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ABSTRACT 

T h i s  r e p o r t  p r e s e n t s  r e s u l t s  from a comprehensive 

s t u d y  by Pullman Kel logg ,  w i t h  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 (GURC) and N a t i o n a l  

Cryo-Chemics I n c o r p o r a t e d  ( N C I ) ,  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  f o r  miscible f l o o d i n g  o p e r a t i o n s  t o  

enhance o i l  r ecove ry .  

A su rvey  of carbon d i o x i d e  s o u r c e s  w i t h i n  t h e  

geograph ic  areas of p o t e n t i a l  EOR a re  shown on f o u r  

r e g i o n a l  maps w i t h  t h e  t a b u l a r  data  f o r  each  r e g i o n  

t o  describe t h e  s o u r c e s  i n  terms o f  q u a n t i t y  and q u a l i t y  

E v a l u a t i o n  o f  a l l  t h e  costs, such  as  pu rchase ,  pro-  

d u c t i o n ,  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 ,  a s s o c i a t e d  w i t h  

d e l i v e r i n g  t h e  ca rbon  d i o x i d e  from i t s  s o u r c e  t o  its 

d e s t i n a t i o n  are p r e s e n t e d .  

S p e c i f i c  cases t o  i l l u s t r a t e  t h e  u s e  o f  t h e  maps 

and cost  c h a r t s  g e n e r a t e d  i n  t h i s  s t u d y  have been ex- 

amined * 
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1. SUMMARY 

Th i s  r e p o r t  concludes  t h e  s t u d y  by Pullman Kellogg on 

s o u r c e s  and d e l i v e r y  o f  carbon d i o x i d e  for  enhanced o i l  re- 

covery  ( E O R ) .  I nc luded  i n  t h i s  s t u d y  a r e  a l l  s i g n i f i c a n t  

s o u r c e s  of  aboveground and n a t u r a l l y  o c c u r r i n g  carbon diox-  

i de .  These are  i d e n t i f i e d  on f o u r  r e g i o n a l  maps. Q u a n t i t y  

and q u a l i t y  of t h e s e  s o u r c e s  have been t a b u l a t e d  t o  t h e  ex- 

t e n t  o f  a v a i l a b i l i t y  of t h e  d a t a  and t h e  costs a s s o c i a t e d  w i t h  

d e l i v e r i n g  t h e  carbon d i o x i d e  from i t s  s o u r c e  t o  i t s  d e s t i n -  

a t i o n  f o r  EOR have been developed and are p r e s e n t e d ,  a s  f a r  

as  p o s s i b l e ,  g r a p h i c a l l y .  These costs i n c l u d e  pu rchase ,  pro-  

d u c t i o n ,  p r o c e s s i n g  of impure s o u r c e s  and t r a n s p o r t a t i o n  c o s t s .  

The o i l  f i e l d s  s u i t a b l e  for  EOR by C 0 2  miscible f l o o d i n g  i n  

West Texas,  South M i s s i s s i p p i  and South Lou i s i ana  have been 

used  as  s p e c i f i c  cases t o  show examples of t h e  use  of t h e  

maps and c o s t  c h a r t s  developed for  e v a l u a t i n g  t h e  cost of C 0 2  

f o r  EOR. 

A d i s c u s s i o n  and map of C02  s o u r c e s  i n  t h e  Los Angeles  

Bas in  area i s  i n c l u d e d  i n  t h i s  r e p o r t .  Th i s  i n f o r m a t i o n  i s  

p r e s e n t e d  from t h e  s t u d y  by Lawrence-Allison and Associates (28)  

Corpora t ion  under  DOE c o n t r a c t  No-EF-77-C-03-1582. 

