e  s u b c r i t i c a l  l i n e  o c c a s i o n -  
a l l y  condens ing  o u t .  West [7]  a l s o  claims a 20  p e r c e n t  c o s t  r e d u c t i o n  
f o r  s u p e r c r i t i c a l  l i n e s .  

5That  is p r o c e s s  v e n t ,  s tack g a s  (Sec t .  V I ) ,  and n a t u r a l  s o u r c e s  ( S e c t .  
V I I ) .  

6Areas s u b d i v i d e d  f o r  r e s i d e n t i a l  o r  commercial  pu rposes  w i t h  p r e v a l e n t  
h e i g h t  of t h r e e  s t o r i e s  or  less. 

n 
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Eq u i pmen t Req u i r ed 

There  w i l l  be f i v e  feed s t a t i o n s  t o  t h e  p i p e l i n e  each  c o n s i s t i n g  
o f  a c o m p r e s s o r ,  t r i e t h y l e n e  g l y c o l  ( T E G )  d r i e r ,  and c a r b o n  
d i o x i d e  c o l l e c t i o n  p i p i n g . 7  The  carbon d i o x i d e  from each p l a n t ,  
a t  t h e  compressor s u c t i o n ,  is assumed t o  be s a t u r a t e d  wi th  water  
a t  1 4 0 ° F  and a v a i l a b l e  a t  3.5 p s i g  f o r  t h e  G e i s m a r ,  T a f t ,  and 
Avondale l o c a t i o n s ,  2 . 5  p s i g  a t  D o n a l d s o n v i l l e ,  and 0 . 5  p s i g  a t  
Lu l ing .  These  f i g u r e s  r e p r e s e n t  p l a n t  d e s i g n  c o n d i t i o n s  w i t h  
some a l lowance  f o r  p i p i n g  p r e s s u r e  l o s s e s .  B e f o r e  c o m p r e s s i o n  
t o  f u l l  l i n e  p r e s s u r e ,  t h e  c a r b o n  d i o x i d e  w i l l  h a v e  t o  be 
d e h y d r a t e d  i n  o r d e r  t o  remove t h e  water  w h i c h ,  i n  t h e  p r e s e n c e  
o f  carbon d i o x i d e ,  could  form c o r r o s i v e  c a r b o n i c  a c i d .  T h i s  is 
accompl ished  w i t h  t h e  t r i e t h y l e n e  g l y c o l  d r i e r  o p e r a t i n g  between 
t h e  second and t h i r d  s t a g e s  of t h e  carbon d i o x i d e  compressor .  

T h e  compressors  a r e  f o u r - s t a g e  c e n t r i f u g a l  u n i t s  d r i v e n  by steam 
t u r b i n e s  o p e r a t i n g  from 9 0 0  p s i g ,  900°F s u p e r h e a t e d  s t e a m .  I t  
is assumed fo r  t h i s  r e p o r t  t h a t  s u c h  s team w i l l  be a v a i l a b l e  i n  
q u a n t i t y  a t  $3.80/1,000 l b .  I n t e r c o o l e r s  r e d u c i n g  t h e  i n t e r -  
s t a g e  t e m p e r a t u r e  to  l O O O F  a r e  p rov ided  t o  improve  t h e  o v e r a l l  
o p e r a t i n g  e f f i c i e n c y  of t h e  compressors .  

7 C o l l e c t i o n  p i p i n g  n o t  i nc luded  i n  c o s t  a n a l y s i s .  
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C .  ECONOMIC SUMMARY 
I 

Tab le  V-1 summarizes t h e  f a c t o r s  used t o  de t e rmine  t h e  economics 
o f  t h e  p i p e l i n e .  Because of t h e  l a r g e  u n c e r t a i n t y  i n  t h e  pur-  
c h a s e  p r i c e  of t h e  raw c a r b o n  d i o x i d e ,  i t s  g o s t  w i l l 1  n o t  be 
i n c l u d e d  i n  t h e  economic a n a l y s i s  of t h i s  c a s e .  Based on Table  
V - 1 ,  it is e s t i m a t e d  t h a t  carbon d i o x i d e  d e l i v e r e d  t o  t h e  w e l l -  
head w i l l  c o s t  $ l . lS /MSCF.  A t  5 , 0 0 0  SCF/bbl o i l  r e c o v e r e d  ( n e t  
C 0 2  - i n j e c t e d  minus  r e c y c l e ) ,  t h i s  w i l l  i n c r e a s e  t h e  p r i c e  of 
o i l  by $5 .75/bbl .  

8Cost e s t i m a t e s  range from 3$/MSCF[8] t o  $2.00/MSCF[9] .  

n 

. .._ 
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A. 

TABLE V-1 

ECONOMIC SUMMARY 
CARBON DIOXIDEFROM AMMONIA PLANT VENTS 

PIPELINE CAPACITY 184 MMSCFD C02 

TRANSMISSION COSTS 

Compression Investment $ 19,840,000 
Pipeline Investment 115r000,000 
Fixed-Capital Investment $134,840,000 

DIRECT COSTS 
UNITS/ UNIT COST #/ 
MSCF COSTS $ MSCF C02 

Cooling Water (circ) MGAL 0.348 0.02 0.70 
Steam - 900 LB & 900°F - MLRS 0.065 3.80 24.70 
Chemicals - - 0.09 

Sub- tot a1 di r ec t costs 25.49 

INDIRECT COSTS 

Operating Labor - 2 Men/Shift 0.18 
Operating Supplies - 30% Operating Labor 0.05 
Supervision and Overhead - 100% Operating Labor 0.18 

Capital Related Costs - Depreciation, Interest Charges 
Taxes, Insurance, Return on Investment - 81.90 

Maintenance Labor & Supplies - 3.5% Investment/Yr. 7.54 

@ 38% of Investment/Yr. 

Sub-total Indirect Costs 89.85 

TOTAL TRANSMISSION COSTS #/MSCF 115.34 

NOTES: Transmission Costs 

- All operating labor $6.5/manhour. 

- Breakdown of capital related costs: 

Depreciation 10% 
Interest Charges 5% 
Taxes and Insurance 3% 

20% Return on Investment 
38% 
- 

- Onstream Factor 340 days/year 

- Investment does not include power generation, cooling tower cbr 
boiler feedwater treatment or carbon dioxide collection piping. 

- Steam cost based on gas fired steam boiler. Gas cost $2.OO/MSCF 
delivered. 

-37- 



NOTES - SECTION V - H I G H  PURITY PROCESS VENTS -- - __ __ _- 

[ 1 1  C h e m i c a l  E c o n w i i c s  Handbook - 1 9 7 3  S t a n f o r d  R e s e a r c h  I n s t i t u t e  - - _- _- - 

[ 2 ]  World N i t r o y e n  -- - 1 9 7 6  S t a n f o r d  R e s e a r c h  I n s t i t u t e  

1 3 1  P r i v a t e  C o i i i i n u n i c a t i ~ l i  w i t h  GUHC - O c t .  2 5 ,  1 9 7 6  

[ 4 ]  "Gas M i s c i b l e  P i - o j e c t s  Move a t  S low P a c e " ,  T h e  O i l  ---- and  G a s  
J o u r n a l ,  A p r i l  5 ,  1 9 7 6 ,  p.  1 2 6 .  

151 P e r r y ,  G. E .  - "Weehs I s l a n d - S - S a n d  R e s e r v o i r  & G r a v i t y  S t a b l e  
Miscible C 0 2  D i s p l a c e m e n t  I b e r i a  P a r i s h ,  L o u i s i a n a " ,  P r o c e e d -  
i n g s  o f  T h i r d  ERDA Sympos ium o n  E n h a n c e d  O i l  and  Gas R e c o v e r y  
- a n d  I m p r o v e d  D r i l l i n g  M e t h o d s ,  T u l s a ,  O k l a h o m a ,  A u g u s t  30  - 
September l , -T977- , -bOT71 - - O i l ,  p. C-4/1. 

161 TvT3r O i l  a n d  G a s  Map o f  L o u i s i a n a  - D e p t .  o f  C o n s e r v a t i o n  ( J u l y  

- ---- 

[ 7 ]  West, J . ,  " L i n e  W i l l  Move 240  MMSCFD o f  C02 ,  O i l  a n d  G a s  
J o u r n a l ,  Nov. 8 ,  1 9 7 1  

( 8 1  P r i v a t e  Cornmunic i i t i on  U . S .  O i l  a n d  R e f i n e r y  Co. t o  Ke l logg  - 
O c t .  2 9 ,  1 9 7 6  

I r j  P a p y a n o  AW, e t  c l l .  ' A v a i l a b i l i t y  a n d  E c o n o m i c s  o f  C02 f o r  
E n h a n c e d  O i l  R e c o v e c y  i n  A p p a l a c h i a  - A u g .  1 9 7 6 .  U.S .  ERDA 
G r a n t  # 6 0 1 5 5 0 1 4 ,  p 34 .  



V I .  CARBON D I O X I D E  FROM LOW PURITY STACK G A S E S  

A. INTRODUCTION 

As noted  i n  t h e  d i s c u s s i o n s  conce rn ing  t h e  carbon d i o x i d e  s u p -  
p l y  s i t u a t i o n ,  power p l a n t  s t a c k  g a s e s  a r e  by f a r  t h e  l a r g e s t  
above-ground s o u r c e  of p o t e n t i a l  c a r b o n  d i o x i d e  , r e p r e s e n t i n g  
a b o u t  80 p e r c e n t  of t h e  t o t a l  carbon d i o x i d e  a v a i l a b l e .  

T h e  f u t u r e  w i l l  undoubtedly  see more power p l a n t s  c o n s t r u c t e d  
o r  mod i f i ed  t o  burn c o a l  because  of i ts r e l a t i v e  abundance com- 
p a r e d  t o  o t h e r  p o t e n t i a l  f o s s i l  f u e l  s o u r c e s .  T h i s  i s  e x p e c t e d  
t o  i n c r e a s e  t h e  i m p o r t a n c e  of  t h i s  s o u r c e  o f  c a r b o n  d i o x i d e  
r e l a t i v e  t o  power p l a n t s  based on a l t e r n a t e  f u e l s .  T h i s  s e c t i o n  
o f  t h i s  r e p o r t  is t h e r e f o r e  d i r e c t e d  t o  d e v e l o p m e n t  o f  c o s t s  
a s s o c i a t e d  w i t h  t h i s  s o u r c e .  Another r eason  f o r  i n v e s t i g a t i n g  
ca rbon  d i o x i d e  r e c o v e r y  f rom c o a l - f i r e d  power p l a n t s  i s  t h a t  
r e c o v e r y  c o s t s  h e r e  a r e  b e l i e v e d  t o  r e p r e s e n t  a w o r s t  c a s e .  
T h i s  w i l l  s e t  an upper l i m i t  on c o s t s  f o r  o t h e r  s o u r c e s  s u c h  as  
cement p l a n t  s t a c k  g a s e s  or  n a t u r a l  g a s - f i r e d  power p l a n t s .  

For a power p l a n t  t h e  d i l u t i o n  e f f e c t  o f  t h e  c o m b u s t i o n  a i r  
l i m i t s  t h e  c o n c e n t r a t i o n  of t h e  carbon d i o x i d e  i n  t h e  f l u e  g a s .  
T h e  f l u e  g a s  w i l l  t h e r e f o r e  c o n t a i n  i n  a d d i t i o n  t o  c a r b o n  
d i o x i d e ,  q u a n t i t i e s  o f  n i t r o g e n  and oxygen p l u s  w a t e r  v a p o r  
produced  d u r i n g  combust ion.  I n  t h e  c a s e  of  a c o a l - f i r e d  power 
p l a n t  q u a n t i t i e s  of f l y  a s h ,  and o x i d e s  of s u l f u r  ( p r i m a r i l y  
s u l f u r  d i o x i d e  w i t h  some s u l f u r  t r i o x i d e )  a r e  p r e s e n t .  The f l u e  
g a s e s  a r e  no rma l ly  a v a i l a b l e  a t  a few i n c h e s  of w a t e r  p o s i t i v e  
p r e s s u r e .  

A number of  p r o c e s s e s  can be c o n s i d e r e d  f o r  r e c o v e r y  o f  c a r b o n  
d i o x i d e  from f l u e  g a s e s r l ] .  T h e s e  i n c l u d e  b o t h  c h e m i c a l  r e -  
a c t i v e  and p h y s i c a l  a b s o r p t i o n  s y s t e m s ,  d r y  bed a b s o r p t i o n  
s y s t e m s ,  and c r y o g e n i c  s y s t e m s .  T h e  low c o n c e n t r a t i o n  a n d  
a v a i l a b l e  p r e s s u r e  of t h e  carbon d i o x i d e  i n  a f l u e  g a s  r e d u c e s  
these  p o t e n t i a l  p r o c e s s e s  t o  t h o s e  w h i c h  can o p e r a t e  e f f e c t i v e -  
l y  a t  t h e s e  c o n d i t i o n s .  

From t h e  a v a i l a b l e  p r o c e s s e s  , a c h e m i c a l  r e a c t i v e  a b s o r p t i o n  
s y s t e m  employing an alkanolamine-monoethanolamine ( M E A )  was se- 
lected f o r  t h i s  s t u d y .  MEA is p r e f e r a b l e  t o  o t h e r  a l k a n o l a m i n e s  
( d i e t h a n o l a m i n e ,  t r i e t h a n o l a m i n e ,  e t c . )  which a r e  used i n  s i m i -  
l a r  p r o c e s s e s  b e c a u s e  o f  i t s  h i g h e r  a b s o r p t i o n  c a p a c i t y  and 
e a s e  o f  r e g e n e r a t i o n .  [ 2 ]  T h i s  r e s u l t s  i n  r e d u c e d  e q u i p m e n t  
s i z e s  and lower h e a t  r equ i r emen t  f o r  s o l u t i o n  r e g e n e r a t i o n  i n  
MEA sys t ems .  MEA i s  c o n s i d e r e d  somewhat  more c o r r o s i v e  t h a n  
o t h e r  amines;  however,  t h i s  d i f f i c u l t y  can be m i n i m i z e d  by l i m -  
i t i n g  t h e  c o n c e n t r a t i o n  of t h e  s o l u t i o n  t o  abou t  2 0  p e r c e n t  by 
w e i g h t .  
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MEA r e a c t s  w i t h  s u l t i r r  o x i d e s  and w i l l  s c r u b  them a l o n g  w i t h  
c a r b o n  d i o x i d e  from t h e  f l u e  g a s e s  a t  t h e  same time. R e c o v e r y  
o f  MEA a f t e r  i t s  r e a c t i o n  w i t h  s u l f u r  o x i d e s  i s  n o t  a s  
s t r a i g h t f o r w a r d  a s  r ecove ry  a f t e r  r e a c t i o n  wi th  carbon d i o x i d e .  
I n  t h e  l a t t e r  case t h e  MEA is recove red  (and t h e  carbon d i o x i d e  
p r o d u c t  is o b t a i n e d )  by s imply  h e a t i n g  t h e  s o l u t i o n  and s t r i p -  
p i n g  o u t  t h e  carbon d i o x i d e  wi th  s team. Chemical t r e a t m e n t  is 
n e c e s s a r y  t o  r e c o v e r  MEA which  r e a c t s  w i t h  s u l f u r  o x i d e s .  
Sodium c a r b o n a t e  can be used f o r  t h i s  ( see  l a t e r  d i s c u s s i o n ) .  

Equipment and chemical c o s t s  t o  recover  MEA c o u l d  become q u i t e  
s i g n i f i c a n t  i f  t h e  c o n t e n t  of s u l f u r  o x i d e s  i n  t h e  f l u e  g a s  is 
h i g h .  For pu rposes  of t h i s  s t u d y ,  it is assumed t h a t  t h e  b u l k  
of any s u l f u r  o x i d e s  p r e s e n t  i n  t h e  f l u e  g a s  h a s  b e e n  removed 
by a p r e t r e a t m e n t  s t e p .  T h i s  is a l o g i c a l  a s s u m p t i o n  i n  v i ew 
o f  t h e  c o n t i n u i n g  p r e s s u r e s  t o  c l e a n  up power p l a n t  f l u e  g a s e s  
a s  a means of p r o t e c t i n g  t h e  envi ronment .  

A wet s c r u b b i n g  s y s t e m  f o r  removal of s u l f u r  o x i d e s  f rom f l u e  
g a s e s  w i l l  remove a b o u t  9 0  p e r c e n t  of t h e  amount  o r i g i n a l l y  
p r e s e n t .  The t r e a t e d  f l u e  g a s  w i l l  t y p i c a l l y  c o n t a i n  abou t  200  
ppm r e s i d u a l  s u l f u r  o x i d e s  w h i c h  a r e  e s s e n t i a l l y  a l l  s u l f u r  
d iox i d e  . 
To d e v e l o p  t h e  economics f o r  s u p p l y i n g  ca rbon  d i o x i d e  recovered  
from power p l a n t  f l u e  g a s ,  t h i s  r e p o r t  a s s u m e s  t h e  r e c o v e r y  
f a c i l i t i e s  a r e  added o n  t o  an e x i s t i n g  power p l a n t .  N o  a t t e m p t  
is made t o  i n t e g r a t e  t h e  u t i l i t y  s y s t e m s  w i t h  t h e  power p l a n t  
( f o r  example by u s e  of co -gene ra t ed  s team).  

T h e  f o l l o w i n g  s e c t i o n  is a d e s c r i p t i o n  o f  t h e  MEA p r o c e s s  f o r  
r e c o v e r y  of ca rbon  d i o x i d e  from a c o a l - f i r e d  power p l a n t  f l u e  
g a s .  

n 
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B.  PROCESS DESCRIPTION 

I n  t r o d  u c  t i o n  

The f l u e  g a s  conipos i t ion  below is used a s  a b a s i s  f o r  d e s i g n .  
I t  is t aken  from a j o b  ( c u r r e n t l y  under c o n s t r u c t i o n  by P u l l m a n  
Ke l logg  [ 3 ]  i n  which t h e  K e l l o g g / W e i r  magnes ium p r o m o t e d  lime 
s l u r r y  p r o c e s s  is used f o r  bu lk  s u l f u r  o x i d e s  removal  f rom t h e  
f l u e  g a s .  I t  is b e l i e v e d  t o  be r e p r e s e n t a t i v e  o f  a t y p i c a l  
f l u e  g a s  w h i c h  w i l l  be a v a i l a b l e  f r o m  a c o a l  f i r e d  p o w e r  
g e n e r a t i n g  f a c i l i t y  a f t e r  bu lk  s u l f u r  o x i d e s  removal.  

Component 

Carbon Diox ide  
N i t r o g e n  
Oxygen 
Water 

Mole P e r c e n t  

16.5 
64.6 

5.6 
13 .3  

T o t a l  100.0 

F l y  Ash, Grains/SCF 
S u l f u r  D i o x i d e ,  PI?M ( V )  
Tempera tu re ,  O F  

P r e s s u r e ,  PSIAl 

0.03 
212 
125 

14.46 

To r e c o v e r  1 2 5  MMSCFD o f  c a r b o n  d i o x i d e  i t  is n e c e s s a r y  t o  
t r e a t  approx ima te ly  26 p e r c e n t  of t h e  f l u e  g a s  e x i t  t h e  s u l f u r  
s c r u b b e r s .  T h i s  is s l i g h t l y  more t h a n  t h e  o u t p u t  o f  one of  t h e  
f o u r  p a r a l l e l  u n i t s  u s e d  t o  t r e a t  t h e  f l u e  g a s  f rom t h e  917  
megawatt  power s t a t i o n  ( f i v e  u n i t s  a r e  i n s t a l l e d  i n c l u d i n g  a 
s p a r e ) .  

The f o l l o w i n g  s e c t i o n s  c o n t a i n  a d e t a i l e d  d e s c r i p t i o n  o f  t h e  
p r o c e s s  f o r  r e c o v e r i n g  carbon d i o x i d e  f r o m  f l u e  g a s  u s i n g  MEA 
s c r u b b i n g .  For conven lence  t h i s  d e s c r i p t i o n  h a s  b e e n  d i v i d e d  
i n t o  t h e  f o l l o w i n g  s e c t i o n s :  

* Carbon Diox ide  Recovery 
* MEA Recovery ( P r o p o s e d )  
* Compression and Drying 
* Gas T r a n s m i s s i o n  
* U t i l i t y  Sys tems 
* Environmenta l  C o n s i d e r a t i o n s  

. 

m b i e n t  14 .31  p s i a  
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R e f e r e n c e  s h o u l d  be made t o  p r o c e s s  f l o w  d i a g r a m  P-4636-D 
( f i g u r e  V I - 2 )  w h i c h  f u r t h e r  d e p i c t s  t h e  p r o c e s s  d e s c r i b e d  i n  t h e  
f o l  lowing s e c t  i o n s .  

Carbon Dioxide Recoverv 

Carbon d i o x i d e  is r e c o v e r e d  from t h e  f l u e  g a s  by use of a 2 0  
weight  p e r c e n t  aqueous s o l u t i o n  of MEA. F l u e  g a s  a t  t h e  i n l e t  
o f  t h e  t r e a t m e n t  f a c i l i t i e s ,  a f t e r  p r e v i o u s  b u l k  s u l f u r  o x i d e s  
removal ,  is a t  125 'F  and 1 4 . 4 6  p s i a .  To overcome p r e s s u r e  l o s s  
c r e a t e d  by t h e  MEA a b s o r p t i o n  t o w e r ,  t h e  f l u e  g a s  i s  f i r s t  
compressed t o  abou t  16.0 p s i a  b e f o r e  i t  e n t e r s  t h e  t o w e r .  T h e  
a b s o r p t i o n  tower  i s  4 6 . 5  f e e t  i n  d i a m e t e r  a n d  c o n t a i n s  2 5  
p e r f o r a t e d  t r a y s  i n c l u d i n g  f o u r  w a t e r  wash t r a y s  a t  t h e  t o p  
which a r e  inc luded  t o  reduce MEA l o s s e s .  As t h e  f l u e  g a s  p a s s e s  
through t h e  a b s o r p t i o n  tower ,  t h e  c a r b o n  d i o x i d e  is removed by .  
r e a c t i n g  w i t h  t h e  MEA s o l u t i o n  a c c o r d i n g  t o  t h e  f o l l o w i n g  
r e v e r s i b l e  r e a c t i o n .  

H O ( C H 2 )  N H 2  + H 2 O  + C@+ HO(CH2)NH3HC03 

The forward r e a c t i o n ,  t a k i n g  p l a c e  i n  t h e  a b s o r b e r ,  is f a v o r e d  
by moderate  o p e r a t i n g  t e m p e r a t u r e s  i n  t h e  range of 100-175'F. 

S p e n t  MEA s o l u t i o n  l o a d e d  w i t h  c a r b o n  d i o x i d e  f l o w s  from t h e  
bot tom of t h e  a b s o r b e r  t o  a t r a n s f e r  pump which t r a n s f e r s  t h e  
s o l u t i o n  t o  t h e  t o p  of  t h e  r e g e n e r a t o r  t o w e r .  A m e c h a n i c a l  
f i l t e r  o p e r a t i n g  on abou t  2 5  p e r c e n t  o f  t h e  s p e n t  s o l u t i o n  is 
p rov ided  t o  remove s o l i d s  such a s  p i p e  s c a l e ,  f l y  a s h ,  and d e -  
g r a d a t i o n  p r o d u c t s  from t h e  s o l u t i o n .  

Before  e n t e r i n g  t h e  r e g e n e r a t o r  t h e  s p e n t  s o l u t i o n  is h e a t  e x -  
changed a g a i n s t  t h e  r e g e n e r a t e d  MEA s o l u t i o n  from t h e  b o t t o m  of 
t h e  r e g e n e r a t o r  tower.  

The r e g e n e r a t o r  tower is 39.5 f e e t  i n  d i ame te r  c o n t a i n s  2 2  p e r -  
f o r a t e d  t r a y s  i n c l u d i n g  f o u r  wash t r a y s  and o p e r a t e s  a t  a b o u t  
1 0 . 5  p s i g  a t  t h e  bottom of t h e  tower.  A s t e a m  h e a t e d  r e b o i l e r  
s u p p l i e s  t h e  n e c e s s a r y  h e a t  i n p u t  t o  t h e  r e g e n e r a t o r .  E l e v a t e d  
t e m p e r a t u r e  combined w i t h  s t e a m  s t r i p p i n g  i n  t h e  r e g e n e r a t o r  
f a v o r s  t h e  r e v e r s e  o f  t h e  r e a c t i o n  w h i c h  t a k e s  p l a c e  i n  t h e  
a b s o r b e r ,  t h u s  a f f e c t i n g  r e g e n e r a t i o n  of t h e  MEA s o l u t i o n .  

A k e t t l e  r e b o i l e r  w i t h  t o t a l  s o l u t i o n  v a p o r i z a t i o n  is p r o v i d e d  
t o  ach ieve  a h igh  d e g r e e  of c o n c e n t r a t i o n  f o r  t h e  MEA s o l u t i o n ,  
which is s e n t  t o  MEA r ecove ry  (see l a t e r  d i s c u s s i o n ) .  
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Carbon  d i o x i d e  is  s t r i p p e d  from t h e  MEA s o l u t i o n  and p a s s e s  
th rough  a condenser  ( a t  t h e  overhead o f  t h e  r e g e n e r a t o r  t o w e r )  
where t h e  bulk of t h e  water  is condensed. Most of t h e  w a t e r  i s  
r e t u r n e d  t o  t h e  r e g e n e r a t o r  a s  r e f l u x .  Some f l o w s  t o  t h e  
a b s o r b e r  wash t r a y s  w h i c h  i n c l u d e  a pump-around s y s t e m .  T h e  
excess is pumped t o  d i s p o s a l .  E x c e s s  water  r e s u l t s  from c o o l i n g  
t h e  water  s a t u r a t e d  f l u e  g a s  i n  t h e  a b s o r b e r .  

MEA s o l u t i o n  from t h e  bottom of t h e  r e g e n e r a t o r  tower i s  c o o l e d  
by heat exchange,  f i r s t  a g a i n s t  t h e  s p e n t  MEA from t h e  a b s o r b e r  
t ower ,  and f i n a l l y  a g a i n s t  c o o l i n g  w a t e r  b e f o r e  f l o w i n g  t o  t h e  
t o p  of t h e  a b s o r b e r .  

T h e  s y s t e m  i n c l u d e s  a sump u s e d  f o r  c h e m i c a l  m i x i n g  and f o r  
c o l l e c t i n g  d r i p s  and  s p i l . 1 ~  w h i c h  o c c u r  d u r i n g  o p e r a t i o n .  
F a c i l i t i e s  a r e  a l s o  p r o v i d e d  f o r  MEA s t o r a g e  d u r i n g  i n i t i a l  
c h a r g i n g  of t h e  s y s t e m  and d u r i n g  s h u t d o w n s .  F a c i l i t i e s  a r e  
a l s o  r e q u i r e d  t o  r e c o v e r  MEA w h i c h  h a s  r e a c t e d  w i t h  s u l f u r  
d i o x i d e  p r e s e n t  i n  t h e  f l u e  g a s .  T h e s e  a r e  d i s c u s s e d  i n  t h e  
n e x t  sect ion .  

MEA Recovery ( P r o p o s e d )  

S o l u t i o n  l o s s e s  occur  i n  amine  s y s t e m s  d u e  t o  f o r m a t i o n  of  de-  
g r a d a t i o n  p r o d u c t s  which a r e  s t a b l e  a t  t h e  c o n d i t i o n s  employed 
f o r  r e g e n e r a t i o n  of t h e  MEA s o l u t i o n .  They a l s o  o c c u r  due  t o  
v a p o r i z a t i o n  of MEA i n  t h e  abso rbe r  and r e g e n e r a t o r  (wash  t r a y s  
a r e  provided  t o  minimize v a p o r i z a t i o n  losses) ,  and by l e a k s  and 
s p i l l s  from t h e  sys t em.  

F o r m a t i o n  of d e g r a d a t i o n  p r o d u c t s  may o c c u r  f o r  a number o f  
r e a s o n s  s u c h  a s  o v e r h e a t i n g  t h e  s o l u t i o n  and c h e m i c a l  r e a c t i o n  
of t h e  amine w i t h  a component i n  t h e  g a s  b e i n g  s c r u b b e d .  I n  t h e  
p r e s e n t  c a s e  of a f i u e  g a s  f rom a c o a l  f i r e d  power p l a n t ,  MEA 
w i l l  r e a c t  with t h e  r e s i d u a l  s u l f u r  o x i d e s  ( a n d  may a l s o  r e a c t  
w i t h  t h e  r e s i d u a l  o x y g e n [ 4 ]  ) t o  f o r m  s t a b l e  d e g r a d a t i o n  
p r o d u c t s .  

T h e  usua l  method of c o n t r o l - l i n g  d e g r a d a t i o n  p r o d u c t s  i n  an MEA 
s y s t e m  is by t h e  i n s t a l l a t i o n  o f  a r e c l a i m e r .  D e g r a d a t i o n  
p r o d u c t s  a r e  c o n c e n t r a t e d  i n  t h e  l i q u i d  by b o i l i n g  a n d  a r e  
removed p e r i o d i c a l l y  from t h e  ‘ r e c l a i m e r  f o r  d i s p o s a l .  Sodium 
c a r b o n a t e  o r  c a u s t i c  i s  s o m e t i m e s  added  t o  t h e  r e c l a i m e r  t o  
enhance  MEA r e c o v e r y  and/or p r e v e n t  c o r r o s i o n  [ 51 . 
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For t h e  p r e s e n t  system o p e r a t i n g  on  f l u e  g a s ,  t h e  q u a n t i t y  O f  
p o t e n t i a l  d e g r a d a t i o n  p r o d u c t s  fo rmed  by t h e  r e a c t i o n  of MEA 
w i t h  s u l f u r  o x i d e s  is of such a magnitude t h a t  a somewhat  d i f -  
f e r e n t  approach is needed t o  r ecove r  t h e  MEA s o l u t i o n .  A d d i t i o n  
o f  a compound t o  t h e  s o l u t i o n  which is a s t r o n g e r  base  than  MEA 
w i l l  l i b e r a t e  MEA from i t s  t h e r m a l l y  s t a b l e  r e a c t i o n  p r o d u c t  
w i t h  s u l f u r  o x i d e s .  E i t h e r  c a u s t i c  o r  sod ium c a r b o n a t e  W i l l  
s e r v e  t h i s  p u r p o s e .  B e c a u s e  t h e  q u a n t i t y  of  s u l f u r  o x i d e s  
remain ing  i n  a f l u e  g a s ,  even a f t e r  b u l k  r e m o v a l ,  w i l l  t i e  up 
s i g n i f i c a n t  q u a n t i t i e s  of  t h e  MEA, a c o n t i n u o u s  r e c l a i m i n g  
p r o c e s s  is proposed .  

I n  t h i s  p r o c e s s  of r e c l a i m a t i o n ,  sodium c a r b o n a t e  is p r e f e r r e d  
because  sodium hydrox ide  w i l l  d i s p l a c e  MEA f rom i t s  r e a c t i o n  
p r o d u c t  w i t h  c a r b o n  d i o x i d e  e q u a l l y  a s  w e l l  a s  f rom i t s  un- 
d e s i r a b l e  d e g r a d a t i o n  p r o d u c t s .  T h i s  would l e a d  t o  h i g h  an,d 
unnecessa ry  c a u s t i c  consumption.  

F i g u r e  VI-1 shows  t h e  t y p e  of  r e c o v e r y  p r o c e s s  p r o p o s e d .  A 
s l i p s t r e a m  of MEA s o l u t i o n  i s  w i t h d r a w n  f r o m  t h e  r e g e n e r a t o r  
r e b o i l e r  and c o o l e d  by h e a t  e x c h a n g e  a g a i n s t  t h e  r e c l a i m e d  
s o l u t i o n  r e t u r n i n g  t o  t h e  r e b o i l e r .  Sodi~im c a r b o n a t e  is added  
t o  t h e  s o l u t i o n  ( see  chemica l  summary) i n  a mixtank  which  a l s o  
s e r v e s  a s  a h o l d t a n k  f o r  t h e  m i x t u r e .  Thus,  r e s i d e n c e  time is 
p rov ided  f o r  t h e  d i s s o c i a t i o n  r e a c t i o n s  t o  l i b e r a t e  t h e  MEA. 
S o l u t i o n  from t h e  m i x t a n k  is coo led  t o  e f f e c t  p r e c i p i t a t i o n  o f  
sodium s u l f a t e  and sodium s u l f i t e  which a r e  removed i n  a f i l t e r  
a l o n g  w i t h  o t h e r  d e g r a d a t i o n  p r o d u c t s .  P u r i f i e d  MEA s o l u t i o n  
is r e t u r n e d  t o  t h e  s y s t e m .  

T h e  proposed  MEA r e c o v e r y  sys tem is n o t  w e l l  enough d e f i n e d  a t  
t h i s  t i m e  f o r  an e s t i m a t e  o f  i t s  c o s t  t o  be i n c l u d e d  i n  t h i s  
s t u d y .  A d d i t i o n a l  work ,  i n c l u d i n g  l a b o r a t o r y  s t u d y ,  is be-  
l i e v e d  n e c e s s a r y  t o  p r e p a r e  a f i n a l  d e s i g n  f o r  s u c h  a s y s t e m .  

Compression and Drying 

Carbon d i o x i d e  is d e l i v e r e d  t o  t h e  compress ion  s t e p  a t  a b o u t  5 
p s i g  and l l O ° F  s a t u r a t e d  wi th  wa te r  vapor .  I t  is compressed i n  
a t h r e e  c a s e  c e n t r i f u g a l  compressor  powered by a s team t u r b i n e  
t o  a f i n a l  d i s c h a r g e  p r e s s u r e  of 2 , 2 0 0  p s i g  f o r  d e l i v e r y  to  t h e  
g a s  p i p e l i n e .  As t h e  g a s  is c o m p r e s s e d  and c o o l e d  b e t w e e n  
s t a g e s ,  w a t e r  c o n d e n s e s  and i s  removed i n  k n o c k o u t  v e s s e l s .  
B e t w e e n  t h e  s e c o n d  and t h i r d  c a s e  t h e  g a s  is d r i e d  t o  f i n a l  
p i p e l i n e  q u a l i t y  by u s e  of a t r i e t h y l e n e  g l y c o l  d r y e r .  
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Gas Transmiss ion  

T r a n s p o r t  o f  t h e  r e c o v e r e d  c a r b o n  d i o x i d e  t o  t h e  c a n d i d a t e  
o i l - f i e l d  is by p i p e l i n e  o p e r a t i n g  i n  t h e  s u p e r c r i t i c a l  s t a t e .  
A twenty-f i v e  m i l e  p i p e l i n e  is assumed because  it is f e l t .  t h a t  
t h i s  p o t e n t i a l  s o u r c e  of ca rbon  d i o x i d e  w i l l  be a t t r a c t i v e  o n l y  
i f  t h e  h igh  c o s t s  a s s o c i a t e d  w i t h  r e c o v e r y  a r e  o f f s e t  by low 
t r a n s p o r t a t i o n  c o s t s .  For a 200 p s i g  p r e s s u r e  l o s s ,  a t w e l v e  
( 1 2 )  i n c h  n o m i n a l  p i p e  d i a m e t e r  is r e q u i r e d  f o r  t h i s  c a s e .  
A d d i t i o n a l  f e a t u r e s  o f  t h e  p i p e l i n e  which  a r e  common t o  a l l  
p i p e l i n e s  inc luded  i n  t h i s  s t u d y  a r e  d i s c u s s e d  i n  S e c t i o n  V o f  
t h i s  r e p o r t  (Page  3 0 ) .  

U t i 1  i t v  Svstem 

U t i l i t i e s  ( p r e s e n t e d  l a t e r  i n  t h i s  s e c t i o n )  a r e  based on u s e  of 
s team d r i v e n  t u r b i n e s  f o r  t h e  c a r b o n  d i o x i d e  c o m p r e s s o r  and 
f l u e  g a s  b lowers ,  and, e l e c t r i c  d r i v e s  f o r  a l l  r e m a i n i n g  r o t a t -  
i n g  e q u i p m e n t .  S m a l l  a d d i t i o n a l  s t e a m  r e q u i r e m e n t s  a r e  also 
i n c l u d e d  f o r  r e g e n e r a t i o n  o f  t h e  g l y c o l  s o l u t i o n  i n  t h e  t r i -  
e t h y l e n e  g l y c o l  d r y e r .  

Two s team p r e s s u r e  l e v e l s  were s e l e c t e d .  Steam i m p o r t e d  f rom 
o f f s i t e  is assumed a v a i l a b l e  a t  9 0 0  p s i g  - 900'F ( i d e n t i c a l  
impor t  s t eam c o n d i t i o n s  were  s e l e c t e d  f o r  a l l  c a ses  i n  t h i s  
s t u d y ) .  A second l e v e l  a t  175  p s i g  s u p p l i e s  h e a t  t o  t h e  amine  
r e b o i l e r  th rough a l e t d o w n  s t a t i o n  t o  150 p s i g .  

T h e  t u r b i n e  d r i v e r s  f o r  t h e  carbon d i o x i d e  compressor  and f l u e  
g a s  b lowers  a r e  both d r i v e n  by t h e  9 0 0  p s i g  s t e a m  and e x h a u s t  
t o  t h e  1 7 5  p s i g  h e a d e r .  The e x h a u s t  s team f r o m  t h e  t u r b i n e s  
p r o v i d e s  most of t h e  a m i n e  r e b o i l e r  h e a t ;  h o w e v e r ,  some a d d i -  
t i o n a l  9 0 0  p s i g  le tdown t o  t h e  175 p s i g  l e v e l  is r e q u i r e d .  A 
d e s u p e r h e a t  s t a t i o n  i s  p r o v i d e d  a t  t h e  i n l e t  o f  t h e  a m i n e  
r e b o i l e r .  The 1 5 0  p s i g  s team c o n d e n s a t e  r e t u r n s  t o  b a t t e r y  
l i m i t s  from t h e  amine r e b o i l e r .  

Cool ing  wa te r  is assumed a v a i l a b l e  a t  b a t t e r y  l i m i t s  a t  90'F. 

Environmenta l  C o n s i d e r a t i o n s  

E f f l u e n t  s t r e a m s  w i l l  be p r o d u c e d  d u r i n g  n o r m a l  o p e r a t i o n  o f  
t h e  r ecove ry  and g a s  t r a n s m i s s i o n  f a c i l i t i e s .  The f o l l o w i n g  is 
a b r i e f  d i s c u s s i o n  of t h e  expec ted  e f f l u e n t  s t r e a m s ,  and pos- 
s i b l e  methods of h a n d l i n g  them. Costs f o r  t r e a t m e n t  f a c i l i t i e s  
a r e  n o t  i n c l u d e d  i n  p l a n t  i nves tmen t .  
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E x c e s s  water  w i l l  be produced i n  t h e  r ecove ry  p l a n t  by conden-  
s a t i o n  of water  vapor from t h e  f l u e  g a s  as i t  p a s s e s  t h r o u g h  
t h e  MEA a b s o r b e r .  T h i s  e f f l u e n t  s t r e a m  w i l l  be r e l a t i v e l y  
c l e a n .  I t  w i l l  c o n t a i n  d i s s o l v e d  carbon d i o x i d e  p l u s  t r a c e s  o f  
o t h e r  g a s e o u s  c o m p o n e n t s  a b s o r b e d  f rom t h e  raw f l u e  g a s  and 
a l s o  a s m a l l  amount of d i s s o l v e d  MEA. T h i s  water  can be reused 
i n  a p r o c e s s  p l a n t ,  usua1l.y a f t e r  s t r e a m  s t r i p p i n g ,  f o r  b o i l e r  
f e e d w a t e r  makeup  o r  a s  m a k e u p  w a t e r  t o  a c o o l i n g  t o w e r .  
S t r i p p e r  overhead r i c h  i n  MEA can  be r ecyc led  t o  t h e  p r o c e s s .  

Because t h e  p r o c e s s  f o r  MEA r ecove ry  us ing  sodium c a r b o n a t e  is 
n o t  f u l l y  d e f i n e d ,  i t  is i m p o s s i b l e  t o  d e f i n e  i n  d e t a i l  t h e  
e f f l u e n t  expec ted  from t h e  p r o c e s s .  T h e  major component should  
be  sodium s u l f i t e  w i t h  p e r h a p s  some sod ium s u l f a t e .  I f  a 
c r y s t a l l i z a t i o n  p r o c e s s  is used,  t h e  p r o d u c t  c o u l d  be r e a s o n -  
a b l y  pu re .  The d e g r e e  of p u r i f i c a t i o n  c o u l d  be improved ( a s  
n e c e s s a r y )  by f u r t h e r  p r o c e s s i n g  such a s  r e c r y s t a l l i z a t i o n  o r  
washing . 
Water w i l l  be produced from t h e  p roduc t  g a s  a s  it is compressed 
and cooled  between s t a g e s .  T h i s  water can be combined w i t h  t h e  
e x c e s s  water  from t h e  MEA s y s t e m  f o r  d i s p o s a l .  

R e g e n e r a t i o n  of  t h e  t r i e t h y l e n e  g l y c o l  s o l u t i o n  i n  t h e  T E G  
d r y e r  w i l l  p r o d u c e  a g a s e o u s  e f f l u e n t  c o n s i s t i n g  m o s t l y  o f  
wa te r  vapor p l u s  t r a c e s  of T E G .  T h i s  e f f l u e n t  s t r e a m  c a n  be 
ven ted  t o  t h e  a tmosphere .  

- 4 7 -  



C. PROCESS FLOW DIAGRAM 

P r o c e s s  f low d iagram P-4636-D ( f i g u r e  V I - 2 )  f o r  r e c o v e r y  of 
ca rbon  d i o x i d e  from a c o a l - f i r e d  power p l a n t  f l u e  gas is pre-  
s e n t e d  on t h e  f o l l o w i n g  page. 
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D. MATERIAL BALANCE 

On t h e  f o l l o w i n g  page a m a t e r i a l  b a l a n c e  f o r  r e c o v e r y  o f  1 2 5  
MMSCFD o f  carbon d i o x i d e  from a c o a l - f i r e d  power p l a n t  f l u e  
g a s  is p r e s e n t e d .  

n 
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STREAM NO. AND SOURCE 

(1)  Gas t o  Absorber 

( 2 )  Gas from A b s o r b e r  

( 3 )  L e a n  S o l n  

( 4 )  R i c h  S o l n  

( 5 )  S t r ipper  V e n t  
(Compressor F e e d )  

( 6 )  E x c e s s  Water 

( 7 )  C02 P r o d u c t  Gas 
( 1 2 5  MMSCFD) 

MATERIAL BALANCE 

CARBON D I O X I D E  

FROM POWER PLANT 

FLUE GASES 

COMPONENT 

c o 2  
NO2 
0 2  
s o 2  

2 0  

c o 2  
N2 
" 2 

H20 

Dry Gas 

T o t a l  

Dry Gas 

!rota1 

MEA 
I4 2 0  
c o 2  
T o t a l  

MEA 
€1 2 0  
c 0 2  
so2 

co 2 
€120 

co 2 
2 0  

(332 
H20 

To ta l  

T o t a l  

T o t a l  

T o t a l  

LB MOL/HR 

1 5 , 3 1 8 . 2  
6 0 , 0 8 9 . 6  

5 , 2 3 9 . 4  
1 9 . 8  

8 0 , 6 6 7 . 0  
1 2 , 3 9 1 . 5  
9 3  I 0 5 8 . 5  

1 , 5 9 1 . 8  
6 0 , 0 8 9 . 6  

66  I 9 2 0 . 8  
6 , 4 7 0 . 2  

7 3  I 3 9 1 . 0  

3 7 , 4 0 4 . 1  
507  I 2 7 5 . 5  

3 I 7 4 0 . 4  
548  I 4 2 0 . 0  

3 7 , 4 0 4 . 1  
516  1 3 6 . 9  

1 7  I 4 6 7 . 9  
1 9 . 8  

5 7 1 , 0 2 8 . 7  

5 , 2 3 9 . 4  

1 3 , 7 2 4 . 6  
1 , 0 4 6 . 8  

1 4  I 7 7 1 . 4  

1 . 8  
4 , 8 9 4 . 3  
4 , 8 9 6 . 1  

1 3  I 7 2 4 . 6  
0 . 7  

1 3 , 7 2 5 . 3  

LBS/HR 

674  , 1 5 4  
1 , 6 8 3 , 2 9 0  

1 6 7 , 6 5 6  

2 , 5 2 6  I 3 6 8  
2 2 3 , 2 2 3  

1 , 2 6 8  

21 7 4 9 , 6 0 1  

7 0 , 0 5 5  

1 6 7  I 6 5 6  
1 1 9 2 1 , 0 0 1  

1 1 6 , 5 6 1  
2 1 0 3 7 , 5 6 2  

1 , 6 8 3 , 2 9 0  

2 , 2 8 4 , 6 4 2  
9 1 1 3 8 , 5 6 8  

1 6 4 , 6 1 5  
1 1 , 5 8 7 , 8 2 5  

2 , 2 8 4  , 6 4 2  
9 1  2 9 8 , 2 0 6  

7 6 8  I 7 6 2  
1 , 2 6 8  

1 2 1 3 5 2 , 8 7 8  

6 0 4 , 0 2 0  
1 9  I 3 7 2  

6 2 3 , 3 9 2  

7 9  
8 8 , 1 7 1  
8 8  I 2 5 0  

6 0 4 , 0 2 0  
1 3  

604  I 0 3 3  
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E. CHEMICAL, UTILITY, ECONOMIC SUMMARIES 

T h i s  s e c t i o n  i n c l u d e s  t h e  f o l l o w i n g  t ab le s :  

T a b l e  V I - 1  Chemical  Summary 

T a b l e  VI-2 U t i l i t y  Summary 

T a b l e  V I - 3  Economic Summary 
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TABLE VI-1 

I 
ul 
w 
I 

CHEMICALS SUMMARY FOR RECOVERY OF 
CARBON D I O X I D E  FROM POWER PLANT FLUE GASES 

U n i t  
cost I n i t i a l  E s t .  A n n u a l  cost Annua l  

C h a r g e  -1 bs Consumpt  i on -1  b s  * * g!/lb cost $ g!/MSCF C02 

I .  Recoverv P l a n t  

MEA 
NaZCG3 
Misc. * 

480,000 - 
- 

46O,OOO 38.00 174,800 0 . 4 1  
17 ,128 ,000  4.50 770,760 1 . 8 1  

- 1 0 , 0 0 0  0.02 - 

S u b-To t a 1  955,560 2.24 

11. T r a n s m i s s i o n  S y s t e m  

T EG 
Misc. * 

80,000 3 5 . 0 0  28 I 000  0 . 0 7  
- 1 0 , 0 0 0  0.02 - 

S ub-To t a  1 38 I 0 0 0  0.09 

TOTAL COST 993,560 2.33 

* I n c l u d e s  a n t i f o a m  f o r  MEA and o t h e r  m i s c e l l a n e o u s  c o n s u m a b l e s ,  s u c h  a s  l u b r i c a n t s ,  fo r  e i t h e r  
system. 