The r e s u l t s  o f  t h e  survey  of CO s o u r c e s  are shown on  
2 

f o u r  r e g i o n a l  maps f o r  convenience  i n  e s t a b l i s h i n g  p r a c t i c a l  

-2- 
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C 0 2  s u p p l i e r - u s e r  p a i r s .  

d e p o s i t s ,  i n d u s t r i a l  s o u r c e s  such a s  p r o c e s s  and cement p l a n t s ,  

n a t u r a l  g a s  t r e a t i n g  p l a n t s ,  SNG p l a n t s ,  r e f i n e r i e s  and pow= 

p l a n t s .  

CO 

of 28.4 BSCFD, shortages o f  CO2 f o r  the West Texas oil f i e l d s  

cou ld  deve lop  i f  a c t u a l  demand f o r  C 0 2  r eaches  l e v e l s  p r o j e c t e d  

i n  t h i s  r e p o r t .  

The s o u r c e s  cons ide red  are n a t u r a l  

The survey  i n d i c a t e s  t h a t  a l though  t h e  p o t e n t i a l  peak 

demand of 7 -11  BSCFD cou ld  be m e t  from t h e  t o t a l  C 0 2  Supply 
2 

GURC h a s  made a g e o l o g i c  a p p r a i s a l  and economic a n a l y s i s  

of n a t u r a l l y  o c c u r r i n g  C 0 2  s o u r c e s  o f  t h e  McElmo Dome and 

Sheep Mountain a r e a s  i n  Colorado,  N o r t h e a s t  New Mexico area and 

Jackson Dome a r e a  i n  M i s s i s s i p p i .  

r a te  and t h e  w e l l  r e s e r v e  s i z e  on t h e  DCFRR a t  CO 2 p r i c e  o f  $0 .25  

The e f f e c t  of  t h e  w e l l  f low 

and $0 .50  p e r  MSCF i s  p r e s e n t e d  g r a p h i c a l l y .  

The p r e s e n t  cos t  of pu rchas ing  C02  v a r i e s  from a l o w  o f  

$1-2/Ton f o r  power p l a n t  s t a c k  source  t o  a h i g h  of $15-20/Ton 

F.O.B. p l a n t  f o r  a l i q u i d  C02 p l a n t  sou rce .  

s o u r c e s  s u c h  a s  ammonia p l a n t  v e n t s  command h i g h e r  p r i c e s  fo r  

C 0 2  t h a n  l o w  p u r i t y  s o u r c e s  l i k e  f l u e  g a s  s t a c k s  from power 

p l a n t s .  

High p u r i t y  C02 

The c o s t s  of p u r i f i c a t i o n  of contaminated  n a t u r a l l y  oc- 

c u r r i n g  C 0 2  s o u r c e s  are developed u s i n g  p h y s i c a l  s o l v e n t  pro-  

cess, c a l l e d  s e l e x o l  system.* These costs are p r e s e n t e d  

* Allied Chemical process. 
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g r a p h i c a l l y  t o  show t h e  e f f ec t  of s o u r c e  p r e s s u r e ,  s o u r c e  

q u a l i t y  and t h e  c a p a c i t y  of t h e  p r o c e s s i n g  p l a n t  on DCFRR. 

The p u r i f i c a t i o n  c o s t s  f o r  r e c o v e r i n g  CO from power p l a n t  

s t acks  are p r e s e n t e d  and compared u s i n g  chemica l ly  r e a c t i v e  

system (MEA) and p h y s i c a l  s o l v e n t  sys tem ( s e l e x o l ) .  The 

r ecove ry  c o s t s  fo r  125 MMSCFD of C02 c a p a c i t y  v a r y  from $0.60/ 

MSCF to  $1.03/MSCF f o r  a MEA system and from $1.97/MSCF t o  $2.96/ 

MSCF f o r  a s e l e x o l  u n i t  u s i n g  a 1 0 %  - 2 5 %  DCFRR. The c o s t  o f  

2 

compression f o r  CO s o u r c e  t h a t  i s  of h i g h  p u r i t y  b u t  needs 

compression from n e a r  a tmosphe r i c  p r e s s u r e  t o  2000 p s i g  i s  

p r e s e n t e d  g r a p h i c a l l y .  The p rocedure  i s  g iven  t o  e v a l u a t e  t h e  

cost  of compression f o r  t h e  h i g h  p u r i t y  sou rce  w i t h  h ighe r  

2 

t h a n  atmospheric i n i t i a l  p r e s s u r e .  