**Basis i s  340 d a y s / y e a r  a t  1 2 5  MMSCFD C02 r e c o v e r y .  



TABLE VI-2 

UTILITY SUMMARY FOR RECOVERY OF 
CARBON DIOXIDE FROM POWER PLANT FLUE GASES 

The following are expected uti-lity consumptions for the recovery 
plant and gas transmission systems when 125 MMSCFD of C02 is 
being transmitted. 

Consumption per 
MSCF OF C02 

Recovery* Transmission 
Plant System 

0.384 - E l e c t r i c  P o w e r ,  KWH 
Cooling Water Circulation - 

M Gallons 90°F - 120°F 1.037 0.104 
Steam - 900 PSIG & 900°F, MLBS 0.075 0.161 

175 PSIG & 600°F, MLBS 0.161 (0.161) 

* Excludes utilities for unit to recover MEA 

( ) Export Quantity 
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'TABLE VI-3 

ECONOMIC SUMMARY 
CARBON DIOXIDE FROM POWER PLANT FLUE GAS 

PLANT CAPACITY: 125 MMSCFD C02 

A. RECOVERY COSTS 

Fixed-Capital Investment $34,040,000 

DIRECT COSTS 

Electric Power - KWH 
Cooling Water (circ) - MGAL 
Steam-900 PSIG & 900°F - MLRS 

Chemicals 
-175 PSIG & 600'F - MLBS 

Units/ Unit cost #/ 
MSCF Cost $ MSCF C02 

0.384 0.035 1.34 
1.037 0.020 2.05 
0.075 2.80 21.00 
0.161 2.74 44.11 

- 2.24 - 

Sub-Total Direct Costs 70.74 

INDIRECT COSTS 

Operating Labor - 1 man/shift 
Operating Supplies - 30% Operating Labor 
Supervision and Overhead - 100% Operating Labor 
Maintenance Labor & Supplies - 3.5% Investment/Year 
Capital Related Costs - Depreciation, Interest 
Charges, Taxes, Insurance, Return on Investment - 
@ 38% of Investment/Yr. 

Sub-Total Indirect Costs 

Total Recovery Cost g!/MSCF 

NOTES Recovery and Transmission Costs 

- A l l  operating l abo r  $6.5/manhour. 

- Breakdown of capital related costs: 

Depreciation 10% 
In t e re s t  Char qe s 7% 
Taxes and Insurance 
Return on Investment .- . 2 0 % .  

?%. L 

33-v. 

- Onstream Factor 340 days/year 

0.13 
0 . 0 4  
0.13 
2.80 

30.44 

33.54 

104.28 

- Plant Investment does..not include power qeneration, cooling tower 0 . c  
boiler feedwater treatment, or costs of equipment to recover MEA. Tt 
does include initial charge of chemicals. 

- Steam cost based on coal fired steam boiler, and coal price of 50 
#/MM BTU LHV. 
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TABLE VI-3 (CONTD.) 

ECONOMIC SUMMARY 
CARBON DIOXIDE FROM POWER PLANT FLUE GAS 

PLANT CAPACITY: 125 MMSCFD C02 

B. TRANSMISSION COSTS 

Compression Investment $ 9,660,000 
Pipeline Investment (25 miles) 9,490,000 
Fixed-Capital Investment $19,150,000 

DIRECT COSTS 

Cooling Water (circ) - MGAL 
Steam-900 PSIG & 900'F - MLBS 

Chemicals 
-175 PSIG & 600'F - MLBS 

Sub-Total Direct Costs 

( ) Denotes Export 

Units/ Unit cost #/ 
MSCF Cost $ MSCF C02 

0.104 0.02 0.21 
0.161 2.80 45.08 
(0,. 161) 2.74 (44.11) 

0.09 

INDIRECT COSTS 

Operating Labor - 2 men/shift 
Operating Supplies - 30% Operating Labor 
Supervision and Overhead - 100% Operating Labor 
Maintenance Labor & Supplies - 3.5% Investment/Year 
Capital Related Costs - Depreciation, Interest 
Charges, Taxes, Insurance, Return on Investment - 
@ 38% of Investment/Yr. 

Sub-Total Indirect Costs 

Total Transmission Cost g!/MSCF (25 miles) 

C. TOTAL RECOVERY AND TRANSMISSION COST 

1. Recovery Costs 

2. Transmission Costs (25 miles) 

1.27 

0.27 
0.08 
0.27 
1.58 

17.12 

19.32 

20.59 

104.28 

20.59 

Total Recovery and Transmission Costs 124.87 
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V I I .  CARBON D I O X I D E  FROM NATURALLY OCCURRING SOURCES 

A. INTRODUCTION 

A prime example of  
s o u r c e s  is t h e  ongoi  
t i o n  Committee) p r o j  
t h e  V a l  Verde b a s i n  

t h e  u s e  of  c a r b o n  d i o x i d e  f r o m  n a t u r a l  
ng SACROC ( S c u r r y  Area Canyon Reef  Opera- 
e c t  i n  West T e x a s .  [ l ]  Natural gas wells i n  
wi th  carbon d i o x i d e  c o n t e n t s  o f  18 -53  pe r -  

c e n t  were s e l e c t e d  t o  s u p p l y  t h e  c a r b o n  d i o x i d e  f o r  t h e  p r o j -  
e c t ,  as they  were c o n s i d e r e d  t h e  o n l y  r e l i a b l e  and e c o n o m i c a l  
s u p p l y  f o r  t h e  carbon d i o x i d e  volumes r e q u i r e d .  

The n a t u r a l  g a s  is s u p p l i e d  th rough  fou r  major t r e a t m e n t  p l a n t s  
which i n c l u d e  s u l f u r  removal and carbon d i o x i d e  r e c o v e r y  proc- 
e s s e s .  From t h e s e  f o u r  p l a n t s  up t o  2 4 0  M M S C F D  o f  c a r b o n  
d i o x i d e  h a s  been  made a v a i l a b l e  t o  t h e  p r o j e c t  s i n c e  e a r l y  
1972. A 1 6 - i n c h  p i p e l i n e  c o n d u c t s  t h e  h i g h  p r e s s u r e  c a r b o n , ’  
d i o x i d e  some 200 mi l e s  t o  t h e  K e l l y - S n y d e r  f i e l d  i n  S c u r r y  
County.  

A s  d i s c u s s e d  i n  S e c t i o n  111 of  t h i s  r e p o r t ,  no e x h a u s t i v e  s u r -  
v e y  of n a t u r a l l y  o c c u r r i n g  carbon d i o x i d e  w e l l s  h a s  b e e n  made 
t o  d a t e .  Some i n f o r m a t i o n  c o n c e r n i n g  l o c a t i o n  o f  n a t u r a l l y  
o c c u r r i n g  carbon d i o x i d e  wel l s  i n  t h e  t h i r t e e n  s t a t e s  s u r v e y e d  
is  a v a i l a b l e ,  and was p r e s e n t e d  i n  F i g u r e  111-5. 

Bureau of Mines d a t a  s h e d s  a d d i t i o n a l  l i g h t  on t h e  l o c a t i o n  of  
known s o u r c e s  and p u r i t y [ 2 ] .  I t  is a n t i c i p a t e d  t h a t  e x p l o r a t i o n  
c u r r e n t l y  under way by a number of o i l  c o m p a n i e s  i n  t h e  Rocky 
Mountain a r e a s  w i l l  add t o  t h e  known r e s e r v e s  p i c t u r e  i n  t h i s  
a r e a .  (See  S e c t i o n  V I 1 1  wh ich  c o n t a i n s  r e c o m m e n d a t i o n s  f o r  
f u t u r e  s t u d y  of n a t u r a l  s o u r c e s  of carbon d i o x i d e .  ) 

I n  s p i t e  of t h e  c u r r e n t  l a c k  of p u b l i s h e d  i n f o r m a t i o n  c o n c e r n -  
i n g  t h e  s u p p l y  s i t u a t i o n ,  carbon d i o x i d e  f rom n a t u r a l  sources  
w i l l  a l m o s t  c e r t a i n l y  be a s i g n i f i c a n t  s o u r c e  o f  s u p p l y  i n  
f u t u r e  EOR e f f o r t s .  I n  an e f f o r t  to  d e v e l o p  c o s t s  r e l a t e d  t o  
t h i s  impor t an t  s o u r c e  of supp ly ,  t h i s  r e p o r t  has  c o n s i d e r e d  t h e  
f o l l o w i n g  fou r  h y p o t h e t i c a l  cases €or p o t e n t i a l  s o u r c e s  of n a t -  
u r a l l y  o c c u r r i n g  carbon d i o x i d e .  

Case I - 98% C 0 2 ,  2 %  Hydrocarbons 
Case I1 - 96% C 0 2 ,  2 %  Hydrocarbons ,  2 %  H2S 
Case I11 - 50% C 0 2 ,  50% Hydrocarbons 
Case I V  - 48% C O 2 ,  5 0 %  Hydrocarbons,  2 %  H2S 

Composi t ions  f o r  Cases  I and  I11 a r e  i n t e n d e d  t o  a p p r o x i m a t e  
t h e  q u a l i t y  of carbon d i o x i d e  s o u r c e s  which a r e  known t o  e x i s t  
i n  s t a t e s  surveyed  by t h i s  s t u d y .  P o s s i b l e  c o n t a m i n a t i o n  o f  
s u c h  s o u r c e s  is al lowed f o r  by a s s u m i n g  two p e r c e n t  h y d r o g e n  
s u l f i d e  l e v e l s  f o r  each case. n 
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- 
I n  t h e  c o u r s e  of  t h i s  s t u d y  a number of  p r o c e s s e s  were con-  
s i d e r e d  f o r  r ecove ry  and p u r i f i c a t i o n  o f  c a r b o n  d i o x i d e  from 
n a t u r a l  s o u r c e s  a s  r e p r e s e n t e d  by t h e  h y p o t h e t i c a l  c a s e s  I1 
th rough  I V  (Case I is a c c e p t a b l e  as is and r e q u i r e s  o n l y  com- 
p r e s s i o n  and d r y i n g ) .  

For Case I1 a s imple  one s t e p  t r e a t m e n t  p r o c e s s  b a s e d  on t h e  
B r i t i s h  Gas C o u n c i l ' s  S t r e t f o r d  p r o c e s s  was s e l e c t e d  f o r  s tudy .  
Vendors o f f e r i n g  t h e  S t r e t f o r d  p r o c e s s  a d v i s e  t h a t  c a r b o n  d i -  
o x i d e  i n t e r f e r e s  w i t h  hydrogen s u l f i d e  r emova l  by t h e  p r o c e s s  
and t h a t  c u r r e n t  d e s i g n  e x p e r i e n c e  is l i m i t e d  t o  carbon d i o x i d e  
p a r t i a l  p r e s s u r e s  i n  t h e  g a s  of about  one a tmosphere .  U n f o r t u -  
n a t e l y  t h i s  feedback of i n fo rma t ion  was not  r e c e i v e d  u n t i l  l a t e  
i n  t h e  s tudy .  I t  is f e l t  t h a t  because  of  t h e  h y p o t h e t i c a l  na-  
t u r e  of t h e  g a s  c o m p o s i t i o n ,  f u r t h e r  e x p e n s e  t o  i n v e s t i g a t e  
t h i s  case is no t  w a r r a n t e d  a t  t h i s  t i m e .  T h u s ,  Case I1 w i l l  
n o t  be g iven  f u r t h e r  c o n s i d e r a t i o n  i n  t h i s  r e p o r t .  

T h e  S e l e x o l  p r o c e s s ,  a p h y s i c a l  a b s o r b e n t  p r o c e s s ,  was s e l e c t e d  
a s  being an a t t r a c t i v e  p r .ocess  f o r  t r e a t m e n t  and r e c o v e r y  of 
ca rbon  d i o x i d e  i n  Cases  111 and IV. I n  Case  I V ,  t h e  S t r e t f o r d  
p r o c e s s  was s e l e c t e d  t o  remove h y d r o g e n  s u l f i d e  ( a n d  r e c o v e r  
t h e  s u l f u r )  from a g a s  s t r e a m  c o n t a i n i n g  a p p r o x i m a t e l y  7 5  p e r -  
c e n t  carbon d i o x i d e  which  l e a v e s  t h e  S e l e x o l  p r o c e s s .  T h i s  is 
p o s s i b l e  i n  t h i s  p a r t i c u l a r  c a s e  s i n c e  t h e  g a s  s t r eam is a t  low 
p r e s s u r e ,  and t h e  p a r t i a l  p r e s s u r e  of carbon d i o x i d e  is  w i t h i n  
t h e  a c c e p t a b l e  des ign  range .  

For a l l  c a s e s  s t u d i e d  i n  t h i s  s e c t i o n ,  1 2 5  MMSCFD o f  c a r b o n  
d i o x i d e  is produced a t  a p u r i t y  of 98 p e r c e n t  m i n i m u m .  Al low- 
a b l e  hydrogen s u l f i d e  l e v e l  i n  t h e  carbon d i o x i d e  is set  a t  1 / 4  
g r a i n  per  1 0 0  SCF.  The raw g a s  is assumed a v a i l a b l e  a t  t h e  
b a t t e r y  l i m i t s  of t h e  t r e a t m e n t  p l a n t  a t  2 5 0  p s i g  and a m b i e n t  
t e m p e r a t u r e  (75OF). A f t e r  r ecove ry  t h e  carbon d i o x i d e  is com- 
pressed,  d r i e d ,  and d e l i v e r e d  t o  a c a n d i d a t e  o i l f i e l d  1 0 0  m i l e s  
away a t  a wel lhead p r e s s u r e  of 2 , 0 0 0  p s i g .  
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B. CASE I 

1. P r o c e s s  Descr iDt ion  

I n  t r od u c  t ion 

I n  t h e  f i r s t  h y p o t h e t i c a l  case of n a t u r a l l y  o c c u r r i n g  c a r b o n  
d i o x i d e ,  t h e  g a s  i s  assumed t o  c o n t a i n  98 p e r c e n t  c a r b o n  
d i o x i d e  and 2 p e r c e n t  h y d r o c a r b o n  ( m e t h a n e ) .  I n  t h i s  c a s e  
t h e  g a s  from t h e  s o u r c e  w e l l s  meets t h e  e s t a b l i s h e d  p u r i t y  
r e q u i r e m e n t s  f o r  t h e  c a r b o n  d i o x i d e  and  no g a s  t r e a t m e n t  
s e c t i o n  is r e q u i r e d .  The  p r o c e s s i n g  s t e p s  r e d u c e  ‘s imply t o  
d r y i n g  and compression of t h e  carbon d i o x i d e  and its d e l i v e r y  
t o  a c a n d i d a t e  o i l f i e l d .  

T h e  p r o c e s s  d e s c r i p t i o n  f o r  Case I w h i c h  f o l l o w s  may be d i -  
v i d e d  i n t o  t h e  f o l l o w i n g  s e c t i o n s :  

* Drying and Compression 
* Gas Transmission 
* U t i l i t y  Systems 
* Environmental  C o n s i d e r a t i o n s  

R e f e r e n c e  s h o u l d  be made t o  p r o c e s s  f l o w  d i a g r a m  P-825-A 
( F i g u r e  V I I - 1 )  which f u r t h e r  d e p i c t s  t h e  p r o c e s s  d e s c r i b e d  i n  
t h e  fo l lowing  s e c t i o n s .  

Drying and Compression 

A s i n g l e  c a s e  c e n t r i f u g a l  compressor powered by a steam t u r -  
b i n e  compresses  t h e  carbon d i o x i d e  from 250 p s i g  and 75OF t o  
a f i n a l  d i s c h a r g e  p r e s s u r e  o f  2 2 0 0  p s i g  f o r  i n j e c t i o n  i n t o  
t h e  gas  p i p e l i n e .  Before  t h e  g a s  is c o m p r e s s e d  it is d r i e d  
i n  a t r i e t h y l e n e  g l y c o l  d r y e r .  

Gas Transmiss ion  

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

A s i x t e e n - i n c h  nominal p i p e  d i ame te r  p i p e l i n e  is r e q u i r e d  f o r  
t h i s  case, and f o r  a l l  t h e  h y p o t h e t i c a l  cases assumed f o r  
n a t u r a l l y  o c c u r r i n g  carbon d i o x i d e  based on a p i p e l i n e  l e n g t h  
o f  1 0 0  miles and 200 p s i g  p r e s s u r e  l o s s  th rough t h e  p i p e l i n e .  
F u r t h e r  f e a t u r e s  o f  t h e  p i p e l i n e  w h i c h  a r e  common t o  a l l  
p i p e l i n e s  i n  t h i s  s t u d y  a r e  d i s c u s s e d  i n  S e c t i o n  V o f  t h i s  
r e p o r t .  

n 
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U t i l i t y  Systems 

U t i l i t i e s  f o r  C a s e  I a r e  b a s e d  on u s e  of a s t e a m  t u r b i n e  
d r i v e r  f o r  t h e  carbon d i o x i d e  compressor .  Steam imported from 
o f f s i t e  is assumed a v a i l a b l e  a t  900 p s i g  - 90O0F. A c o n d e n s -  
i n g  t u r b i n e  e x h a u s t i n g  t o  f o u r  i n c h e s  m e r c u r y  v a c u u m  i s  
u t i l i z e d .  Small  a d d i t i o n a l  s t e a m  r e q u i r e m e n t s  a r e  i n c l u d e d  
f o r  r e g e n e r a t i n g  t h e  t r  i e t h y l e n e  g l y c o l  d r y e r .  

Power r e q u i r e m e n t s  f o r  t h i s  c a s e  w i l l  be s m a l l  and a r e  es-  
s e n t i a l l y  a s s o c i a t e d  w i t h  t h e  g l y c o l  c i r c u l a t i o n  pumps. 

Cool ing  water  is assumed a v a i l a b l e  a t  90OF. 

Envi ronmenta l  C o n s i d e r a t i o n s  

T h e  on ly  e f f l u e n t  s t r e a m  expec ted  f o r  t h i s  c a s e  is t h e  over -  
head vapor s  from t h e  t r i e t h y l e n e  g l y c o l  d r y e r . l  T h i s  c a n  be 
ven ted  t o  t h e  a tmosphere since it  is e s s e n t i a l l y  w a t e r  vapor  
p l u s  t r a c e  amounts of TEG.  

1 I n  t h i s  r e p o r t  it is assumed t h a t  t r a n s m i s s i o n  of t h e  carbon 
d i o x i d e  p roduc t  is e n v i r o n m e n t a l l y  a c c e p t a b l e .  I t  is t h u s  not  
c o n s i d e r e d  t o  be an e f f l u e n t  s t r eam i n  t h i s  d i s c u s s i o n .  

-61- 



2 .  P r o c e s s  Flow Diagram 

P r o c e s s  f l o w  d i a g r a m  P-825-A  ( f i g u r e  V I I - 1 )  f o r  C a s e  I ,  
Carbon Dioxide Recovery From A N a t u r a l l y  Occur r ing  . S o u r c e  i s  
p r e s e n t e d  on t h e  fo l lowing  page.  

n 
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3 .  M a t e r i a l  Balance 

A m a t e r i a l  ba l ance  f o r  Case I ,  Carbon Dioxide  Recovery From A 
N a t u r a l l y  O c c u r r i n g  S o u r c e  is p r e s e n t e d  on t h e  f o l l o w i n g  
page.  
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MATERIAL BALANCE 
CARBON DIOXIDE 

FROM NATURAL SOURCES 
CONTAINING 

9 8 %  CARBON DIOXIDE - 2 %  HYDROCARBON 

- 

COMPONENT STREAM NO. AND SOURCE - 

( 1 )  Gas to Compressor c o 2  
CH4 

H20 
Dry Gas 

To t a l  

( 2 )  C02 Product Gas 
( 1 2 5  MMSCFD) 

co2 
CH 4 

" 2 0  
Dry Gas 

T o t a l  

LB MOL/HR 

1 3 , 7 2 4 . 6  
2 8 0 . 1  

1 4 , 0 0 4 . 7  
1 5 . 1  

1 4 , 0 1 9 . 8  

1 3 , 7 2 4 . 6  
2 8 0 . 1  

1 4 , 0 0 4 . 7  
0 . 7  

1 4 , 0 0 5 . 4  

LBS/HR 

6 0 4 , 0 2 0  
4 , 4 9 4  

6 0 8 , 5 1 4  
2 72  

6 0 8 , 7 8 6  

6 0 4 , 0 2 0  
4 , 4 9 4  

6 0 8 , 5 1 4  
1 3  

6 0 8 , 5 2 7  
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4 .  Chemical ,  U t i l i t y ,  Economic Summaries 

T h i s  s e c t i o n  i n c l u d e s  t h e  f o l l o w i n g  t a b l e s :  

T a b l e  V I I - 1  Chemical  Summary 
T a b l e  V I I - 2  U t i l i t y  Summary 
T a b l e  VII-3 Economic Summary ' 

n 
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m 
4 
I 

TABLE V I I - 1  

CHEMICALS StJMMARY FOR RECOVERY OF 
CARBON D I O X I D E  FROM NATURAL RESOURCES 

CONTAINING 98% CARBON D I O X I D E  - 2% HYDROCARBON 

U n i t  
I n i t i a l  E s t .  Annual cost Annual cost 

Charge-lbs  Consumption-lbs** $/ lb  cost $ g!/MSCF C02 

I .  Transmiss ion  System 

TEG 
Misc. * 

TOTAL COST 

24,000 - 80,000 - 35.00 - 28,000 
10,000 

38,000 

0.07 
0.02 

0.09 

* I n c l u d e s  o t h e r  consumahles s u c h  a s  l u b r i c a n t s .  

* * B a s i s  i s  3 4 0  days /yea r  a t  1 2 5  MMSCFD C02 r e c o v e r y .  