For e v a l u a t i n g  t r a n s p o r t a t i o n  c o s t s ,  three p i p e l i n e  s y s -  

2 t e m s  a r e  examined as p o s s i b l e  c a n d i d a t e s  f o r  t r a n s p o r t i n g  CO 

for  enhanced o i l  r ecove ry .  The t h r e e  p i p e l i n e  sys tems s t u d i e d  

are:  

1. The s u p e r c r i t i c a l  p i p e l i n e  sys tem 

2. The s u b c r i t i c a l  p i p e l i n e  sys tem 

3 .  The l i q u i d  p i p e l i n e  system 

2 Each p i p e l i n e  system has  been des igned  t o  t r a n s p o r t  CO 

from t h e  s o u r c e  a r e a  t o  t h e  o i l  r e c o v e r y  s i t e .  From t h e s e  

des igned  p i p e l i n e  sys tems,  t h e  most f e a s i b l e  p i p e l i n e  sys tem 
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for C02 t r a n s p o r t a t i o n  i s  de termined  u s i n g  an economic ana ly -  

s i s  which compares f i x e d  c a p i t a l  costs ,  as w e l l  as d i r e c t  and 

i n d i r e c t  o p e r a t i n g  c o s t s .  The c o n c l u s i o n  from t h i s  a n a l y s i s :  

i s ,  as  may be  e x p e c t e d ,  t h e  use  o f  t h e  s u p e r c r i t i c a l  p i p e l i n e  

system f o r  C 0 2  t r a n s p o r t a t i o n .  F i g u r e s  and graphs  a re  p re -  

s e n t e d  t o  de t e rmine  C 0 2  p i p e l i n e  t r a n s p o r t a t i o n  c o s t s  u s ing  

t h e  s u p e r c r i t i c a l  p i p e l i n e  system. Th i s  d a t a  i s  p r e s e n t e d  i n  

such a manner t h a t  v i r t u a l l y  a l l  C 0 2  t r a n s p o r t a t i o n  c o s t s ,  f o r  

p i p e l i n e  l e n g t h s  up t o  500  miles,  can  be  e s t i m a t e d ,  r e g a r d l e s s  

of t e r r a i n  and e l e v a t i o n  e f f e c t s .  

S p e c i f i c  cases p r e s e n t e d  i n  t h i s  r e p o r t  conclude  t h a t  

t h e  inves tmen t  c o s t s  f o r  producing  n a t u r a l  CO 2 c a n  n o t  be  es- 

t i m a t e d  w i t h  h i g h  degree  of conf idence  because  o f  t h e  u n c e r t a i n  

f a c t o r s  such  a s ,  w e l l  r e s e r v e  s i z e ,  f lowing  w e l l  head p r e s s u r e ,  

w e l l  d e l i v e r a b i l i t y ,  and a c t u a l  d r i l l i n g  c o s t s .  

n a t u r a l  C02 contaminated  w i t h  H2S i s  h igh  because  of t h e  h i g h  

p u r i f i c a t i o n  c o s t .  

o f  t h e  o i l  f i e l d  cou ld  be  used as a C 0 2  s o u r c e  b u t  a s i n g l e  

power p l a n t  s o u r c e  probably  can  n o t  supp ly  s u f f i c i e n t  C 0 2  f o r  

a comple te  EOR p r o j e c t .  C 0 2  from ammonia p l a n t  v e n t s  i s  o f  

h i g h  p u r i t y  b u t  compression costs and purchase  c o s t s  can  be 

s u b s t a n t i a l .  

should be considered for  economic analysis. 

T o t a l  c o s t  o f  

Powar p l a n t  s t a c k  g a s  s o u r c e  i n  t h e  v i c i n i t y  

Alternate S ~ B G  of C02 such as power plant stacks 
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2 . 1  GENERAL DESCRIPTION k3 
M i s c i b l e  f l o o d i n g  has  been i n v e s t i g a t e d  a s  a p o s s i b l e  

a l t e r n a t e  f o r  r e c o v e r i n g  oil from d e p l e t e d ,  water -out  reser- 

v o i r s .  Data from t h e  l a b o r a t o r y  tes ts  and f i e l d  tests 

appear  t o  conf i rm t h e  a p p l i c a b i l i t y  o f  carbon d i o x i d e  (COz)  

a s  a material c a p a b l e  o f  r e c o v e r i n g  a d d i t i o n a l  q u a n t i t i e s  

of o i l  from such  r e s e r v o i r s .  P r e l i m i n a r y  e x t i n a t e s  i n d i c a t e  

t h a t  5 - 1 0  b i l l i o n  b a r r e l s  of o i l  cou ld  be  produced from 

enhanced o i l  r ecove ry  by C 0 2  f l o o d i n g .  

upwards o f  4 0  - 50 t r i l l i o n  s t a n d a r d  c u b i c  f e e d  (TSCF)  of  

T h i s  might  r e q u i r e  

C u r r e n t  r e s e a r c h  and f i e l d  tests shou ld  r e s o l v e  some 

of  t h e  q u e s t i o n s  conce rn ing  t h e  p r o c e s s  o f  m i s c i b l e  f lood-  

i n g  by C 0 2  so t h a t  economic e v a l u a t i o n s  c a n  be made more 

re l iable .  

on t h e  a v a i l a b i l i t y  and t h e  c o s t  of  COz.  

F u t u r e  p l a n s  fo r  EOR by C 0 2  f l o o d i n g  w i l l  depend 

Th i s  r e p o r t  by 

Pullman Kel logg is a comprehensive e v a l u a t i o n  of t h e  supply 

and cost  o f  C02 f o r  EOR. 
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2 . 2  F I R S T  PHASE SUMMARY 

Pullman Kel logg,  w i t h  a s s i s t a n c e  from Gulf U n i v e r s i t i e s .  

(19) on Research Consortum ( G U R C ) ,  completed t h e  f i r s t  s t u d y  ~ 

t h e  supp ly  of  carbon d i o x i d e  f o r  enhanced o i l  r ecove ry  ( E O R ) ,  

i n  September,  1977. This  s t u d y  was conducted f o r  t h e  United 

S t a t e s  Department of Energy (DOE) under  t h e  c o n t r a c t  EX-76-C- 

01-2515. The s t u d y  d e a l t  w i t h  t h e  i d e n t i f i c a t i o n  o f  c a n d i d a t e  

o i l  r e s e r v o i r s  s u i t a b l e  f o r  EOR by use  o f  C 0 2  s o u r c e s ,  c o s t s  

a s s o c i a t e d  w i t h  t h e  p u r i f i c a t i o n  o f  impure C 0 2  s o u r c e s ,  and 

w i t n  t h e  c o s t  o f  t r a n s p o r t a t i o n  of C 0 2  t o  c a n d i d a t e  o i l  res- 

e r v o i r  f o r  EOR. I n  a d d i t i o n ,  the s t u d y  inc luded  an i n v e s t i -  

g a t i o n  of  s o u r c e s  f o r  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  o f  

carbon d i o x i d e .  

T i m e  and funding  had l i m i t e d  t h e  e x t e n t  of t h e  s t u d y  t o  

a broadscope ,  o r i e n t a t i o n  t y p e  r e p o r t .  The c a n d i d a t e  o i l  

f i e l d s  f o r  EOR were s e l e c t e d  by GURC on t h e  b a s i s  o f  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  condi -  

t i o n s .  These 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 ,  were mapped 

and t a b u l a t e d  and were i n c l u d e d  i n  t h e  f i r s t  phase r e p o r t .  