TABLE VII-2 

UTILITY SUMMARY FOR RECOVERY OF 
CARBON D I O X I D E  FROM NATURAL SOURCES 

CONTAINING 98% CARBON D I O X I D E  - 2% HYDROCARBON 

The f o l l o w i n q  a re  e x p e c t e d  u t i l i t y  consumpt ions  f o r  t h e  r e c o v e r y  
p l a n t  and  gas  t r a n s m i s s i o n  s y s t e m s  when 1 2 5  MMSCFD of C02 is b e i n g  
t r a n s m i t t e d .  

Consumption per 
MSCF OF C02 

E lec t r i c  Power, KWH 
C o o l i n g  Water C i r c u l a t i o n  - 

M Gallons 90°F - 120°F 
Steam - 9 0 0  PSIG C 900°F, MLBS 

T r a n s m i s s i o n  
System 

0.01 

0.116 
0.025 

n 
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TABLE VII-3 

ECONOMIC SUMMARY 
CARBON D I O X I D E  FROM NATURAL SOURCES 

CONTAINING 98% CARBON D I O X I D E  - 2% HYDROCARBON 
PLANT CAPACITY 1 2 5  MMSCFD C02 

A. TRANSMISSION COSTS 

Compression I n v e s t m e n t  $ 4,370,000 
P i p e l i n e  I n v e s t m e n t  (100  m i l e s )  $58,540,000 
F i x e d - C a p i t a l  I n v e s t m e n t  $62 , 910 , 000 

DIRECT COSTS 

E l e c t r i c  Power - KWH 
C o o l i n g  Water ( c i r c )  - MGAL 
Steam-900 PSIG & 900°F - MLBS 
Chemica ls  

Sub-Total  D i r e c t  Cos ts  

INDIRECT COSTS 

U n i t s /  
MSCF 

0.010 
0.116 
0.025 - 

O p e r a t i n g  Labor - 2 m e n / s h i f t  
Opera t ing  S u p p l i e s  - 30% O p e r a t i n g  Labor 
S u p e r v i s i o n  and Overhead - 100% O p e r a t i n g  Labor 
Maintenance Labor & S u p p l i e s  -- 3.5% Investment/Year  
C a p i t a l  R e l a t e d  Cos ts  - D e p r e c i a t i o n ,  I n t e r e s t  

C h a r g e s ,  Taxes ,  I n s u r a n c e ,  Re tu rn  on I n v e s t m e n t  - 
@ 38% o f  Investment/Yr.  

Sub-Total  I n d i r e c t  Cos ts  

T o t a l  T r a n s m i s s i o n  Cost  #/MSCF (100  miles) 

NOTES T r a n s m i s s i o n  C o s t s  

- A l l  o p e r a t i n g  l a b o r  $6.5/manhour. 

- Breakdown of c a p i t a l  r e l a t e d  c o s t s :  

D e p r e c i a t i o n  
I n t e r e s t  Charges  
Taxes  and I n s u r a n c e  
R e t u r n  on I n v e s t m e n t  

10% 
5% 
3% 

U n i t  cost  k/ 
Cost $ MSCF C02 

0.035 0.04 
0.020 0.23 
3.800 9.50 

- 0 .09  

9.86 

-. 

0.27 
0.08 
0.27 
5.18 

56.25 

62.05 

71.91 

- Onstream F a c t o r  340 days /Tear  

- P l a n t  I n v e s t m e n t  d o e s  n o t  i n c l u d e  power g e n e r a t i o n ,  c o o l i n g  tower or  
b o i l e r  f eedwa te r  t r e a t m e n t .  

- Steam cost  based  on g a s  f i r e d  s team b o i l e r .  Gas c o s t  $2.OO/MSCF d e -  
l i v e r e d .  
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I C .  CASE I11 

1. P r o c e s s  D e s c r i p t i o n  

I I n t r o d u c t i o n  

T h e  t h i r d  h y p o t h e t i c a l  g a s  s t r e a m  c o n s i d e r e d  a s  a n a t u r a l l y  
o c c u r i n g  carbon d i o x i d e  s o u r c e  i s  assumed t o  be composed o f  5 0  
p e r c e n t  carbon d i o x i d e  and 50  p e r c e n t  hydrocarbon ( m e t h a n e ) .  A 
number of d i f f e r e n t  p r o c e s s e s ,  i n c l u d i n g  both chemical  r e a c t i v e  
and p h y s i c a l  a b s o r p t i o n  sys t ems ,  have been c o n s i d e r e d  f o r  r e -  
c o v e r y  and p u r i f i c a t i o n  of t h e  carbon d i o x i d e .  

Chemical r e a c t i v e  a b s o r b e n t  s y s t e m s  u t i l i z e  b a s i c  compounds 
which,  i n  aqueous s o l u t i o n s ,  reac t .  r e v e r s i b l y  w i t h  a c i d i c  con-  
s t i t u e n t s  i n  a sour  g a s  s t r e a m  such a s  hydrogen s u l f i d e  or  c a r -  
bon d i o x i d e .  S o l u b l e  s u l f i d e  and c a r b o n a t e  s a l t s  a r e  formed by 
t h e s e  r e a t i o n s  i n  t h e  a b s o r b e r  and t h e s e  s a l t s  a r e  t h e r m a l l y  
decomposed and t h e  a c i d  g a s e s  r e l e a s e d  i n  t h e  s t r i p p e r  co lumn.  
Compounds which a r e  n o r m a l l y  employed as  a b s o r b e n t s  i n  s u c h  
sys t ems  i n c l u d e  e t h a n o l a m i n e s  , and p romoted  c a r b o n a t e s  ( p r i -  
m a r i l y  p o t a s s i u m  c a r b o n a t e ) .  Of t h e  c h e m i c a l  r e a c t i v e  p r o c -  
e s s e s ,  monoethanolamine is p a r t i c u l r l y  w e l l  s u i t e d  f o r  a c i d  g a s  
r e m o v a l  when t h e  g a s  is a v a i l a b l e  a t  low p r e s s u r e .  An MEA 
p r o c e s s  was s e l e c t e d  f o r  c a r b o n  d i o x i d e  r e c o v e r y  from power 
p l a n t  f l u e  g a s  a s  d i s c u s s e d  i n  S e c t i o n  V I  o f  t h i s  r e p o r t .  

P h y s i c a l  a b s o r b e n t s  a r e  p r i m a r i l y  n e u t r a l  o r g a n i c  compounds 
c o n t a i n i n g  minimal q u a n t i t i e s  of water  and o t h e r  i n g r e d i e n t s .  
Absorp t ion  of t h e  a c i d  g a s e s  depends on t h e i r  s o l u b i l i t i e s  i n  
t h e s e  compounds.  A s  s u c h ,  p h y s i c a l  a b s o r p t i o n  s y s t e m s  a r e  
p a r t i c u l a r l y  w e l l  s u i t e d  t o  f e e d  g a s  s t r e a m s  where t h e  a c i d  
g a s e s  a r e  p r e s e n t  a t  h igh  p a r t i a l  p r e s s u r e s  and where m o d e r a t e  
carbon d i o x i d e  l e a k a g e s  ( o n e  p e r c e n t )  c a n  be t o l e r a t e d  i n  t h e  
t r e a t e d  g a s .  Because t h e r e  is no chemica l  r e a c t i o n  be tween  t h e  
a c i d  g a s  and t h e  s o l v e n t  i n  p h y s i c a l  a b s o r p t i o n  s y s t e m s ,  t h e  
s o l v e n t  can be r e g e n e r a t e d  by s imply  f l a s h i n g  t h e  absorbed a c i d  
g a s  from t h e  s o l v e n t  a t  r e d u c e d '  p r e s s u r e .  T h u s ,  no r e b o i l e r  
h e a t  i n p u t  is r e q u i r e d  t o  r e g e n e r a t e  t h e  s o l v e n t .  

S i n c e  no r e g e n e r a t i o n  h e a t  is  r e q u i r e d  t o  r e g e n e r a t e  t h e  s o l -  
v e n t ,  a p h y s i c a l  a b s o r b e n t  s y s t e m  o p e r a t e s  a t  lower  t e m p e r a -  
t u r e s  a s  compared t o  a c h e m i c a l  s y s t e m .  For a n o n c o r r o s i v e  
s o l v e n t  t h i s  a l l o w s  t h e  sys tem t o  be c o n s t r u c t e d  o f  n o n - a l l o y  
s t e e l  t h r o u g h o u t .  T h u s ,  p h y s i c a l  a b s o r b e n t  s y s t e m s  may be  
c o n s i d e r e d  t o  o f f e r  c a p i t a l  s a v i n g s  as w e l l  a s  e n e r g y  s a v i n g s  
f o r  t r e a t m e n t  of g a s  s t r e a m s  s u c h  a s  p r o p o s e d  i n  t h i s  c a s e .  
T h e s e  were t h e  main c r i t e r i a  used fo r  s e l e c t i o n  of  a p h y s i c a l  
s o l v e n t  p r o c e s s  f o r  t h i s  h y p o t h e t i c a l  c a s e  of n a t u r a l l y  o c c u r -  
r i n g  carbon d i o x i d e .  
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One p h y s i c a l  s o l v e n t  p r o c e s s  w i t h  e x t e n s i v e  d e v e l o p m e n t  and 
commercial e x p e r i e n c e  is t h e  S e l e x o l  process o f f e r e d  by A l l i e d  
Chemical .  Se lexol  is A l l i e d ' s  trademark for t h e  d i m e t h y l  e t h e r  
o f  p o l y e t h y l e n e  g l y c o l .  The i n v e s t m e n t  c o s t s  and o p e r a t i n g  
u t i l i t i e s  p r e s e n t e d  l a t e r  f o r  t h i s  case as  w e l l  as t h e  p r o c e s s  
d e s c r i p t i o n  w h i c h  f o l l o w s  a r e  based  on a s y s t e m  d e s i g n e d  i n  
a c c o r d a n c e  w i t h  A l l i e d ' s  S e l e x o l  p r o c e s s .  

The p r o c e s s  d e s c r i p t i o n  f o r  Case I11 may be d i v i d e d  i n t o  t h e  
f o l l o w i n g .  s e c t i o n s :  

* Carbon D i o x i d e  Recovery 
* Compression and Drying 
* G a s  T r a n s m i s s i o n  
* U t i l i t y  Systems 
* Environmenta l  C o n s i d e r a t i o n s  

R e f e r e n c e  s h o u l d  be  made t o  p r o c e s s  f l o w  d i a g r a m  P-4693-D 
( f i g u r e  VII-2)  which f u r t h e r  d e p i c t s  t h e  p r o c e s s  d e s c r i b e d  i n  
t h e  f o l l o w i n g  s e c t i o n s .  

Carbon Dioxide  Recovery 

N a t u r a l l y  o c c u r i n g  carbon d i o x i d e  c o n t a i n i n g  50 p e r c e n t  c a r b o n  
d i o x i d e  and 50 p e r c e n t  hydrocarbon (me thane )  and s a t u r a t e d  w i t h  
water vapor  is a v a i l a b l e  a t  t h e  b a t t e r y  l i m i t s  of  t h e  r e c o v e r y  
p l a n t  a t  265 p s i a  and 75OF. The g a s  i s  f i r s t  cooled  by c r o s s  
exchange  a g a i n s t  t h e  a b s o r b e r  o v e r h e a d  g a s .  T h i s  s e r v e s  t o  
r e c o v e r  some of t h e  r e f r i g e r a t i o n  r e q u i r e d  i n  t h e  p r o c e s s  and 
t e n d s  t o  lower t h e  a b s o r b e r  o p e r a t i n g  t e m p e r a t u r e  wh ich  a i d s  
a b s o r p t i o n .  Removal o f  t h e  c a r b o n  d i o x i d e  i n  t h e  f e e d  g a s  
t a k e s  place i n  a c o n v e n t i o n a l ,  c o u n t e r - c u r r e n t ,  p a c k e d  a b s o r p -  
t i o n  c o l u m n .  The  carbon d i o x i d e  and  a m i n i m a l  a m o u n t  of methane 
d i s s o l v e  i n  t h e  s o l v e n t .  T h e  methane p r o d u c t  g a s  e x i t i n g  t h i s  
a b s o r b e r  c o n t a i n s  o n l y  2 . 3  p e r c e n t  c a r b o n  d i o x i d e  a n d  i s  
e s s e n t i a l l y  d r y .  Over  9 7 . 7  p e r c e n t  o f  t h e  t o t a l  m e t h a n e  is 
r e c o v e r e d  i n  t h e  overhead  p r o d u c t  stream. 

S o l v e n t  r e g e n e r a t i o n  and  t h e  c o r r e s p o n d i n g  c a r b o n  d i o x i d e  
r e c o v e r y  t a k e s  p l a c e  i n  a se r ies  of p r e s s u r e  r e d u c t i o n  f l a s h e s .  
The loaded r i c h  s o l u t i o n  e x i s t i n g  t h e  absorber bottom is  f i r s t  
f l a s h e d  from 26'5 p s i a  t o  a b o u t  1 5 0  p s i a  t h r o u g h  a h y d r a u l i c  
t u r b i n e .  T h i s  t u r b i n e  is connec ted  t o  t h e  l e a n  s o l u t i o n  c i r -  
c u l a t i o n  pumps and s e r v e s  t o  r e c o v e r  pumping e n e r g y .  T h i s  
keeps t h e  n e t  p r o c e s s  e n e r g y  r e q u i r e m e n t s  to  a minimum. 
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Some methane is p icked  up by t h e  s o l v e n t  i n  t h e  a b s o r b e r  a l o n g  
w i t h  t h e  c a r b o n  d i o x i d e .  A s  t h e  me thane  is t h e  l e s s  s o l u b l e  
component, it w i l l  p r e f e r e n t i a l l y  d e s o r b  i n  t h i s  f i r s t  f l a s h .  
T h e  methane r i c h  vapor from t h i s  drum is recompressed ( t h e  h e a t  
of compress ion  is removed by i n t e r c h a n g e  w i t h  a n o t h e r  down- 
s t r e a m  f l a s h e d  vapor s t r e a m )  and r e c y c l e d  back t o  t h e  a b s o r b e r .  
T h i s  r e c y c l e  a s s i s t s  i n  r e d u c i n g  t h e  me thane  l o s s e s  f rom t h e  
a b s o r b e r  overhead and i n c r e a s e s  t h e  f i n a l  p roduc t  p u r i t y .  T h e  
p r e s s u r e  l e v e l  i n  t h i s  r e c y c l e  drum is s e l e c t e d  t o  e n s u r e  t h a t  
p r o d u c t  p u r i t y  would meet t h e  98 p e r c e n t  s p e c i f i c a t i o n , .  

The l i q u i d  s t r eam e x i t i n g  t h e  r e c y c l e  drum i s  f u r t h e r  r e g e n -  
e r a t e d  by two s u c c e s s i v e  a d i a b a t i c  f l a s h e s ,  one a t  85  p s i a ,  
fo l lowed by ano the r  a t  20 p s i a .  T h e  p r e s s u r e  l e t d o w n  t o  e a c h  
drum is  a c c o m p l i s h e d  t h r o u g h  h y d r a u l i c  t u r b i n e s  f o r  e n e r g y  
r ecove ry .  T h e  vapor s t r e a m s  from these two f l a s h  drums c o n s t i -  
t u t e  t h e  bulk of t h e  t o t a l  p roduc t  s t r eam.  T h e  vapor  f rom t h e  
85 p s i a  f l a s h  is f e d  d i r e c t l y  t o  t h e  c a r b o n  d i o x i d e  p r o d u c t  
compressor .  The vapor f r o m  t h e  20 p s i a  f l a s h  is f i r s t  used t o  
c o o l  t h e  compressed g a s  s t r e a m  be ing  r e c y c l e d  t o  t h e  a b s o r b e r ,  
and t h e n  it t o o  is d i r e c t e d  t o  t h e  c o m p r e s s o r .  T h e  two f l a s h  
drum p r e s s u r e s  were s e l e c t e d  t o  i n t e r f a c e  e f f i c i e n t l y  w i t h  t h e  
p r o d u c t  compressor des ign  t o  y i e l d  m i n i m u m  compression c o s t s .  

Over 84 p e r c e n t  of t h e  t o t a l  carbon d i o x i d e  p r o d u c t  is r e c o v -  
e r e d  from t h e  s o l v e n t  i n  t h e  f i r s t  two f l a s h  drums.  However ,  
t o  a c h i e v e  t h e  carbon d i o x i d e  l eakage  s p e c i f i e d  i n  t h e  abso rbe r  
ove rhead ,  a l e a n  s o l u t i o n  is r e q u i r e d  which cannot  be o b t a i n e d  
s imply  by a t m o s p h e r i c  f l a s h i n g .  C o n s e q u e n t l y ,  t h e  s o l u t i o n  
r e g e n e r a t i o n  is completed (and t h e  remaining carbon d i o x i d e  i s  
r e c o v e r e d )  i n  a f l a s h  o p e r a t i o n  a t  5 p s i a .  The l e a n  s o l v e n t  
e x i t i n g  t h i s  f l a s h  drum i s  pumped b a c k  t o  t h e  t o p  o f  t h e  
a b s o r b e r  t o  complete  t h e  c y c l e .  A r e f r i g e r a t i o n  u n i t  on t h i s  
s t r e a m  m a i n t a i n s  t h e  o v e r a l l  p r o c e s s  h e a t  ba l ance  and p r o v i d e s  
a co ld  l e a n  s o l u t i o n  t o  enhance t h e  a b s o r p t i o n  o p e r a t i o n .  The 
carbon d i o x i d e  vapor s t r e a m  e x i t i n g  t h e  f i n a l  f l a s h  drum g o e s  
t o  t h e  p roduc t  compressor where it is compressed  and combined 
w i t h  t h e  p r e v i o u s  f l a s h  vapor s t r eams .  

Compression and Drvinq 

Carbon d i o x i d e  is d e l i v e r e d  t o  t h e  p roduc t  compressor  a t  t h r e e  
d i f f e r e n t  p r e s s u r e  l e v e l s  from t h e  p r o c e s s .  A t h r e e - c a s e ,  s i x -  
s t a g e  c e n t r i f u g a l  compressor powered by a steam t u r b i n e  is used 
t o  compress t h e  f l a s h e d  p r o d u c t  g a s e s  t o  t h e  f i n a l  d i s c h a r g e  

n 

-72- 

I i .~ ._ _. .. .~ ... .. . .. .. . ... . . . 



p r e s s u r e  of 2 , 2 0 0  p s i g .  I n t e r c o o l e r s  a r e  p rov ided  t o  remove t h e  
h e a t  of compression and a t r i e t h y l e n e  g l y c o l  d r y e r  is l o c a t e d  
between s t a g e s  on t h e  t h i r d  c a s e .  I t  w i l l  d r y  t h e  g a s  t o  p ipe -  
l i n e  s p e c i f i c a t i o n s .  A total of 1 2 5  MMSCFD o f  c a r b o n  d i o x i d e  
i s  d e l i v e r e d  t o  t h e  p i p l i n e  a t  98  p e r c e n t  p u r i t y .  

Gas Transmiss ion  

A f t e r  compress ion ,  t h e  g a s  i.s t r a n s m i t t e d  t o  t h e  c a n d i d a t e  o i l -  
f i e l d  t h r o u g h ,  a s i x t e e n - i n c h  nominal d i a m e t e r  p i p e l i n e .  Addi-  
t i o n a l  f e a t u r e s  of t h e  g a s  t r a n s m i s s i o n  p i p e l i n e  a r e  d i s c u s s e d  
i n  S e c t i o n  V of t h i s  r e p o r t .  

U t i l i t y  Systems 

U t i l i t i e s  f o r  C a s e  I11 a r e  b a s e d  on u s e  of  a s t e a m  t u r b i n e  
d r i v e r  f o r  t h e  carbon d i o x i d e  c o m p r e s s o r  and e l e c t r i c  d r i v e s  
f o r  a l l  remain ing  equ ipmen t .  S t e a m  i m p o r t e d  f rom o f f s i t e  i s  
assumed a v a i l a b l e  a t  900  p s i g  - 9 0 0 O F .  A c o n d e n s i n g  t u r b i n e  
e x h a u s t i n g  t o  four  i n c h e s  m e r c u r y  vacuum is  u t i l i z e d .  S m a l l  
a d d i t i o n a l  s team r e q u i r e m e n t s  a r e  inc luded  fo r  r e g e n e r a t i n g  t h e  
t r i e t h y l e n e  g l y c o l  d r y e r .  

Cool ing  wa te r  is assumed a v a i l a b l e  a t  90°F. 

Environmenta l  C o n s i d e r a t i o n s  

The o n l y  e f f l u e n t  s t r e a m s  iexpec ted  f o r  t h i s  c a s e  a r e  v a p o r s  
from t h e  t r i e t h y l e n e  g l y c o l  d r y e r  and t h e  p roduc t  me thane  g a s .  
Vapors  a r e  produced d u r i n g  r e g e n e r a t i o n  of t h e  g l y c o l  s o l u t i o n  
and can be vented  t o  t h e  atmosphere s i n c e  t h e y  a r e  e s s e n t i a l l y  
wa te r  vapor p l u s  t r a c e  amounts of T E G .  The methane p roduc t  g a s  
would be e x p e c t e d  t o  be h i g h l y  m a r k e t a b l e  e s p e c i a l l y  i n  t h e  
q u a n t i t y  a v a i l a b l e  from t h e  t r e a t m e n t  f a c i l i t y  ( 1 2 8  M M S C F D ) .  
I t  i s  assumed h e r e  . t h a t  t h i s  g a s  c a n  be t r a n s m i t t e d  i n  t h e  
u s u a l  manner fo r  n a t u r a l  g a s  and would no t  be a p r o b l e m .  (See  
a l s o  d i s c u s s i o n  of env i ronmen ta l  c o n s i d e r a t i o n s  f o r  Case I ) .  
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2.  - P r o c e s s  Flow Diagram 

P r o c e s s  f lowshee t  P-4693-D ( f i g u r e  V I I - 2 )  f o r  Case 111, Carbon 
D i o x i d e  Recovery From A N a t u r a l l y  Occur r ing  Source  is p r e s e n t e d  
on t h e  fo l lowing  page. 
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3 .  M a t e r i a l  Balance 

A m a t e r i a l  ba l ance  fo r  Case 111, Carbon Dioxide  Recovery from a 
N a t u r a l l y  Occurr ing  Source  is p r e s e n t e d  on t h e  fo l lowing  page. 
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MATERIAL BALANCE 
CARBON D I O X I D E  

STREAM NO. AND SOURCE 

(1) Feed G a s  t o  Absorber 

( 2 )  Gas From C02 Absorber  
(Methane P r o d u c t  Gas 1 

( 3 )  8 5  P s i a  F l a s h  Vapors 

( 4 )  20 P s i a  F l a s h  Vapors 

( 5 )  5 Ps ia  Flash Vapors 

( 6 )  C02 P r o d u c t  Gas 
( 1 2 5  M M  S C F D )  

FROM NATURAL SOURCES 
CONTAINING 

50% CARBON D I O X I D E  
50% METHANE 

COMPONENT LB MOL/HR 

co2  
C H  4 

H20 
Dry Gas 

T o t a l  

c o 2  

H20 

4 
Dry G a s  

T o t a l  

co2  
CH4 

H20 
Dry Gas 

To t a l  

co2  
C H  4 

20 
Dry G a s  

To t a l  

c02 
CH4 

,Dry Gas 

T o t a l  
H20 . 

c o 2  
CH 4 

Dry G a s  

To  t a l  
I H20 

14  , 058.1 
14,058.1 
28,116.2 

30.3 
28,146.5 

333.5 
13,778.0 
14 ,111 .5  

1 .6  
14,113.1 
- 

3,522.3 
241.8 

3 ,764 .1  
2.3 

3,766.4 

8 ,046 .7  
37.0 

8,083.7 
14 .3  

8,098.0 

2,155.6 
1 . 3  

2,1S6.9 
12 .1  

2,169.0 

- 

-- 

13,724.6 
280.1 

14,004.7 
0.7 

14,005.4 

- . - ~  

-- 

LBS/HR 

618,697 
225,534 
844,231 

546 
844,777 

14 ,677  
220,999 
235,676 

29 
235,705 

155,016 
3 ,878  

158,894 
4 1  

158 ,935 

354,135 
593 

354,728 
258 

354,986 

9 4 , 8 6 9  
2 1  

94,890 
218 

95,108 

604,020 
4,492 

608,512 
1 3  

608,525 
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4. Chemical, Utilitv, Economic Summaries Case I11 

This section includes the following tables: 

Table VI1 - 4 Chemical Summary 

Table VI1 - 5 Utility Summary 

Table VI1 - 6 Economic Summary 
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c 
TABLE VII-4 

I. 