Aboveground C02 s o u r c e s ,  c o n s i s t i n g  of  power p l a n t  s t a c k  g a s ,  

cement p l a n t  s t a c k  g a s  and chemical  p l a n t  v e n t s ,  were t a b u l a t e d  

t o  i n d i c a t e  t h e  approximate t o t a l  q u a n t i t y  o f  C02 a v a i l a b l e  

i n  each  o f  t h e  t h i r t e e n  s t a t e s  c o n s i d e r e d .  Exac t  l o c a t i o n  

of each  i n d i v i d u a l  s o u r c e ,  i t s  q u a n t i t y  and q u a l i t y  were n o t  

-8- 
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i d e n t i f i e d .  An e x h a u s t i v e  survey  for  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 0 2  w a s  n o t  done and t h e  s o u r c e s  were d e p i c t e d  

on t h e  map o n l y  t o  approximate geographic  l o c a t i o n  w i t h  

some q u a l i t a t i v e  assessments .  

The p u r i f i c a t i o n  of power p l a n t  f l u e  g a s ,  t o  r e c o v e r  

C 0 2 ,  w a s  d i s c u s s e d  u s i n g  a r e g e n e r a t i v e  s o l u t i o n  o f  MEA. 

A p h y s i c a l  s o l v e n t  p r o c e s s  ( S e l e x o l )  w a s  used t o  p u r i f y  

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 .  Two h y p o t h e t i c a l  c a s e s  s t u d i e d  

were s o u r c e s  c o n t a i n i n g  50% C 0 2  and 9 8 %  C 0 2  w i t h  and w i t h -  

o u t  2 %  H Z S  i m p u r i t y ,  and t h e  b a l a n c e  b e i n g  Methane ( C H 4 ) .  

Cos t s  of development o f  n a t u r a l  s o u r c e s  were n o t  de te rmined .  

T r a n s p o r t a t i o n  c o s t s  were de termined  f o r  a few h y p o t h e t i c a l  

cases. Economic a n a l y s i s ,  u s i n g  s i m p l i f y i n g  assumpt ions ,  

w a s  done t o  de te rmine  t h e  approximate t o t a l  c o s t  of C 0 2  f o r  

EOR by misc ib le  f l o o d i n g  o p e r a t i o n s .  T h i s  a n a l y s i s  w a s  done 

f o r  t h e  v a r i o u s  aboveground and underground h y p o t h e t i c a l  

s o u r c e s  o f  C02. 

Although 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  were 

drawn from f i r s t  phase  s tudy .  Review o f  t h e  carbon d i o x i d e  

supp ly  s i t u a t i o n  i n  t h e  t h i r t e e n - s t a t e  r e g i o n  i n d i c a t e d  

t h a t  s u f f i c i e n t  C 0 2  i s  a v a i l a b l e  from aboveground 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  EOR. Power p l a n t  

and cement p l a n t  s t a c k  g a s  s o u r c e s  are t h e  most widespread  

and abundant  aboveground s o u r c e s .  However, t h e  q u a l i t y  o f  

-9- 
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t h e s e  s o u r c e s  i s  l o w ,  t y p i c a l l y  less t h a n  20% COz,  r e s u l t i n g  

i n  h i g h e r  p u r i f i c a t i o n  c o s t s .  

s o u r c e s  o f  C 0 2  are p r o c e s s  v e n t s  from chemical  p l a n t s ,  such 

as ammonia p l a n t s .  

The h i g h e s t  q u a l i t y  aboveground 

The s t u d y  a l so  concluded t h a t  n a t u r a l  s o u r c e s  of  C02  

have g r e a t  p o t e n t i a l  f o r  EO2 a p p l i c a t i o n .  The Four Corners  

a r e a  (Utah, Colorado,  Ar izona ,  N e w  Mexico) ,  S o u t h e a s t  Colo- 

r a d o ,  N o r t h e a s t  New Nexico and C e n t r a l  M i s s i s s i p p i  a r e a s  

seemed t o  have p o t e n t i a l  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 .  