11. 

Recovery P l a n t  

S e l e x o l  
Misce l l aneous*  

S u b t o t a l  

T ransmiss ion  Svs t e m  

CHEMICALS SIJMMARY FOR RECOVERY OF CARBON D I O X I D E  
FROM NATURAL SOURCES CONTAINING 

50% HYDROCARBON-50% CARBON D I O X I D E  

U n i t  
I n i t i a l  E s t .  Annual cost Annual cos t  

Charge-lbs  Consumption-lbs** c/1 b C o s t  $ g!/MSCF C02 

T EG 
M i s ce 1 1 a neou s * 
S u b t o t a l  

TOTAL COST 

2 , 0 0 0 , 0 0 0  42,500 1 0 0 . 0 0  42,500 0.10 
1 0 , 0 0 0  0.02 

24 ,000  80 ,000  

52,500 0.12 

35 .0  28,000 
10,000 

38,000 

* I n c l u d e s  o t h e r  consumables ,  s u c h  as  l u b r i c a n t s ,  fo r  e i t h e r  sys tem.  
* *  Bas i s  i s  340 d a y s / y e a r  a t  1 2 5  M M  s c f d  C02 r e c o v e r y .  

90,500 

0 . 0 7  
0.02 

0.09 

0.21  



TABLE V I I - 5  

U T I L I T Y  SUMMARY FOR RECOVERY OF 
CARBON D I O X I D E  FROM NATURAL SOURCES 

CONTAINING 5 0 %  HYDROCARBON - 50% CARBON D I O X I D E  

The following are expected utility consumptions for the recovery plant 
and gas  transmission systems when 125 MMSCFD of carbon dioxide is being 
transmitted. 

Electric Power, KWH 
Cooling Water Circulation - 

M G a l l o n s  9 0 ° F  - 1 2 0 ° F  
Steam - 9 0 0  PSIG & 900°F, M L R S  

Consumption per 
MSCF of C 0 2  

Recovery Tr ansmi ss ion 
Plant System 

0 .74  - 

0 . 0 2 0  0 . 2 7 5  - 0 . 0 5 1  



TABLE VII-6 

ECONOMIC SUMMARY FOR RECOVERY OF CARBON DIOXIDE FROM 
NATURAL SOURCES CONTAINING 50% HYDROCARBON - 50% CARBON DIOXIDE 

PLANT CAPACITY: 125 MMSCFD 

A. RECOVERY COSTS 

Fixed-Capital Investment $11,400,000 

DIRECT COSTS 
Units/ Unit 
MSCF cost $ 

Electric Power - KWH 0.74 0.035 

Steam-900 PSIG & 900°F - MLBS - 3.80 
Chemicals - - 
Cooling Water (circ) - MGAL 0.02 0.020 

Sub Total Direct Costs 

INDIRECT COSTS 

Operating Labor - 1 man/shift 
Operating Supplies - 30% Operating Labor 
Supervision and Overhead - 100% Operating Labor 
Maintenance Labor & Supplies - 3.5% Investment/Yr. 
Capital Related Cost - Depreciation, Interest 
Charges, Taxes, Insurance, Return on Investment - 

@ 38% of Investment/Yr. 

Sub Total Indirect Cos ts  

RYPRODUCT CREDIT 

Methane gas 128.5 MM SCFD @ $1.75/MSCF (100% CH4) 

Total Recovery Cost g!/MSCF 

NOTES Recovery  and Transmission C o s t s  

- All operating labor $6.5/manhour. 

- Breakdown of capital related costs: 

Depreciation 10% 
Interest Charges 5% 
Taxes and Insurance 3% 

20% Return on Investment 
38% 
- 

- Onstream Factor 340 days/year 

cost &/ 
MSCF C02 

2.59 
0.04 

0.12 

2.75 

- 

0.13 
0.04 
0.13 
0.94 

10.19 

11.43 

-175.70 

-161.52 

- Plant Investment does not include power generation, coo1:tng 
tower or boiler feedwater treatment. Includes initial chemical 
charge and process royalties. 

- Steam cost based on gas fired steam boiler. Gas cost $2.OO/MSCF 
delivered. 
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B. TRANSMISSION COSTS 

TABLE VII-6 (CONTD.) 

1. Recovery Costs 

2. Transmission Costs (100 miles) 

Total Recovery and Transmission Costs 

Compression Investment $ 9,320,000 
Pipeline Investment (100 miles) $58,540,000 

Fixed-Capital Investment $67,860,000 I 

DIRECT COSTS 
Units/ Unit cost #/ 
MSCF Cost $ MSCF C02 

Cooling Water (circ) - MGAL 0.275 0.02 0.55  
Steam-900 PSIG & 900'F - MLBS 0.051 3.80 19.38 
Chemicals - - 0.09 

Sub Total Direct Costs 20.02 

INDIRECT COSTS 

Operating Labor - 2 men/shift 0.27 
Operating Supplies - 30% Operating Labor 0.08 
Supervision and Overhead - 100% Operating Labor 0.27 

Capital Related Cost - Depreciation, Interest 
Charges, Taxes, Insurance, Return on Investment - 
Maintenance Labor & Supplies - 3.5% Investment/Yr. 5.59 

@ 38% of  Investment/Yr. 60.67 

Sub Total Indirect Costs 

Total Transmission Cost g!/MSCF (100 miles) 

C. TOTAL RECOVERY AND TRANSMISSION COST 

66.88 

86.90 

-161.52 

86.90 

-74.62 
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D. CASE IV 

1. P r o c e s s  D e s c r i p t i o n  

I n t r o d u c t i o n  

A f o u r t h  f eedgas  composi t ion  was cons ide red  a s  r e p r e s e n t a t i v e  
o f  a p o s s i b l e  n a t u r a l l y  occur ing  c a r b o n  d i o x i d e  s o u r c e  con-  
t amina ted  w i t h  hydrogen s u l f i d e .  T h i s  h y p o t h e t i c a l  c a s e  was 
composed of 50 p e r c e n t  hydrocarbon ( m e t h a n e ) ,  48 p e r c e n t  c a r -  
bon d i o x i d e  and 2 p e r c e n t  hydrogen s u l f i d e .  Though s i m i l a r  
t o  t h e  f e e d g a s  i n  Case  111, t h e  p r e s e n c e  of  t h e  h y d r o g e n  
s u l f i d e  i n  t h e  g a s  p o s e s  s i g n i f i c a n t  a d d i t i o n a l  p r o c e s s i n g  
d i f f i c u l t i e s .  

T h e  hydrogen s u l f i d e  i n  t h e  f eedgas  m u s t  be removed from both 
t h e  carbon d i o x i d e  and methane p roduc t  s t r e a m s  i n  t h i s  c a s e .  
T h e  q u a n t i t y  i n  t h e  f eedgas  i s  too  sma l l  t o  u s e  a d i r e c t  s u l -  
f u r  removal p r o c e s s  such  a s  a C l a u s  p r o c e s s .  I n  a d d i t i o n ,  
t h e  p a r t i a l  p r e s s u r e  of t h e  carbon d i o x i d e  is above t h e  c u r -  
r e n t  d e s i g n  e x p e r i e n c e  €or a p r o c e s s  such a s  S t r e t f o r d .  

I t  was concluded t h a t  the p r o c e s s  f o r  t h i s  c a s e  m u s t  have two 
d i s t i n c t  f u n c t i o n s .  F i r s t  it m u s t  upgrade t h e  h y d r o g e n  s u l -  
f i d e  c o n t e n t  t o  a l e v e l  p e r m i t t i n g  r e c o v e r y ,  and s e c o n d  i t  
m u s t  recover  t h e  carbon d i o x i d e  economica l ly .  

One  of t h e  p r o p e r t i e s  of a p h y s i c a l  s o l v e n t  s u c h  a s  S e l e x o l  
i s  i ts  n a t u r a l  s e l e c t i v i t y  between t h e  v a r i o u s  a c i d  g a s  con-  
s t i t u e n t s .  For S e l e x o l ,  a b s o r p t i o n  of hydrogen  s u l f i d e  i s  
p r e f e r r e d  over carbon d . i o x i d e  by  a r a t i o  o f  a b o u t  s e v e n  t o  
one.  

A f t e r  review of a l t e r n a t e  p r o c e s s  schemes ,  t h e  d u a l  n a t u r e  of 
a p h y s i c a l  s o l v e n t  p r o c e s s  s u c h  a s  S e l e x o l  seemed i d e a l y  
s u i t e d  t o  t h i s  c a s e .  I n  a d d i t i o n ,  it was b e l i e v e d  t h a t  s u c h  
a p r o c e s s  would o f f e r  :low u t i l i t i e s  and i n v e s t m e n t  c o s t s .  
These were t h e  main c r i t e r i a  a g a i n  f o r  s e l e c t i n g  S e l e x o l  f o r  
t h e  t r e a t m e n t  of  t h i s  h y p o t h e t i c a l  n a t u r a l  c a r b o n  d i o x i d e  
s o u r c e .  

As is d i s c u s s e d  l a t e r  i n  t h i s  s e c t i o n ,  t h e  hydrogen  s u l f i d e  
i s  a v a i l a b l e  from t h e  S e l e x o l  p r o c e s s  a s  a p p r o x i m a t e l y  a 7 5  
p e r c e n t  gaseous  mix tu re  w i t h  carbon d i o x i d e .  I t  is p o s s i b l e  
t o  s e p a r a t e  t h e  hydrogen s u l f i d e  from t h e  c a r b o n  d i o x i d e  i n  
t h i s  g a s ,  and r ecove r  t h e  s u l f u r  u s i n g  a S t r e t f o r d  p r o c e s s .  
T h e  reason t h i s  is poss j .b le  is t h a t  t h e  g a s  s t r e a m  is a t  low 
p r e s s u r e  ( 1 8  p s i a ) .  Although t h e  carbon d i o x i d e  s t i l l  i n t e r -  
f e r e s  w i t h  t h e  p r o c e s s ,  t h e  p a r t i a l  p r e s s u r e  of  c a r b o n  d i -  
o x i d e  is w i t h i n  demonst ra ted  d e s i g n  l i m i t s  f o r  t h e  S t r e t f o r d  
p r o c e s s .  
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Based on t h e  a b o v e  c r i t e r i a  a two s t a g e  a b s o r p t i o n  s y s t e m  
u s i n g  S e l e x o l  was d e s i g n e d  i n  which t h e  h y d r o g e n  s u l f i d e  i s  
r e c o v e r e d  as  e l e m e n t a l  s u l f u r  by use  of  a S t r e t f o r d  p r o c e s s ,  
and  i n  wh ich  1 2 5  MMSCFD o f  c a r b o n  d i o x i d e  a t  9 8  p e r c e n t  
p u r i t y  is recove red .  

The p r o c e s s  d e s c r i p t i o n  f o r  Case I V  which f o l l o w s  may be d i -  
v i d e d  a c c o r d i n g  t o  t h e  f o l l o w i n g  s e c t i o n s :  

* Hydrogen S u l f i d e  Removal 
* Carbon Diox ide  Recovery 
* Compression and Drying  
* S u l f u r  Recovery ( S t r e t f o r d  P r o c e s s )  
* G a s  T r a n s m i s s i o n  
* U t i l i t y  Systems 
* Environmenta l  C o n s i d e r a t i o n s  

R e f e r e n c e  s h o u l d  be made t o  p r o c e s s  f l o w  d i a g r a m  P-4691-D 
( f i g u r e  VII-4) w h i c h  f u r t h e r  d e p i c t s  t h e  p r o c e s s  d i s c u s s e d  i n  
t h e  f o l l o w i n g  s e c t i o n s .  F i g u r e  V I I - 3  a l s o  p r e s e n t s  a S impl i -  
f i e d  flow scheme for  t h e  S t r e t f o r d  process.  

Hydrogen S u l f i d e  Removal 

The  f i r s t  s t a g e  of t h e  a b s o r p t i o n  p r o c e s s  is d e v o t e d  t o  t h e  
s e l e c t i v e  s e p a r a t i o n  and  r e c o v e r y  of  t h e  h y d r o g e n  s u l f i d e  
from t h e  f e e d g a s .  The  f e e d g a : ; ,  a v a i l a b l e  a t  265  p s i a  and 
75OF,  is i n t e r c h a n g e d  w i t h  t h e  methane p r o d u c t  g a s  t o  r e c o v e r  
p rocess  r e f r i g e r a t i o n .  T h i s  coo led  g a s  then  e n t e r s  t h e  f i r s t  
o f  two a b s o r b e r s  c o n n e c t e d  i n  s e r i e s .  A S e l e x o l  s o l u t i o n ,  
l e a n  w i t h  respect  t o  hydrogen s u l f i d e  b u t  p r e s a t u r a t e d  w i t h  
c a r b o n  d i o x i d e ,  e n t e r s  t h e  t o p  (>E t h i s  a b s o r b e r .  E s s e n t i a l l y  
a l l  of t h e  hydrogen s u l f i d e  i n  t h e  f e e d g a s  is removed by con- 
v e n t i o n a l  c o u n t e r  c u r r e n t  a b s o r p t i o n  i n  t h e  p a c k e d  t o w e r .  
The overhead  g a s  from t h i s  a b s o r b e r  c o n t a i n s  l ess  t h a n  1 / 4  
g r a i n  of hydrogen s u l f i d e  per 100 SCF of g a s .  

Carbon d i o x i d e  a n d ,  t o  a c e r t a i n  e x t e n t ,  m e t h a n e  a r e  a l s o  
s o l u b l e  i n  Se lexo l  and w i l l  t end  t o  be absorbed  i n  t h i s  f i r s t  
t o w e r .  However ,  t h e  h y d r o g e n  s u l f i d e  i s  by f a r  t h e  more 
s o l u b l e  component i n  t h e '  f e e d g a s - a b o u t .  s e v e n  times more so  
t h a n  carbon d i o x i d e .  The  h y d r o g e n  s u l f i d e  a b s o r b e r  is de -  
s i g n e d  so t h e  hydrogen s u l f i d e  a c t s  a s  t h e  c o n t r o l l i n g  com- 
p o n e n t  i n  t h e  a b s o r p t i o n .  The  S e l e x o l  s o l v e n t  c i r c u l a t i o n  
r a t e  is l i m i t e d  t o  t h e  a b s o l u t e  minimum r e q u i r e d  t o  remove  
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t h e  hydrogen s u l f i d e  down t o  t h e  d e s i r e d  l e v e l .  R e s t r i c t i n g  
t h e  c i r c u l a t i o n  r a t e  i n  t h i s  manner  w i l l  s e r v e  t o  m i n i m i z e  
t h e  q u a n t i t i e s  of  o t h e r  g a s e s  a b s o r b e d .  The  l o a d e d  S e l e x o l  
s o l u t i o n  e x i t i n g  t h e  a b s o r b e r  bo t tom w i l l  b e  d i s p r o p o r t i o n -  
a t e l y  r i c h  i n  hydrogen s u l f i d e .  

The hydrogen s u l f i d e  c o n t e n t  i n  t h e  f e e d g a s  is o n l y  two per -  
c e n t .  A f t e r  a b s o r p t i o n ,  t h e  hydrogen s u l f i d e  compr i se s  abou t  
1 6  p e r c e n t  of t h e  d i s s o l v e d  g a s e s  i n  t h e  loaded  s o l u t i o n .  To 
i n c r e a s e  t h i s  l e v e l  t h e  loaded  s o l u t i o n  e x i t i n g  t h e  h y d r o g e n  
s u l f i d e  a b s o r b e r  bo t tom a t  265  p s i a  is f l a s h e d  t o  7 5  p s i a .  
Because of t h e i r  lower s o l u b i l i t i e s  t h e  c a r b o n  d i o x i d e  and  
methane w i l l  p r e f e r e n t i a l . 1 ~  d e s o r b  from t h e  s o l u t i o n .  T h e s e  
f l a s h e d  v a p o r s  a re  recompressed ,  coo led  a g a i n s t  a d o w n s t r e a m  
f l a s h e d  vapor  stream, and t h e n  r e c y c l e d  back t o  t h e  h y d r o g e n  
s u l f i d e  a b s o r b e r .  T h i s  r e c y c l e  drum s e r v e s  t o  f u r t h e r  e n r i c h  
t h e  f i n a l  hydrogen s u l f i d e  stream. The pressure l e v e l  i n  t h e  
r e c y c l e  drum is set  so t h a t  t h e  d i s s o l v e d  g a s e s  r e m a i n i n g  i n  
t h e  f l a s h e d  l i q u i d  stream w i l l  c o n t a i n  ove r  25 p e r c e n t  hydro- 
g e n  s u l f i d e .  A t  t h i s  p o i n t  t h e  h y d r o g e n  s u l f i d e  c a n  b e  
s t r i p p e d  f rom t h e  s o l u t i o n  and  t h e  s u l f u r  r e c o v e r e d  i n  a 
s u l f u r  p l a n t .  

With t h e  low l e a k a g e s  s p e c i f i e d  i n  t h e  a b s o r b e r  o v e r h e a d ,  a 
s o l v e n t  v e r y  l e a n  i n  h y d r o g e n  s u l f i d e  i s  r e q u i r e d  a t  t h e  
a b s o r b e r  t op .  The h i g h  s o l u b i l i t y  of  hydrogen s u l f i d e  i n  t h e  
s o l v e n t  p r e v e n t s  o b t a i n i n g  t h i s  d e g r e e  of  l e a n n e s s  by s i m p l e  
f l a s h i n g ,  so s t r i p p i n g  is r e q u i r e d  t o  c o m p l e t e l y  r e g e n e r a t e  
t h e  s o l v e n t .  

The l i q u i d  stream from t h e  r e c y c l e  drum i s  h e a t e d  by c r o s s -  
exchange  w i t h  t h e  s t r i p p e r  b o t t o m s  and t h e n  f l a s h e d  t o  t h e  
t o p  of t h e  stripper. T h e  h y d r o g e n  s u l f i d e  and c a r b o n  d i o x i d e  
r ema in ing  i n  s o l u t i o n  a re  s t r i p p e d  o u t  by steam as t h e  l i q u i d  
d e s c e n d s  th rough  t h e  t o w e r .  The  r e b o i l e r  h e a t  t o  g e n e r a t e  
t h i s  s t r i p p i n g  steam is f u r n i s h e d  by 50  p s i g  steam. The l e a n  
s o l u t i o n  e x i t i n g  t h e  s t r i p p e r  b o t t o m  i s  c o o l e d  a g a i n s t  t h e  
i n c o m i n g  s t r i p p e r  l i q u i d  a n d  t h e n  pumped t o  t h e  c a r b o n  
d i o x i d e  r e m o v a l  s e c t i o n  of  t h e  p rocess .  Here, it f o r m s  a 
p o r t i o n  of t h e  t o t a l  l e a n  s o l u t i o n  g o i n g  t o  t h e  t o p  of t h e  
c a r b o n  d i o x i d e  a b s o r b e r .  

The s t r i p p e r  overhead  g a s  is cooled w i t h  c o o l i n g  water  i n  a n  
ove rhead  condenser .  The condensed steam is s e p a r a t e d  from t h e  
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g a s  i n  a k n o c k o u t  drum a n d ,  t o g e t h e r  w i t h  m a k e u p  w a t e r ,  
r e t u r n e d  t o  t h e  s t r i p p e r  t op .  I t  is n e c e s s a r y  t o  m a i n t a i n  a 
95 w t .  p e r c e n t  S e l e x o l  - 5 w t .  percent water  s o l v e n t  s o l u t i o n  
i n  t h e  p r o c e s s  t o  e n a b l e  steam g e n e r a t i o n  i n  t h e  s t r i p p e r  
bot tom. A t  water  c o n t e n t s  lower t h a n  5 p e r c e n t ,  t e m p e r a t u r e  
l i m i t a t i o n s  would p r o h i b i t  t h e  u s e  of  50 p s i g  steam i n  t h e  
r e b o i l e r  o r  p r o v i d e  i n s u f f i c i e n t  s t r i p p i n g .  H i g h e r  w a t e r  
c o n t e n t s  would add s i g n i f i c a n t l y  t o  t h e  e n e r g y  r e q u i r e m e n t s  
and  e q u i p m e n t  s i z e s  w i t h  no  c o r r e s p o n d i n g  i n c r e a s e  i n  
a b s o r p t i o n  c a p a c i t y  ot- s e l e c t i v i t y .  

The s t r i p p e r  overhead g a s  e x i t i n g  t h e  knockout drum is  fed  t o  
t h e  s u l f u r  p l a n t  f o r  p r o c e s s i n g .  The c a r b o n  d i o x i d e  stream 
from t h e  s u l f u r  p l a n t  is e s s e n t i a l l y  pure  carbon d i o x i d e  (1/4 
g r  H S/100 SCF g a s ) .  T h i s  e f f l u e n t  g a s  is combined w i t h  t h e  
p r o d u c t  s t r e a m s  from t h e  bu lk  carbon d i o x i d e  removal  s e c t i o n  
and s e n t  t o  t h e  p roduc t  g a s  compressor .  

Carbon D i o x i d e  Recovery 

Once t h e  hydrogen s u l f i d e  h a s  been  removed,  c a r b o n  d i o x i d e  
can  be e a s i l y  s e p a r a t e d  from t h e  g a s  s t r e a m .  T h i s  b u l k  re- 
moval s e c t i o n  of t h e  p r o c e s s  is v e r y  s i m i l i a r  t o  t h a t  used i n  
Case 111. The overhead  g a s  from t h e  hydrogen s u l f i d e  abso rbe r  
c o n t a i n s  a 50-50 m i x t u r e  of carbon d i o x i d e  and methane. T h i s  
g a s  i s  f e d  d i r e c t l y  t o  t h e  b o t t o m  of t h e  c a r b o n  d i o x i d e  
a b s o r b e r  where it  is c o n t a c t e d  w i t h  a l e a n  s o l v e n t  s o l u t i o n .  
Carbon d i o x i d e  is removed from t h e  g a s  s t r e a m  by c o n v e n t i o n  
c o u n t e r - c u r r e n t  a b s o r p t i o n .  The f i n a l  overhead  g a s  c o n t a i n s  
o n l y  2 . 0  p e r c e n t  c a r b o n  d i o x i d e .  A m i n i m a l  q u a n t i t y  o f  
methane i s  a l s o  a b s o r b e d  i n  t h i s  co lumn;  h o w e v e r ,  o v e r  9 8  
p e r c e n t  o f  t h e  t o t a l  me thane  i n  t h e  f e e d g a s  s t r e a m  is r e -  
cove red  i n  t h e  carbon d i o x i d e  a b s o r b e r  o v e r h e a d .  S o l u t i o n  
from t h e  bottom o f  t h e  a b s o r b e r  i s  s p l i t  i n t o  two s e p a r a t e  
s t r e a m s .  The s m a l l e r  of t h e s e  s t r e a m s  forms t h e  p r e s a t u r a t e d  
l e a n  s o l u t i o n  t o  t h e  hydrogen s u l f i d e  a b s o r b e r .  The remainder  
i s  f l a s h e d  i n  s u c c e s s i v e  s t a g e s  t o  r ecove r  t h e  d i s s o l v e d  c a r -  
bon d i o x i d e .  

The f i r s t  s o l v e n t  r e g e n e r a t i o n  s t e p  f o r  t h e  b u l k  c a r b o n  d i -  
o x i d e  is t o  f l a s h  t h e  r i c h  s o l u t i o n  from 2 6 3  ps ia  t o  1 5 0  p s i a  
p r e s s u r e .  A s  t h e  q u a n t i t y  of l i q u i d  f l a s h e d  h e r e  is subs t an -  
t i a l ,  t h e  p o t e n t i a l  f o r  power r e c o v e r y  j u s t i f i e s  e m p l o y i n g  
h y d r a u l i c  t u r b i n e s  i n  t h i s  p r e s s u r e  l e t d o w n  s t e p .  Methane 

n 
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d i s s o l v e d  i n  t h e  s o l v e n t  f rom t h e  a b s o r b e r  w i l l  p r e f e r e n -  
t i a l l y  d e s o r b  i n  t h i s  f l a s h .  T h e  me thane  r i c h  f l a s h  v a p o r  
s t r e a m  is recompressed ,  c o o l e d  by i n t e r c h a n g e  w i t h  a down- 
s t r e a m  f l a s h e d  v a p o r  s t r e a m ,  and r e c y c l e d  t o  t h e  c a r b o n  
d i o x i d e  a b s o r b e r .  T h i s  r e c y c l e  r e d u c e s  t h e  o v e r a l l  me thane  
l o s s e s  from t h e  a b s o r b e r  overhead and i n c r e a s e s  t h e  p u r i t y  of 
t h e  carbon d i o x i d e  p r o d u c t .  

The  l i q u i d  s t r e a m  f rom t h e  r e c y c l e  drum i s  f l a s h e d  a t  two 
i n t e r m e d i a t e  p r e s s u r e  l e v e l s ,  8 5  p s i a  and 20 p s i a .  Both o f  
these p r e s s u r e  r e d u c t i o n s  a r e  a c c o m p l i s h e d  u s i n g  h y d r a u l i c  
t u r b i n e s  f o r  power r e c o v e r y ,  T h e  v a p o r  s t reams from these  
two f l a s h e s  c o n s t i t u t e  t h e  bulk of t h e  carbon d i o x i d e  p roduc t  
g a s .  The  vapor from t h e  8 5  p s i a  f l a s h  g o e s  d i r e c t l y  t o  t h e  
second c a s e  o f  t h e  p r o d u c t  c o m p r e s s o r .  T h e  2 0  p s i a  vapor  
s t r e a m  is f i r s t  used t o  c o o l  t h e  v a p o r  s t r e a m s  r e c y c l e d  t o  
b o t h  t h e  h y d r o g e n  s u l f i d e  and c a r b o n  d i o x i d e  a b s o r b e r s .  
A f t e r  i n t e r c h a n g e  w i t h  these s t r e a m s ,  it is combined wi th  t h e  
e f f l u e n t  s t r e a m  from t h e  s u l f u r  p l a n t  and d i r e c t e d  t o  t h e  
f i r s t  c a s e  of t h e  p roduc t  compressor .  

T h e  s o l u t i o n  e x i t i n g  t h e  20  p s i a  f l a s h  drum u n d e r g o e s  one 
f u r t h e r  r e g e n e r a t i o n  s t e p .  As i n  t h e  C a s e  I11 d e s i g n ,  t h e  
low l eakage  d e s i r e d  from t h e  carbon d i o x i d e  a b s o r b e r  c a n n o t  
be achieved  us ing  a l e a n  s o l u t i o n  r e g e n e r a t e d  by a t m o s p h e r i c  
f l a s h i n g  a l o n e .  The s o l u t i o n  can be c o m p l e t e l y  r e g e n e r a t e d  
and t h e  remaining carbon d i o x i d e  recovered  by f l a s h i n g  a t  5.8 
p s i a .  The l i q u i d  s t r eam e x i t i n g  t h i s  f l a s h  drum is combined 
w i t h  t h e  l e a n ,  s t r i p p i n g  s o v e n t  stream from t h e  h y d r o g e n  
s u l f i d e  removal s e c t i o n ,  and t h e n  pumped t o  t h e  t o p  o f  t h e  
carbon d i o x i d e  a b s o r b e r .  A r e f r i g e r a t i o n  u n i t  l o c a t e d  on 
t h i s  combined l e a n  s t r eam m a i n t a i n s  the  o v e r a l l  p r o c e s s  h e a t  
balance. The flash vapor stream representing a portion of the 
t o t a l  carbon d i o x i d e  p r o d u c t ,  f lows to  t h e  f i r s t  s t a g e  of t h e  
p r o d u c t  compressor .  

Compression and Drying 

Carbon  d i o x i d e  i s  d e l i v e r e d  t o  t h e  p r o d u c t  c o m p r e s s o r  a t  
t h r e e  d i f f e r e n t  p r e s s u r e  l e v e l s  f rom t h e  S e l e x o l  p r o c e s s .  
These l e v e l s  were s e l e c t e d  acco rd ing  t o  p r o c e s s  r e q u i r e m e n t s  
and a l s o  t o  m i n i m i z e  c o m p r e s s i o n  c o s t s .  A t h r e e  c a s e ,  s i x  
s t a g e  c e n t r i f u g a l  compressor ,  d r i v e n  by a s t e a m  t u r b i n e ,  is 
used t o  compress t h e  p roduc t  g a s  t o  t h e  f i n a l  d e l i v e r y  p r e s -  
s u r e .  Compressor i n t e r s t a g e  c o o l i n g  is p r o v i d e d  by c o o l i n g  
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w a t e r ,  and c o n d e n s a t e  i s  removed by i n t e r s t a g e  k n o c k o u t  
drum. A t r i e t h y l e n e  g l y c o l  d r i e r ,  l o c a t e d  j u s t  p r i o r  t o  t h e  
l a s t  c o m p r e s s i o n  s t e p ,  r e d u c e s  t h e  w a t e r  c o n t e n t  o f  t h e  
p r o d u c t  g a s  t o  p i p e l i n e  s p e c i f i c a t i o n s .  A t o t a l  o f  125 MMSCFD 
o f  carbon d i o x i d e  of 98 p e r c e n t  p u r i t y  is d e l i v e r e d  a t  2 , 2 0 0  
p s i g  from t h e  compressor .  

S u l f u r  Recovery ( S t r e t f o r d  P r o c e s s )  

I n  t h e  S t r e t f o r d  p r o c e s s  h y d r o g e n  s u l f i d e  i s  c o n v e r t e d  t o  
e l e m e n t a l  s u l f u r  acco rd ing  t o  t h e  fo l lowing  o v e r a l l  e q u a t i o n :  

2H2 S + 02  .-> 2H2 0 + 2 5  

The r e a c t i o n  is i n i t i a t e d  i n  an a b s o r b e r .  Here  an a l k a l i n e  
s o l u t i o n  of sodium c a r b o n a t e  c o n t a i n i n g  a vanadium s a l t  a long 
w i t h  a n t h r a q u i n o n e  - d i s u l f o n i c  a c i d  ( A D A )  , a b s o r b s  t h e  
hydrogen s u l f i d e  g a s  and c o n v e r t s  it to  h y d r o s u l f i d e  ion .  

Na2 C 0 3  + H 2  S __$ NaHS + NaHC03 

The s o l u t i o n  then  f lows  t o  a r e a c t i o n  v e s s e l  where e l e m e n t a l  
s u l f u r  i s  formed. 

I n  t h e  t h i r d  s t a g e  of t h e  p r o c e s s ,  an o x i d a t i o n  s t e p  employ-  
i n g  a i r  is used t o  r e g e n e r a t e  t h e  s o l u t i o n ,  and t h e  s u l f u r  is 
removed a s  a f l o a t i n g  f r o t h .  

2 V + 4  + ADA ( o x i d i z e d )  j 2V+5 + ADA ( r e d u c e d )  

T h e  r e g e n e r a t e d  s o l u t i o n  i s  t h e n  r e t u r n e d  t o  t h e  a b s o r b e r  
tower comple t ing  t h e  a b s o r p t i o n  s tep .  

I t  is u s u a l l y  more economical  when t r e a t i n g  l a r g e  g a s  quan-  
t i t i e s ,  a s  i n  t h e  p r e s e n t  c a s e ,  t o  remove t h e  b u l k  of  t h e  
s u l f u r  i n  a p r e t r e a t m e n t  s t e p  u s i n g  l i q u i d  e d u c t o r s .  Here  
t h e  i n l e t  g a s  is brought  i n t o  i n t i m a t e  c o n t a c t  w i t h  t h e  g a s  
s t r e a m  and c o n t a c t e d  w i t h  a b o u t  8 0  p e r c e n t  of  t h e  s o l u t i o n  
f low.  L iqu id  from t h e  e d u c t o r s  f lows  t o  t h e  r e a c t i o n  v e s s e l  
where t h e  r e a c t i o n  t o  e l e m e n t a l  s u l f u r  t a k e s  p l a c e .  The g a s  
i s  f u r t h e r  c o n t a c t e d  i n  an a b s o r b e r  t o  remove t h e  h y d r o g e n  
s u l f i d e  t o  a l e v e l  of less  than  1 / 4  g r  s u l f u r  per  100 SCF. 



The s u l f u r  f r o t h  t y p i c a l l y  c o n t a i n s  a b o u t  7-10  p e r c e n t  s u l -  
f u r .  A v a r i e t y  of methods a r e  a v a i l a b l e  t o  r e c o v e r  t h e  s u l -  
f u r  from t h e  f r o t h .  These i n c l u d e  f i l t r a t i n g ,  c e n t r i f u g i n g  
and more r e c e n t l y ,  t h e  use of a s u l f u r  m e l t e r .  

I n  t h e  s u l f u r  m e l t e r  method t h e  s u l f u r  f r o t h  i s  h e a t e d  and 
t h e  molten s u l f u r  s e p a r a t e s  by g r a v i t y  f rom t h e  S t r e t f o r d  
s o l u t i o n  which  is r e t u r n e d  t o  t h e  p r o c e s s .  I t  is p o s s i b l e  t o  
r e c o v e r  99.5 p e r c e n t  pure  e l e m e n t a l  s u l f u r  by t h i s  t e c h n i q u e .  
The u t i l i t i e s  and c o s t s  f o r  t h e  S t r e t f o r d  p r o c e s s  i n  t h i s  
s t u d y  assume t h a t  a s u l f u r  m e l t e r  t e c h n i q u e  is  t o  be u s e d .  
Assuming two p e r c e n t  h y d r o g e n  s u l f i d e  i n  t h e  i n l e t  n a t u r a l  
ca rbon  d i o x i d e  g a s  s o u r c e ,  2 2 0  s h o r t  t o n s  per  day of element- 
a l  s u l f u r  a r e  r ecove red ,  

F i g u r e  VII-3 p r e s e n t s  a b lock  flow diagram f o r  t h e  S t r e t f o r d  
p r o c e s s  d e s c r i b e d  above. 

U t i l i t y  Systems 

U t i l i t i e s  p r e s e n t e d  l a t e r  i n  t h i s  s e c t i o n ,  a r e  b a s e d  on u s e  
o f  a s team d r i v e n  t u r b i n e  f o r  t h e  carbon d i o x i d e  c o m p r e s s o r ,  
and e l e c t r i c  d r i v e s  f o r  a l l  r e m a i n i n g  r o t a t i n g  e q u i p m e n t .  
Small  a d d i t i o n a l  steam r e q u i r e m e n t s  a r e  a l s o  i n c l u d e d  f o r  
r e g e n e r a t i o n  of t h e  g l y c o l  s o l u t i o n  i n  t h e  t r i e t h y l e n e  g l y c o l  
d r y e r  . 
Two steam p r e s s u r e  l e v e l s  were s e l e c t e d .  Steam imported from 
o f f s i t e  is assumed a v a i l a b l e  a t  900 p s i g  - 900°F  ( i d e n t i c a l  
impor t  s team c o n d i t i o n s  were s e l e c t e d  f o r  a l l  c a s e s  i n  t h i s  
s t u d y ) .  A second level  a t  75 p s i g  s u p p l i e s  r e b o i l e r  h e a t  t o  
t h e  h y d r o g e n  s u l f i d e  s t r i p p e r  r e b o i l e r  and t h e  S t r e t f o r d  
p l a n t  t h r o u g h  a l e t d o w n  s t a t i o n  t o  50 psig. 

T h e  75 p s i g  steam header  is s u p p l i e d  by e x t r a c t i o n  steam from 
t h e  carbon d i o x i d e  compressor t u r b i n e .  T h i s  t u r b i n e  a l s o  ex-  
h a u s t s  t o  a vacuum condenser  a t  four  i n c h e s  mercury vacuum. 

Cool ing  water  is assumed t o  be a v a i l a b l e  a t  9 0 ° F .  
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Environmental  C o n s i d e r a t i o n s  

E f f l u e n t  s t r e a m s  w i l l  be produced d u r i n g  normal o p e r a t i o n  of 
t h e  r ecove ry  and g a s  t r a n s m i s s i o n  f a c i l i t i e s .  T h e  f o l l o w i n g  
i s  a b r i e f  d i s c u s s i o n  of t h e  expec ted  e f f l u e n t s ,  and p o s s i b l e  
methods of hand l ing  t h e s e .  Cos t s  f o r  any t r e a t m e n t  f a c i l i t i e s  
w h i c h  may be r e q u i r e d  a r e  not  i nc luded  i n  p l a n t  i nves tmen t .  

Water w i l l  be p r o d u c e d  from t h e  p r o d u c t  g a s  a s  it is com- 
p r e s s e d  and cooled  between s t a g e s .  Also water ,  w i l l  c o n d e n s e  
from t h e  i n l e t  raw g a s  f eed .  T h e  water  ba lance  of t h e  sys tem 
i s  such t h a t  a s l i g h t  e x c e s s  of  w a t e r  above  t h a t  o b t a i n e d  
from these s o u r c e s  w i l l  be r e q u i r e d  a s  makeup t o  t h e  hydrogen 
s u l f i d e  s t r i p p e r .  T h e r e f o r e ,  it should  be p o s s i b l e  t o  r e c y c l e  
t h e s e  s t r e a m s  back t o  t h e  p r o c e s s  t o  e l i m i n a t e  t h e  e f f l u e n t s  
and a l s o  t o  reduce t h e  makeup water  r equ i r emen t s .  

Regene ra t ion  of t h e  t r i e t h y l e n e  g l y c o l  s o l u t i o n  i n  t h e  TEG 
d r y e r  w i l l  produce a g a s e o u s  e f f l u e n t  c o n s i s t i n g  m o s t l y  of 
wa te r  vapor p l u s  t r a c e s  of TEG.  T h i s  e f f l u e n t  s t r e a m  c a n  be 
v e n t e d  t o  t h e  a tmosphere.  

The fo rma t ion  of byproduct  s a l t s  s u c h  a s  sodium t h i o s u l f a t e  
and sodium s u l f a t e  r e q u i r e  a purge s t r e a m  of S t r e t f o r d  s o l u -  
t i o n  from t h e  s u l f u r  r e c o v e r y  p l a n t .  U s u a l l y  t h i s  can  be 
avoided  d u r i n g  t h e  f i r s t  s i x  months t o  one year  of o p e r a t i o n ,  
b u t  t h e n  m u s t  be done  on a r o u t i n e  b a s i s .  I n  t h i s  manner 
t h e s e  s a l t s  a r e  p reven ted  from b u i l d i n g  up i n  t h e  p r o c e s s  and 
p lugg ing  equipment such a s  t h e  a b s o r b e r .  

Trea tment  of t h i s  purge s t r e a m  w i l l  a l m o s t  c e r t a i n l y  be r e -  
q u i r e d  from an env i ronmen ta l  and economic  s t a n d p o i n t ,  and a 
number of d i f f e r e n t  p r o c e s s e s  a r e  a v a i l a b l e  t o  do t h i s ,  e a c h  
i n  v a r i o u s  s t a g e s  of development .  Among these a r e  p r o c e s s e s  
o f f e r e d  by Peabody E n g i n e e r i n g  (Holmes  S t r e t f o r d ) ,  and S u n  
O i l  ( J .  F. P r i t c h a r d  Co. L i c e n s e e ) .  

Methane g a s  is a byproduct  i n  t h i s  c a s e .  T h i s  w i l l  be h i g h l y  
marke tab le  and it is assumed he re  t h a t  t h i s  gas  can be t r a n s -  
m i t t e d  i n  t h e  u s u a l  manner f o r  n a t u r a l  g a s e s  and w i l l  n o t  
pose  a problem. 

- 
2See a l s o  d i s c u s s i o n  f o r  Case I .  
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2 .  P r o c e s s  Flow Diauram 

P r o c e s s  flow d i a g r a m  P - 4 6 9 1 - D  ( f i g u r e  V I I - 4 )  f o r  Case  I V ,  
Carbon Dioxide Recovery From A N a t u r a l l y  Occurr ing  S o u r c e ,  is 
p r e s e n t e d  on the f o l l o w i n g  page. 
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3 .  M a t e r i a l  Balance 

A m a t e r i a l  ba l ance  f o r  Case I V ,  Carbon Dioxide  Recovery From 
A N a t u r a l l y  Occuring S o u r c e ,  is p r e s e n t e d  on t h e  fo l lowing  
page .  

. ~~ . . . .. , 
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MATERIAL BALANCE 
CARgONDIOXTDE 

FROM NATURAL SOURCES 
CONTAINING 

5 3 %  METHANE 
4 8 %  CARBON D I O X I D E  

2 %  HYDROGEN SULFIDE - 
STREAM NO. AND SOURCE COMPONENT 

(1)  F e e d  t o  P l a n t  co2 
112s 
CH 4 

* 2 0  
Dry  Gas 

T o t a l  

c o 2  
( M e t h a n e  P r o d u c t  Gas )  CH 4 

H20 

( 2 )  Gas From C02 Absorber 

Dry  Gas 

T o t a l  

( 3 )  1st S t a g e  F l a s h  Gases c o 2  
CH 4 

Dry  Gas 
i 2 0  
T o t a l  

c0 2 
C H  4 

2 0  

( 4 )  2nd S t a g e  F l a s h  Gases 

Dry  G a s  

T o t a l  

( 5 )  3 r d  S t a g e  F l a s h  Gases c o 2  
CH4 

H20 
D r y  Gas 

T o t a l  

( 6 )  Feed t o  S u l f u r  P l a n t  CO:, 
H23 

Dry  G a s  
CH4 

H20 
T o t a l  

( 7 )  E f f l u e n t  G a s  * 

( 8 )  C02 P r o d u c t  Gas 
( 1 2 5  MM SCFD) 

c o 2  
CH 4 

H20 
Dry  Gas 

To t a l  

c o 2  
CH 4 

H20 
Dry  G a s  

T o t a l  

LB MOL/HR 

1 4 , 0 1 7 . 3  
5 8 4 . 0  

1 4  , 6 0 1 . 5  
2 9 , 2 0 2 . 8  

4 7 . 5  
29 , 2 5 0 . 3  

292 .7  
1 4  , 3 2 5 . 6  
'14,618.3' 

3 .2  
1 4 , 6 2 1 . 5  

3 , 2 0 0 . 7  
2 3 1 . 9  

3 , 4 3 2 . 6  
3 .7  

3 , 4 3 6 . 3  

7 , 0 5 0 . 8  
3 4 . 1  

7 , 0 8 4 . 9  
2 2 . 1  

7 , 1 0 7 . 0  

1 , 7 8 6 . 1  
0 . 5  

'1 ,786 .6  
1 7 . 6  

1 , 8 0 4 . 2  

1 , 6 8 7 . 0  
5 8 4 . 0  

9 . 4  
2 , 2 8 0 . 4  

1 7 3 . 8  
2 , 4 5 4 . 2  

1 , 687 .0  
9 . 4  

1 1 6 9 6 . 4  
1 4 8 . 7  

1 , 8 4 3 . r  

1 3 , 7 2 4 . 6  
2 7 5 . 9  

1 4 , 0 0 0 . 5  
0 . 7  

1 4  I a o 1 . 2  

. .  

LBS/HR 

6 1 6  I 9 0 3  
19 , 9 0 3  

234 I 2 5 1  

8 5 6  
8711057 

871,913 

1 2  , 8 8 4  
229  I 831 

58 
242 , 7 7 9  

1 4 0  I 8 6 2  
3 , 7 2 1  

6 7  
1 4 4  , 6 5 g  

310 , 306 
5 4 8  

310 I 85a 
397  

242,715 

144,538 

3 1 1 , 2 5 i  

7 8  , 607  
1 

7 8  , 6 0 8  
3 1 6  

78  , 9 2 4  

7 4 , 2 4 3  
1 9  , 9 0 3  

1 5 1  

3 ,131  

-- 

-- 

m 7  

m v  
7 4 , 2 4 3  

1 5 1  

2 , 6 7 7  
74,3914 

r n T  

6 0 4 , 0 2 0  
4 , 4 2 5  

1 3  
-5 

608,458 

"Some a b s o r p t i o n  o f  C a r b o n  d i o x i d e  may t a k e  place i n  S t r e t f o r d  p l a n t .  
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4 .  C h e m i c a l ,  U t i l i t y ,  Economic Summaries  

T h i s  s e c t i o n  i n c l u d e s  t h e  f o l l o w i n g  t a b l e s :  

T a b l e  VII-7 Chemica l  Summary 

Table  VII-8 

T a b l e  VII-9 

U t i l i t y  Summary 

Economic Summary 

n 
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TABLE VII-7 

I 
W 
4 

1 

I .  Recovery P l a n t  

- 

CHEMICALS SUMMARY FOR RECOVERY OF CARBON D I O X I D E  

50% HYDROCARBON-48% CARBON DIOXIDE-2% HYDROGEN SULFIDE 
FROM NATURAL SOURCES CONTAINING 

Uni t  
I n i t i a l  E s t .  Annual cost  Annual c o s t  

Charge -1 b s  Consumption-lbs** # /1b  cost $ g/MSCF C02 

~~ 

I1 

* 
**  

S e l e x o l  
S t r e  t f  o r d  Chem ica 1 s 
Misce l laneous*  

S u b t o t a l  

Transmiss ion  System 

TEG 
Misce l laneous*  

S u b t o t a l  

TOTAL COST 

2,500,000 
950,000 

24,000 

42,500 100.00 42,500 0.10 
990,000 110.00 1,089,000 2.56 

10 ,000  0.02 

1,141,500 2.68 

80,000 

I n c l u d e s  o t h e r  consumables for e i t h e r  system such as  l u b r i c a n t s .  
B a s i s  is 340 days /year  a t  125  MMSCFD C02 r e c o v e r y .  

35.0 28,000 0.07 
10~,000 0.02 

38,000 0.09 

1,179,500 2.77 



1 

I 

TABLE VI1 - 8 
UTILITY SUMMARY FOR RECOVERY OF CARBON DIOXIDE 

FROM NATURAL SOURCES CONTAINING 
50% HYDROCARBON-48% CARBON DIOXIDE-2% HYDROGEN SULFIDE 

The following are expected utility consumptions for the, recovery plant 
and gas transmission systems when 125 MMSCFD of carbon dioxide is being 
transmitted. 

Consumption per MSCF of CO 

Recovery Transmission 
Plant Sys tern 

Electric Power, KWH 4.04 
Cooling Water Circulation - 
M Gallons 90°F-1200F 0.115 
Steam - 900 PSIG & 900°F, MLBS - 

75 PSIG & 500°F, MLBS 0.025 

( ) Export quantity 

- 
0.276 
0.077 
(0.025) 

. . .  . .. 
. .  .~ . , .. . . . .- ... . ... ! 
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!Fable VI1 - 9 

ECONOMIC SUMMARY FOR RECOVERY OF CARBON DIOXIDE 
FROM NATURAL SOURCES CONTAINING 50% HYDROCARBON- 

48% CARBON DIOXIDE-2% HYDROGEN SULFIDE 
PLANT CAPACITY: 125 MMSCFD 

A. RECOVERY COSTS 

Fixed-Capital Investment $48,000,000 

DIRECT COSTS 

Electric Power - KWH 
Cooling Water (circ) - MGAL 
Steam -75 PSIG & 500°F - MLBS 
Chemicals 

Units/ Unit 
MSCF cost $ 

4.040 0.035 
0.115 0.020 
0.025 3.380 

Subtotal Direct Costs 

INDIRECT COSTS 

Operating Labor - 1 man/shift 
Operating Supplies - 3 0 %  Operatinq Labor 
Supervision and Overhead - 100% Operatinq Labor 
Maintenance Labor & Supplies -. 3.5% Investment/Yr. 
Capital Related Costs - Depreciation, Interest 
Charqes, Taxes, Insurance, Return on Investment - 

@ 38% of Investment/Yr. 

Subtotal Indirect Costs 

BYPRODUCT CREDIT 

Sulfur from Stretford Plant 220 Short Tons/Day 
@ $ 5 0  ST 
Methane gas 133.2 MM SCFD @$1.75/MSCF (100% CH4) 

Total Recovery Cost $/MSCF 

Notes Recovery and Transmission Costs* 

- All operating labor $6.5/manhour 

- Breakdown of capital related costs: 

Depr ec i at ion 
Interest Charqes 
Taxes and Insurance 
Return on Investment 

10% 
5 %  
3% 
20% 
38% 

cost $/ 
MSCF C02 

14.14 
0.23 
8.45 
2.68 

25.50 

0.13 
0.04 
0.13 
3.95 

42.92 

47.17 

-8.80 
-182.70 

- 1 1 8 . 8 3  

*Continued on Page 99 
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Table VI1 - 9 (Contd.) 

ECONOMIC SUMMARY FOR RECOVERY OF CARBON DIOXIDE 
FROM NATURAL SOURCES CONTAINING 50% HYDROCARBON- 

48% CARBON DIOXIDE-2% HYDROGEN SULFIDE 
PLANT CAPACITY: 125 MMSCFD 

B. TRANSMISSION COSTS 

Compression Investment $ 9,720,000 
Pipeline Investment (100 miles) $58,540,000 
Fixed-Capital Investment $68,26O,OOO 

DIRECT COSTS 

Cooling Water (circ) - MGAL 
Steam - 900 LB & 900'F - MLBS 

75 LB & 5OOOF - MLBS 
Chemicals 

Subtotal Direct Costs 
( ) Denotes Export 

Units/ Unit cost #/ 
MSCF Cost $ MSCF C02 

0.276 0.02 0.55 
0.077 3.80 29.26 

( 0.025) 3.38 (8.45) 
0.09 

21.45 

INDIRECT COSTS 

Operating Labor - 2 Men/Shift 
Operating Supplies - 30% Operating Labor 
Supervision and Overhead - 100% Operating Laior 
Maintenance Labor & Supplies - 3.5% Investment/Yr. 
Capital Related Costs - Depreciation, Interest 
Charges, Taxes, Insurance, Return on Investment - 
@ 38% of Investment/Yr. 

Subtotal Indirect Costs 

Total Transmission Costs #/MSCF (100 miles) 

C. TOTAL RECOVERY AND TRANSMISSION COST 

!. Recovery Costs 

2. Transmission Costs (100 miles) 

Total Recovery and Transmission Costs 

0.27 
0.08 
0.27 

5.62 
61.03 

67.27 

88.72 

-118.83 

88.72 

-30.11 

-100- 
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i 
Table VI1 - 9 (Contd.) 

ECONOMIC SUMMARY FOR RECOVERY OF CARBON DIOXIDE 
FROM NATURAL SOURCES CONTAINING 50% HYDROCARBON- 

48% CARBON DIOXIDE-2% HYDROGEN SULFIDE 
PLANT CAPACITY: 125 MMSCFD 

Notes (Contd.) 

- Onstream Factor 340 days/year 

- Plant Investment does not include power generation, cooling tower, 
boiler feedwater treatment, or treatment of Stretford plant purge 
stream. Includes initial chemical charge and process royalties. 

- Steam c o s t  based on g a s  fired steam boiler. Gas cost $2.OO/MSCF 
delivered. 
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NOTES - SECTION V I 1  - CARBON D I O X I D E  FROM 
NATURALLY OCCURRING SOURCES 

[l] O I L  & G a s  J o u r n a l ,  " L i n e  W i l l  Move 2 4 0  MMSCFD of C 0 2 " ,  Nov. 
a, 1971. 

[ 2 ]  See appendix 
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V I I I .  CONCLUSIONS AND RECOMMENDATIONS 

A. CONCLUSIONS 

T h e  f o c a l  p o i n t  of t h i s  s t u d y  is ' t h e  t h i r t e e n  s t a t e  r e g i o n ,  
i d e n t i f i e d  by GURC a s  having c a n d i d a t e  o i l  f i e l d s  b e l i e v e d  
s u i t a b l e  fo r  EOR w i t h  carbon d i o x i d e  m i s c i b l e  f l o o d i n g .  I t  
i s  w i t h i n  t h i s  r e g i o n  t h a t  f u t u r e  EOR w i t h  c a r b o n  d i o x i d e  
m i s c i b l e  f l o o d i n g  w i l . 1  more t h a n  l i k e l y  t a k e  p l a c e  on a 
commercial  s c a l e .  

Review of t h e  carbon d i o x i d e  s u p p l y  s i t u a t i o n  i n  t h e  t h i r -  
teen s t a t e  r eg ion  ( s ee  S e c t i o n  111) shows t h a t  more t h a n  
s u f f i c i e n t  c a r b o n  d i o x i d e  is a v a i l a b l e  f rom a b o v e g r o u n d  
s o u r c e s  t o  s a t i s f y  t h e  p r o j e c t e d  f u t u r e  demand f o r  E O R  ap-  
p l i c a t i o n s  even w i t h o u t  s u b s t a n t i a l  new d i s c o v e r i e s  of h igh  
carbon d i o x i d e - c o n t e n t  n a t u r a l  g a s e s .  A d d i t i o n a l l y  based on 
p r e l i m i n a r y  c o m p i l a t i o n s  of c a n d i d a t e  o i l  f i e l d s  and  e s t i -  
mated c a r b o n  d i o x i d e  r e q u i r e m e n t s ,  i t  a p p e a r s  t h a t  e a c h  
s t a t e  could  be s e l f  s u p p o r t i n g  i n  carbon d i o x i d e .  T h i s  ap- 
p e a r s  t o  be t r u e  e v e n  t h o u g h  a r e a s  h a v i n g  t h e  g r e a t e s t  
abundance of aboveground s o u r c e s  a r e  not  l o c a t e d  i n  r e g i o n s  
expec ted  t o  have t h e  g r e a t e s t  p o t e n t i a l  f o r  EOR. 

O f  t h e  s o u r c e s  c o n s i d e r e d  i n  t h i s  s t u d y ,  s t a c k  g a s  s o u r c e s ,  
i n c l u d i n g  power p l a n t .  and cement  p l a n t  s o u r c e s ,  a r e  t h e  
most widespread and abundant s o u r c e s  accoun t ing  f o r  80  p e r -  
c e n t  of t h e  above-ground s o u r c e s .  However, t h e  q u a l i t y  of  
these s o u r c e s  is low - t y p i c a l l y  less than  20 p e r c e n t  c a r -  
bon d i o x i d e .  

C o n s i d e r i n g  o n l y  power p l a n t  s o u r c e s ,  a s i n g l e  p l a n t  can  
e a s i l y  suppor t  a commercial  EOR p r o j e c t  r e q u i r i n g  100  MSCFD 
o r  more of carbon d i o x i d e .  Surveys  of c u r r e n t  power p l a n t  
i n s t a l l a t i o n s  i n d i c a t e  t h a t  p r e s e n t l y  h i g h  o u t p u t  c o a l -  
f i r e d  power p l a n t s  a r e  g e n e r a l l y  l o c a t e d  a t  an u n f a v o r a b l e  
d i s t a n c e  from c a n d i d a t e  r e s e r v o i r s ;  however, t h i s  s i t u a t i o n  
c o u l d  change i n  t h e  f u t u r e  a s  more power p l a n t s  a r e  conver-  
t e d  t o  c o a l  f i r i n g .  

The h i g h e s t  q u a l i t y  s o u r c e s  of  c a r b o n  d i o x i d e  e x p e c t e d  t o  
be a v a i l a b l e  ( w i t h  t h e  p o s s i b l e  e x c e p t i o n  of some n a t u r a l l y  
o c c u r i n g  g a s  d e p o s i t s )  a r e  p r o c e s s  v e n t s  f rom f e r t i l i z e r  
and chemica l  p l a n t s .  F u t u r e  s o u r c e s  of carbon d i o x i d e  from 
p r o c e s s  v e n t s  could  i n c l u d e  s i g n i f i c a n t  q u a n t i t i e s  a s  by- 
p r o d u c t  from S N G  manufac tu re .  The  most s i g n i f i c a n t  f u t u r e  
s o u r c e  could  be a s  a b y - p r o d u c t  f rom S N G  p l a n t s  based on 
g a s i f i c a t i o n  of c o a l .  



P r e s e n t l y ,  t h e  most l i k e l y  s o u r c e  of carbon d i o x i d e  from p r o c e s s  
v e n t s  appea r s  t o  be uncommitted b y - p r o d u c t  c a r b o n  d i o x i d e  from 
ammonia manufac ture .  T h i s  h igh  p u r i t y  sou rce  ( t y p i c a l l y  9 8  p e r -  
c e n t )  a c c o u n t s  fo r  rough ly  7 5  p e r c e n t  of t h e  b y - p r o d u c t  c a r b o n  
d i o x i d e  c u r r e n t l y  a v a i l a b l e  from p r o c e s s  v e n t s .  

P r o s p e c t s  fo r  an EOR p r o j e c t  based a t  l e a s t  i n  p a r t  on u s e  of am- 
monia p l a n t  by-product carbon d i o x i d e  appear  good, g i v e n  t h e  nec- 
e s s a r y  economic i n c e n t i v e .  T h i s  o p t i m i s m  i s  b a s e d  on t h e  f a c t  
t h a t  70  p e r c e n t  of t h e  a v a i l a b l e  ammonia p l a n t  by -p roduc t  c a r b o n  
d i o x i d e  is l o c a t e d  i n  t h r e e  of t h e  more p r o m i s i n g  a r e a s  f o r  EOR 
by carbon d i o x i d e  m i s c i b l e  f l o o d i n g  - n a m e l y ,  L o u i s i a n a ,  S o u t h  
Texas ,  and Oklahoma. Hindrances  t o  development of t h i s  sou rce  of 
ca rbon  d i o x i d e  i n c l u d e  m u l t i p l e  ownership of s u p p l i e s  ( t h e  amount 
a v a i l a b l e  from a s i n g l e  p l a n t  would p r o b a b l y  n o t  s u p p o r t  an EOR 
p r o j e c t ) ,  and c o m p e t i t i o n  from o t h e r  p o t e n t i a l  u s e s  s u c h  a s  u r e a .  

N a t u r a l  g a s  w e l l s  r i c h  i n  carbon d i o x i d e  have g r e a t  p o t e n t i a l  as 
a s o u r c e  of carbon d i o x i d e  f o r  f u t u r e  EOR e f f o r t s .  I n f o r m a t i o n  
c u r r e n t l y  a v a i l a b l e  shows t h a t  t h e  a r e a s  w i t h  g r e a t e s t  p o t e n t i a l  
f o r  n a t u r a l l y  o c c u r i n g  carbon d i o x i d e  wells a r e  t h e  Four  C o r n e r s  
a r e a  ( U t a h ,  Colorado ,  Ar izona ,  N e w  M e x i c o ) ,  s o u t h e a s t  C o l o r a d o ,  
n o r t h e a s t  N e w  Mexico and c e n t r a l  M i s s i s s i p p i .  O t h e r  a r e a s  i n -  
c l u d i n g  s o u t h w e s t  T e x a s  have  p o t e n t i a l  f o r  p r o d u c i n g  c a r b o n  
d i o x i d e  of lower p u r i t y  ( 3 0 - 5 0  p e r c e n t ) .  

T h e  q u a n t i t i e s  of carbon d i o x i d e  a v a i l a b l e  f rom n a t u r a l  s o u r c e s  
a r e  no t  known s i n c e  no e x h a u s t i v e  su rvey  of t h i s  sou rce  e x i s t s  a t  
p r e s e n t .  However ,  b a s e d  on h i s t o r i c a l  d a t a  € o r  n a t u r a l  g a s  
d i s c o v e r i e s  it is g e n e r a l l y  concluded t h a t  n a t u r a l  s o u r c e s  a l o n e  
canno t  supp ly  a l l  t h e  carbon d i o x i d e  f o r  f u t u r e  EOR e f f o r t s .  

C o s t s  developed d u r i n g  t h i s  s t u d y  ( s u m m a r i z e d  i n  T a b l e  V I I I - 1 )  
a l l o w  a d d i t i o n a l  assessment  of t h e  ca rbon  d i o x i d e  s u p p l y  s i t u a -  
t i o n  fo r  EOH. 

For example,  t h e  b e s t  s o u r c e  of low c o s t  c a r b o n  d i o x i d e  f o r  E O R  
w i l l  be a n a t u r a l  s o u r c e  c o n t a i n i n g  b y - p r o d u c t  n a t u r a l  g a s  t o  
o f f s e t  t h e  c o s t  of producing  t h e  carbon d i o x i d e .  ( T h e  p r e s e n c e  
o f  contaminant  hydrogen s u l f i d e  makes t h e  economic  p i c t u r e  l e s s  
f a v o r a b l e  i f  it m u s t  be removed.) T h i s  a s s e s s m e n t  a s sumes  t h a t  
t h e  by-product  c r e d i t  f o r  n a t u r a l  g a s  can  be a p p l i e d  toward  t h e  
c o s t  a s s o c i a t e d  w i t h  development of t h e  carbon d i o x i d e  s o u r c e .  

I f  t h e  carbon d i o x i d e  is a v a i l a b l e  a s  a by-product f rom d e v e l o p -  
m e n t  of n a t u r a l  g a s  s u p p l i e s  which seems l i k e l y  f o r  t h e  c a s e s  
s t u d i e d  i n  t h i s  r e p o r t  t h e  me thane  b y - p r o d u c t  c r e d i t  w i l l  no 
l o n g e r  apply .  I n  t h i s  c a s e ,  t h e  c o s t  of c a r b o n  d i o x i d e  would 
depend on a number of c o n s i d e r a t i o n s  i n c l u d i n g  t o  what e x t e n t  t h e  
c o s t s  of r e c o v e r i n g  t h e  n a t u r a l  g a s  and deve lop ing  t h e  we l l s  a r e  
charged  a g a i n s t  t h e  c o s t  of carbon d i o x i d e .  

n 
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Carbon d i o x i d e  from above-ground sources  w i l l  b e  e x p e n s i v e .  The  
most e x p e n s i v e  source appears to  be power p l a n t  f l u e  g a s e s ,  e v e n  
though  t h e s e  are t h e  most abundant .  T h i s  is due t o  t h e  h i g h  c o s t  
o f  r e c o v e r y  from t h e  f l u e  g a s .  

I t  is c o n c e i v a b l e  t h a t  an EOR pro jec t  cou ld  u t i l i z e  a combina t i c ln  
o f  s p e c i f i c  sources of  carbon d i o x i d e  supp ly .  For e x a m p l e ,  a lclw 
cos t  n a t u r a l  source could  be combined w i t h  a more e x p e n s i v e  power 
p l a n t  source.  I n  t h i s  way sources which a t  f i r s t  may seem uneco-  
nomica l  cou ld  v e r y  w e l l  be deve loped  f o r  a s p e c i f i c  l o c a t i o n .  

I n  t h e  l a s t  a n a l y s i s ,  it is i m p o s s i b l e  t o  p r e d i c t  w h e t h e r  a n y  o f  
t h e  s o u r c e s  c o n s i d e r e d  h e r e  w i l l  b e  d e v e l o p e d  f o r  u s e  i n  EOR h y  
c a r b o n  d i o x i d e  m i s c i b l e  f l o o d i n g .  T h i s  w i l l  d e p e n d  on a g r e a t  
many f a c t o r s  i n c l u d i n g  t h e  f u t u r e  c o s t  o f  p e t r o l e u m ,  t h e  e f f e c -  
t i v e n e s s  of t h e  p r o c e s s  i t s e l f ,  and gove rnmen t  p o l i c y  i n s o f a r  as 
i t  i n f l u e n c e s  development  of EOR programs.  

-105- 



TABLE V I I I - 1  

Inves tmen t  and Cost Summary 

Carbon Diox i d e  
Source 

Aboveq round 

1.15 Ammonia P l a n t  Ven t s  184 Tr a n s m  iss i o n  Sys  t e m  134.8 

Power P l a n t  F l u e g a s  125 Recovery P l a n t  34.1 
Transmiss ion  System 19 .2  
T o t a l  53.3 

1.04 
0.21 
1.25 

N a t u r a l  Sources + 
0 

I 
Case I ( 9 8 %  C 0 2  -2% C H 4  ) 

Case I11 ( 5 0 %  C 0 2  -50% C H 4  ) 

125 

125 

T r a n s m i s s i o n  System 62.9 0.72 

Recovery P l a n t  11.4 
Transmiss ion  System 67.9 
T o t a l  79.3 

-1.62 
0.87 

-0.75 

Case I V  ( 4 8 %  C02 -50% CH4 -2% H2 S) 125 Recovery P l a n t  48.0 -1.19 
T r  a n s m  i is  i o n  S y s  t e m  
T o t a l  

68.3 
1-K-3 

0.89 
-0.30 

Notes - 
- U . S .  Gulf  Coast L o c a t i o n  is assumed 
- Inves tmen t  Cos t s  2nd Quar t e r  1977 
- A l l  i n v e s t m e n t  + 25% 
- T r a n s m i s s i o n  s y s t e m s  p ipe l ines  

Ammonia P l a n t  V e n t s  - 1 4 5  m i l e  t r u n k l i n e  
Power P l a n t  - 25 m i l e  
N a t u r a l  S o u r c e s  - 1 0 0  m i l e  

I 



B. RECOMMENDATIONS i 
A s  s t a t e d  d u r i n g  t h e  i n t r o d u c t i o n  t o  t h i s  s t u d y ,  i t  was n e c e s -  
s a r y  t o  make c e r t a i n  assumpt ions  and t o  l i m i t  t h e  o v e r a l l  s c o p e  
o f  t h i s  s tudy .  T h i s  is e v i d e n t  i n  r ega rd  t o  deve lopmen t  of t h e  
s y s t e m s  s e l e c t e d  t o  s t u d y  c o s t s  of d e l i v e r i n g  carbon d i o x i d e  t o  
c a n d i d a t e  o i l  f i e l d s .  For example,  l a c k i n g  a c l e a r  d e f i n i t i o n  
o f  s o u r c e s  o f  n a t u r a l l y  o c c u r r i n g  c a r b o n  d i o x i d e ,  t h e s e  were 
s imply  hypo thes i zed .  Gas compos i t ions  and boundary l i m i t  c o n d i -  
t i o n s  were assumed f o r  t h e  g a s e s  a t  t h e  t r e a t m e n t  p l a n t ,  and 
d e l i v e r y  sys tems were s e l e c t e d  on t h e  b a s i s  of  b e s t  g u e s s e s  a s  
t o  p r o b a b l e  optimum l e n g t h .  

Although t h e  purpose  of t h e  s t u d y  i s  t o  d e t e r m i n e  t h e  c o s t  of 
ca rbon  d i o x i d e  d e l i v e r e d  a t  t h e  b o u n d a r y  l i m i t s  o f  t h e  r e s e r -  
v o i r ,  a p o r t i o n  of  t h i s  c o s t  namely  t h a t  of  p u r c h a s i n g  t h e  
ca rbon  d i o x i d e  c a n  n o t  be d e v e l o p e d  w i t h i n ' t h e  s c o p e  of  t h i s  
s t u d y .  B e c a u s e  o f  t h i s ,  t h e r e  a r e  some s i z a b l e  c o s t s  n o t  
accoun ted  f o r  p a r t i c u l a r l y  i n  t h e  c a s e  of n a t u r a l l y  o c c u r r i n g  
d e p o s i t s  where s i z a b l e  c o s t s  could  be a s s o c i a t e d  w i t h  pu rchas ing  
t h e  carbon d i o x i d e  from t h e  owner and d r i l l i n g  t h e  w e l l s .  

A more comprehensive p i c t u r e  of t h e  carbon d i o x i d e  supp ly  s i t u a -  
t i o n  i s  needed ( i n c l u d i n g  more f u l l y  developed e c o n o m i c s ) .  T h i s  
r e q u r i e s  a more e x t e n s i v e  s u r v e y  of  t h e  a v a i l a b l e  s o u r c e s  of 
ca rbon  d i o x i d e  ( a s  compared t o  t h i s  r e p o r t ) .  T h e  su rvey  shou ld ,  
f o r  e x a m p l e ,  a t t e m p t  t o  ( d e f i n e  more c l e a r l y  t h e  s o u r c e s  and  
q u a n t i t i e s  of carbon d i o x i d e  a v a i l a b l e  from n a t u r a l  s o u r c e s .  I t  
w i l l  r e q u i r e  c o n t a c t i n g  g a s  p r o d u c e r s / p r o c e s s o r s  t o  d e t e r m i n e  
t h e  amount of  c a r b o n  d i o x i d e  which i s  c u r r e n t l y  b e i n g  v e n t e d  
from n a t u r a l  g a s  p r o c e s s i n g  u n i t s .  A t t e m p t s  w i l l  h ave  t o  be 
made t o  d e t e r m i n e  t h e  a m o u n t s ,  i f  a n y ,  a v a i l a b l e  f r o m  n o n -  
p r o d u c i n g  g a s  we l l s .  The s u r v e y  s h o u l d  a l s o  f o c u s  g r e a t e r  
a t t e n t i o n  on c a r b o n  d i o x i d e  from p r o c e s s  v e n t s  i n c l u d i n g  SNG 
plants. Specific attention should be given to SNG plants based 
on c o a l .  

Regional  maps for  t h e  v a r i o u s  s o u r c e s  s h o u l d  be p r e p a r e d  b a s e d  
on t h i s  su rvey .  These would c l e a r l y  d e f i n e  t h e  l o c a t i o n ,  t o t a l  
q u a n t i t i e s  and approximate  f low r a t e s  of t h e  v a r i o u s  s o u r c e s .  

Development of t h e  economic p i c t u r e  r e q u i r e s  d e f i n i t i o n  of  t h e  
c o s t s  of pu rchas ing  carbon d i o x i d e  o r  t h e  c o s t  o f  p r o d u c i n g  i t  
from n a t u r a l  s o u r c e s  - c o s t s  which & e r e  beyond t h e  scope of t h i s  
r e p o r t .  Deve lopmen t  o f  these c o s t s  w i l l  r e q u i r e  a s u r v e y  o f  
r e l i a b l e  s u p p l i e r s  t o  a s c e r t a i n  t h e  c o s t  o f  p u r c h a s i n g  c a r b o n  
d i o x i d e  on t h e  e x i s t i n g  marke t ,  and f o r  some n a t u r a l l y  o c c u r r i n g  
s o u r c e s  it w i l l  r e q u i r e  d e t e r m i n a t i o n  of  c o s t  d a t a  f o r  s o u r c e  
development  and t r a n s m i s s i o n  t o  t h e  p r o c e s s i n g  p l a n t .  
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The remaining a r e a s  of t h e  p i c t u r e ,  g a s  p r o c e s s i n g  and t r a n s p o r -  
t a t i o n ,  r e q u i r e  f u r t h e r  development ,  and t h e  c o s t s  should  be 
p r e s e n t e d  i n  a more g e n e r a l i z e d  m a n n e r .  For e x a m p l e ,  i n  t h e  
a r e a  of g a s  p r o c e s s i n g ,  e f f o r t  s h o u l d  be d i r e c t e d  a t  r e d u c i n g  
t h e  r ecove ry  c o s t  f o r  f l u e  g a s  s o u r c e s  p o s s i b l y  t h r o u g h  r e v i s e d  
p r o c e s s i n g  t e c h n i q u e s .  For  e a c h  s o u r c e ,  e s p e c i a l l y  n a t u r a l  
s o u r c e s ,  enough c a s e s  should  be s t u d i e d  so  t h a t  t h e  e f f e c t s  of 
p r e s s u r e ,  carbon d i o x i d e  c o n t e n t ,  i m p u r i t i e s  and t h e  q u a n t i t y  of 
g a s  t r e a t e d  can be de te rmined  and t aken  i n t o  accoun t .  

I n  t h e  a r e a  of g a s  t r a n s p o r t a t i o n ,  f u r t h e r  c o n s i d e r a t i o n  s h o u l d  
be g i v e n  t o  t h e  optimum means f o r  t r a n s p o r t i n g  t h e  g a s .  For 
example,  a s u b - c r i t i c a l  p i p e l i n e  might r e s u l t  i n  t h e  lowes t  c o s t  
o f  t r a n s -  p o r t a t i o n  f o r  s m a l l e r  q u a n t i t i e s  over s h o r t  d i s t a n c e s ,  
whereas ,  a s u p e r c r i t i c a l  p i p e l i n e  would be optimum fo r  a d i f f e r -  
e n t  set  of c o n d i t i o n s .  

Based  on t h i s  c o m p r e h e n s i v e  s u p p l y  and e c o n o m i c  p i c t u r e ,  a 
p e r s o n  w i t h  a known c a n d i d a t e  o i l  r e s e r v o i r  and a c e i l i n g  p r i c e  
f o r  carbon d i o x i d e  c o u l d  d e t e r m i n e  t h e  l o c a t i o n ,  and a v a i l a b i l -  
i t y  of c a r b o n  d i o x i d e  a t  t h e  c e i l i n g  p r i c e .  C o n v e r s e l y r  a 
p e r s o n  w i t h  a k n o w n  s o u r c e  and d e s t i n a t i o n  would be ab le  t o  
d e t e r m i n e  t h e  d e l i v e r e d  c o s t  of carbon d i o x i d e  a t  t h e  c a n d i d a t e  
f i e l d .  T h u s ,  it is a p p a r e n t  t h a t  s u c h  i n f o r m a t i o n  would be of 
g r e a t  u t i l i t y  i n  t h e  a r e a  o f  e n h a n c e d  o i l  r e c o v e r y  by c a r b o n  
d i o x i d e  m i s c i b l e  f l o o d i n g .  

I' 
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I X .  APPENDIX 

A. PHYSICAL AND EOUILIBRIUM PROPERTIES OF CARBON D I O X I D E  

Sources f o r  t h e  p h y s i c a l  and  e q u i l i b r i u m  p r o p e r t i e s  of  c a r b o n  
d i o x i d e  a re  numerous, and t h e  c o n s i s t e n c y  among t h e s e  sources is 
v e r y  good .  The recommended p r i m a r y  s o u r c e  i s  t h e  t a b u l a t i o n  
g i v e n  by V a r g a f t i k  ( 1 9 7 5 ) .  B e s i d e s  t h e  bas ic  p h y s i c a l  and t h e r -  
modynamic f u n c t i o n s  , t h i s  source i n c l u d e s :  

- v i s c o s i t y  and the rma l  c o n d u c t i v i t y  d a t a  f o r  b o t h  t h e  l i q u i d  
and g a s  phases .  

- d a t a  on t h e  v e l o c i t y  o f  sound and t h e  a d i a b a t i c  exponen t .  

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

An a l t e r n a t e  source f o r  t h e  b a s i c  t h e r m o d y n a m i c  p r o p e r t i e s  is 
Din ( 1 9 6 2 ) .  T h i s  l a t t e r  s o u r c e  a l s o  i n c l u d e s  d a t a  on t h e  s o l i d -  
v a p o r  s a t u r a t i o n  p r o p e r t i e s  w h i c h  a r e  n o t  c o n t a i n e d  i n  t h e  
p r i m a r y  r e f e r e n c e .  

For t h e  m e l t i n g  l i n e  of carbon d i o x i d e  u s e  t h e  e q u a t i o n  ( M i c h e l s  
e t  a l .  1 9 4 2 ) :  

l o g l o  ( P  + 3515) = 2.86702 l o g l o  T - 3.1498832 

where P i s  i n  a tmosphe res  and T i s  i n  Ke lv in .  

N o t  e x p l i c i t l y  g i v e n  i n  e i t h e r  o f  t h e  two r e f e r e n c e s ,  b u t  
a l l u d e d  t o  e l s e w h e r e  i n  t h e  l i t e r a t u r e  (See V u k a l o v i c h  a n d  
A l t u n i n ,  1 9 6 8 )  i s  t h e  a b n o r m a l  b e h a v i o r  of c a r b o n  d i o x i d e  i n  t h e  
s u p e r c r i t i c a l  r eg ion .  

The d i s c u s s i o n  below is b a s e d  on a l i m i t e d  amount  o f  i n f o r m a -  
t i o n  , almost e x c l u s i v e l y  from t h e  Russ i an  t e c h n i c a l  l i t e r a t u r e .  

P h a s e  Behavior  o f  Carbon Dioxide  a t  Supercr i t i c a l  Tempera tu res  

The phase  s e p a r a t i o n  boundary below t h e  c r i t i c a l  t e m p e r a t u r e  i s  
e a s i l y  d e t e r m i n e d  e x p e r i m e n t a l l y  and  no a b n o r m a l  b e h a v i o r  is  
n o t e d .  I t  h a s  been suggest .ed,  however, t h a t  a l i q u i d / v a p o r  ( g a s )  
p h a s e  t r a n s i t i o n  o c c u r s  i n  t h e  s u p e r c r i t i c a l  r e g i o n  a l s o .  T h i s  
t r a n s i t i o n  r e s u l t s  from a s t r u c t u r a l  c h a n g e ,  and a s  o p p o s e d  t o  
t h e  s u b c r i t i c a l  r e g i o n ,  t h e  t r a n s i t i o n  is a c o n t i n u o u s  o n e .  No 
d i r e c t  v i s u a l  o b s e r v a t i o n  o f  s u c h  a p h a s e  c h a n g e  h a s  b e e n  
r e p o r t e d .  N e v e r t h e l e s s ,  a c c u r a t e  o p t i c a l  a n d  a c o u s t i c  
measurements  s t r o n g l y  s u g g e s t  such a change.  
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A r i g o r o u s  t h e o r e t i c a l  a n a l y s i s  ( K a l a f a t i ,  1 9 6 1 )  s h o w s  t h a t  a 
s u p e r c r i t i c a l  p h a s e  t r a n s i t i o n ,  i f  i t  is  p r e s e n t  a t  a l l ,  m u s t  
o c c u r  i n  a r e g i o n  bounded by t h e  l i n e  of maxima of C p  a l o n g  t h e  
i s o b a r s ,   and^ t h e  l i n e  of maxima of t h e  d e r i v a t i v e  (a v / a T ) p .  A 
d e t a i l e d  a n a l y s i s  of t h e  d a t a  i n  V a r g a f t i k  (1975)  shows t h a t  fo r  
a l l  p r a c t i c a l  p u r p o s e s  these two l i n e s  of maxima c o i n c i d e .  T h e  
d o t t e d  l i n e  i n  F i g u r e  I X - 1  h a s  b e e n  d rawn  on  t h i s  a s s u m p t i o n ,  
and  r e p r e s e n t s  t h e  boundary a l o n g  which a phase t r a n s i t i o n  based  
o n  s t r u c t u r a l  c h a n g e  i s  b e l i e v e d  t o  o c c u r .  A l s o  i n c l u d e d  i n  
F i g u r e  I X - 1  i s  t h e  c o n v e n t i o n a l  p o r t i o n  of  t h e  v a p o r  p r e s s u r e  
c u r v e  of ca rbon  d i o x i d e .  
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B. U . S .  BUREAU OF M I N E S  DATA 'FOR NATURALLY OCCURRING CARBON D I O X I D E  

S ince  t h e  e a r l y  1 9 5 0 ' s ,  t h e  U . S .  Bureau of M i n e s  has  p e r i o d i c a l l y  
pub1 i shed  a n a l y s e s  of n a t u r a l  g a s  samples  s e n t  i n  v o l u n t a r i l y  from 
a l l  ove r  t h e  Uni ted  S t a t e s .  Purpose of t h i s  p r o j e c t  was p r i m a r i l y  
t o  l o c a t e  he l ium;  however,  t h e s e  t a b u l a t i o n s  a r e  b e l i e v e d  t o  i n d i -  
c a t e  f a i r l y  w e l l  where h igh-carbon d i o x i d e  n a t u r a l  g a s  r e s e r v o i r s  
may be l o c a t e d .  Some d a t a  on p r e s s u r e  and f l o w  r a t e  a p p e a r s  i n  
t h e  t a b u l a t i o n s ,  b u t  t h e s e  d a t a  a r e  s p o t t y  a t  b e s t .  The f o l l o w i n g  
i n d i c a t e s  t h e  r e l a t i v e l y  l o w  i n c i d e n c e  o f  h i g h - c a r b o n  d i o x i d e  
we l l s  found by t h e  Bureau of M i n e s .  

I 
Number Number Numbe r Number 

o f  Wells of Source  w i t h  w i t h  
Year Sampled S t a t e s  c o p  5% C 0 2  >30% 

1951 
1957 
1963 
1972 

1 ,940  
1 ,456  
1 , 2 1 3  

236 - 

30 108 38 
27  48 2 2  
23 74 2 4  

11 3 22  - - - 

T o t a l  4 ,845 -- 2 4 1  87 
% o f  T o t a l  100 -- 4.97 1.80 

Of t h e  87 wel l s  t e s t i n g  h i g h e r  t han  30 p e r c e n t  carbon d i o x i d e ,  t h e  
Bureau of M i n e s  r e c e i v e d  p r e s s u r e  and "open  f l o w "  r a t e  d a t a  on 
o n l y  2 6  wells ( 0 . 5  p e r c e n t  of t o t a l  w e l l s ) .  Loca t ion  of these was 
i n  t h e  f o l l o w i n g  s t a t e s :  

C O l O K a d O  ... 8 
N e w  Mexico.. . 2 
IJtah ... 2 
Wyoming ... 1 

Montana ... 1 
(West) Texas  . . . 8 
West V i r g i n i a  ... 3 
M i s s i s s i p p i  ... 1 

I t  a p p e a r s  t h a t  t h e  l a r g e s t  r e s e r v o i r s  o f  h i g h - c a r b o n  d i o x i d e ,  
n a t u r a l  g a s s e s  a r e  i n  t h e  Rocky M o u n t a i n  s t a t e s  ( o n  t h e  l e f t  
a b o v e ) .  S u b s t a n t i a l  amounts a r e  i n  nearby  West Texas ( e . g . ,  thost? 
be ing  used  f o r  S A C R O C ) .  Flow of t h e  West V i r g i n i a  wells was r e l a -  
t i v e l y  s m a l l ,  a s  was t h e  one r e p o r t e d  f o r  M i s s i s s i p p i .  
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C .  CANDIDATE CARBON D I O X I D E  ENHANCED O I L  RECOVERY FIELDS 

T h i s  sec t ion  i n c l u d e s  t h e  f o l l o w i n g  t a b l e s :  

Tab le  I X - 1  - Cand ida te  F i e l d s  With  Reservoir T h a t  Meet GURC 
C r i t i c a l  Pa rame te r s  for Misc ib le  C 0 2 .  

T a b l e  IX-2 - Carbon Dioxide  M i s c i b l e  Flooding - Cand ida te  
F i e l d / R e s e r v o i r s  Located i n  Producing Trends  or 
Areas .  

n 
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TABLE I X - 1  

CANDIDATE FIELDS WITH RESERVOIRS THAT 
MEET GURC CRITICAL PARAMETERS FOR MISCIBLE C02* 

ARKANSAS 
Smackover  

CALIFORNIA 
C o a s t a l  Area 

V e n t  ura  
L O s  A n g e l e s  B a s i n  Area 

C h e v i o t  H i l l s  
C o y o t e  West 
Dominquesz  
I n g l e w o o d  
Los C i e n e g a s  
Long Beach  
L o s  A n g e l e s  Downtown 
M o n t e b e l l o  . 
Rose c r a  n s  
S a n t a  Fe S p r i n g s  
S e a 1 , B e a c h  
W h i t t  i e r  
W i  l m i n g t o n  

S a n  J o a q u i n  V a l l e y  
E l k  H i l l s  
M c K i t t r i c k  
Midway S u n s e t  

C OLO R A D 0  
Adena  

FLORIDA 
J a y  

C 1  a y  
Ea l e  
Io l a  

ILLINOIS 
C o n s o l i d a t e d  
c o n s o l i d a t e d  
C o n s o l i d a t e d  

LOUISIANA 
N o r t h  O n s h o r e  

D e l h i  S o u t h  
D e l h i  West 
D e l h i - W e s t  D e l h i  

S o u t h  P a s s  B lock  24  
S o u t h  P a s s  B l o c k  2 7  
West D e l t a  B lock  30 

S o u t h  O n s h o r e  
Avery  I s l a n d  

Bay d e  Chene  
Bay S t .  E l a i n e  
B l a c k  Bay West 
C a i l l o u  I s l a n d  
Cote B l a n c h e  I s l a n d  

O f f s h o r e  

LOUISIANA ( C o n t d . )  
Garden  I s l a n d  Bay 
Grand  Bay 
L a f i t t e  
Lake  Washing  t o n  
T i m b a l i e r  Bay 
V e n i c e  
Weeks I s l a n d  (Shel l /ERDA p i l o t )  
West Bay 
West Cote B l a n c h e  

MISSISSIPPI  
B a x t e r v i l l e  
B r o o k h a v e n  
E u c u t t a  E a s t  
E u c u  t t a  West 
La G r a n g e  
L i t t l e  C r e e k  ( S h e l l  p i l o t )  
M a l l a l i e u  E a s t  
M a l l a l i e u  West 
P i c k e n s  
T i n s l e y  
West Yellow C r e e k  

MONTANA 
C u t  Bank 
C u t  Bank West 

NEW MEXICO 
Arrowhead 
B i s t i  
C a p r o c k  
E m p i r e  
Eumont 
E u n i c e  S o u t h  
E-K 
G r a y b u r g  
Hobbs 
L a n g l i e - M a t t i x  
Loco H i l l s  
Lov ing  t o n  
L o v i n g t o n  West 
Lynch 
M a l  j a m a r  
P e a r l  
P e n r o s e - S k e l l y  
Rhodes  
S h u g a r t  
S k a g g s  
S q u a r e  Lake  
Vacuum 
W i l s o n  

* L i s t  s E 1 -  A l a n  Lohse ,  GURC - O c t o b e r  15 ,  1976 
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TABLE IX-1 

CANDIDATE FIELDS WITH RESERVOIRS THAT 
MEET GURC CRITICAL PARAMETERS FOR MISCIBLE CO2 

( CONTD.) 

OKLAHOMA 
Apache  
B u r b a n k  
Cement  
G o l d e n  T r e n d  
He a l d t o n  
J e n n i n g s  
M a y s v i l l e  East  
Oklahoma City ' 

P o s t l e  Eas t  
s h o-Ve 1 -Turn 
S o o n e r  T r e n d  
V e  lma 

TEXAS 
D i s t r i c t  1 

B i g  F o o t  
B i g  Wells 
H i l b i g  
S a n  M i g u e l  C r e e k  

D i s t r i c t  2 
C 1  a y t o n  
Gre ta  
Gre ta  Deep 
Gre ta  N o r t h  
H e l e n  G o h l k e  
H e y s e r  
L a k e  P a s t u r e  
Ma u r b r o  
Tom 0 C o n n e r  
West Ranch 

Dis t r ic t  3 
A n a h u a c  
C l e a r  L a k e  
C o n r o e  
D i c k i n s o n  
G i l l o v k  
Has  t i n g s  
Magnet  W i t h e r s  
Magnet  W i t h e r s  S o u t h  
O l d  O c e a n  
O y s t e r  Bayou 
P i e r c e  J u n c t i o n  
S a r a t o g a  
Thompson 
Thompson N o r t h  
Thompson S o u t h  
T o m b a l l  
T r i n i t y  Bay 
T r i n i t y  Bay 
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TEXAS (CONTD.) 
D i s t r i c t  3 ( C o n t d . )  

V i l l a g e  Mills E a s t  
W e b s t e r  

District  4 
A l a z a n  N o r t h  
Bo r r e g o s  
K e l s e y  
K e l s e y  E a s t  
K e l s e y  S o u t h  
P lymouth .  
R i  c o n  
S e e 1  i g s o n  
S t  r a t  t o n  

D 

D 

S u n  
Tijerina-Canales-Blucher 
W i l  lamar West 

Van 

'East  T e x a s  
F a i r w a y  
Hawkins  
N e c h e s  
s t r i c t  78  
Nena LUCia 
Round T o p  
s t r i c t  7C 
McCamey 
Todd Deep 

Di s t r i c t  8 
A n d e c t o r  
B l o c k  31 
Cowden N o r t h  
Cowden S o u t h  
Cowden s o u t h - F o s t e r  
Cowden S o u t h - J o h n s o n  
Crosset t  (Shell-SACROG 

B r a n c h  L i n e )  
Do 1 l a r h  i d e  
Dune 
F u l l e r t o n  
F u l l e r t o n  E a s t  
F u l l e r t o n  N o r t h  
F u l l e r t o n  S o u t h  
F u l l e r t o n  S o u t h e a s t  
Go ldsm it  h 
G o l d s m i t h  E a s t  
G o l d s m i t h  N o r t h  
G o l d s m i t h  N o r t h w e s t  

D i s t r i c t  5 

Dis t r i c t  6 



TABLE I X - 1  

CANDIDATE FIELDS WITH RESERVOIRS THAT 

( CONTD. ) 
MEET GURC CRITICAL PARAMETERS FOR MISCIBLE C02 

TEXAS (CONTD. ) 
Dis t r ic t  8 ( C o n t d . )  

G o l d s m i t h  West 
Howard-Glasscock 
Keys t o n e  
Mabee 
McElroy 
Means 
Means E a s t  
Means N o r t h  
Means S o u t h  
Mid land  Farms Eas t  
Mid land  Farms N o r t h e a s t  
Mid land  Farms S o u t h e a s t  
Mid land  Farms West 
P e c o s  V a l l e y  
Sand  H i l l s  
Ward -Es te s  N o r t h  

Dis t r ic t  8A 
C o g d e l l  Area 
Diamond M 
K e l l y - S n y d e r  (SACROC) 
L e v e l  l a n d  
P r e n t i c e  
S a l t  C r e e k  
S e m i n o l e  
S e m i n o l e  E a s t  
S e m i n o l e  N o r t h  
S e m i n o l e  N o r t h w e s t  
S e m i n o l e  S o u t h w e s t  
S e m i n o l e  West 
S1  a u g h t e r  
S p r a b e r r y  
S p r a  b e r r y  West 

UTAH 
A 1  t amon t  
G r e a t e r  Ane th  
Red Wash 

WYOMING 
Byron 
E lk  b a s i n  
Four bea  r 
G a r l a n d  
S a l t  Creek  
T e a p o t  e a s t  
T e a p o t  Nava l  P e t r o l e u m  

Reserve 3 
T e a p o t  O u t s i d e  R e s e r v e  

Wasson 

Wasson N o r t h e a s t  p i l o t  t e s t s  w i t h  
Wasson E a s t  

Wasson N o r t h  
Wasson S o u t h e a s t  

S h e l l  O i l  P l a n n i n g  

t r u c k e d  C02 I 
Wasson 6 6  
Wasson 7 2  
Welch 

F a r n s w o r t h  
P a n h a n d l e  f i e l d  

District  1 0  

2 S h e l l  t e s t i n g  
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