However, t h e  s t u d 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  

m i g h t  n o t  supply a l l  the C 0 2  r e q u i r e d  for  EOR e f fo r t s .  

2.3 SCOPE O F  T H I S  =PORT 

. . ~ -  ... . . . . .. . 

The f i r s t  s t u d y  provided  a g e n e r a l  overview o f  t h e  C 0 2  

supp ly  s i t u a t i o n  f o r  EOR by 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 .  

However, a more comprehensive p i c t u r e  i s  needed w i t h  a f u l l y  

developed economic s t u d y .  

Th i s  r e p o r t  i s  t h e  r e s u l t  o f  t h e  second phase study -by F?iUman 

Kellogg,  a s s i s t e d  by GURC and N a t i o n a l  Cryo-Chemics, I n c .  

( N C I ) ,  conducted under  c o n t r a c t  EX-76-C-01-2515. I t  r e p r e -  

s e n t s  an e x t e n s i v e  e f f o r t  i n  deve lop ing  carbon 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  enhanced o i l  r ecove ry  by m i s c i b l e  f l o o d i n g .  

The o b j e c t i v e s  o f  t h e  s t u d y  are t h r e e f o l d  and i n c l u d e :  

-10- 
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1. 

2.  

3 .  

Mapping of a l l  s i g n i f i c a n t  s o u r c e s  of ca rbon  

d i o x i d e  o n  r e g i o n a l  maps i n  a q u a n t i t a t i v e  

manner so t h a t  th rough t h e  use  of t h e  maps 

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

terms of q u a n t i t y  and q u a l i t y  i s  a v a i l a b l e .  

E v a l u a t i o n  o f  a l l  t h e  costs a s s o c i a t e d  w i t h  

d e l i v e r i n g  t h e  carbon d i o x i d e  from i t s  s o u r c e  

t o  i t s  d e s t i n a t i o n .  These i n c l u d e  pu rchase ,  

p r o d u c t i o n ,  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  

c o s t s .  

As f a r  as  p o s s i b l e ,  t h e  cost  i n f o r m a t i o n  w i l l  

be p r e s e n t e d  g r a p h i c a l l y  so t h a t  by working 

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

costs a s s o c i a t e d  w i t h  d e l i v e r y  o f  carbon d i o x i d e  

from t h a t  s o u r c e  can  be developed.  

Examination of s e v e r a l  s p e c i f i c  c a s e s  t o  show 

examples of t h e  use  of t h e  maps and cost  charts 

g e n e r a t e d  i n  t h e  above d e s c r i b e d  o b j e c t i v e s .  

Emphasis has been p l a c e d  on p r e p a r a t i o n  of de t a i l ed  

r e g i o n a l  maps of t h e  carbon d i o x i d e  s o u r c e s  c o n s i s t i n g  of 

power p l a n t  s t a c k  g a s e s ,  cement p l a n t  stack g a s e s ,  p r o c e s s  

v e n t s ,  and n a t u r a l l y  o c c u r r i n g  C 0 2 .  

f e r m e n t a t i o n  p r o c e s s e s  and phosphate  manufac tur ing  i s  n o t  

c o n s i d e r e d  s i n c e  t h e s e  are de termined  t o  be  s o u r c e s  w i t h  

h i g h  p u r i f i c a t i o n  costs and low a v a i l a b i l i t y .  

By-product C 0 2  from 

The r e g i o n s  

I .  
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of C02 s o u r c e s  selected f o r  t h e  s t u d y  are b e l i e v e d  t o  be 

a r e a s . o f  g r e a t e s t  i n d u s t r y  i n t e r e s t  i n  EOR by CO misc ib le  

f l o o d i n g .  
2 

n 

A s e p a r a t e  map showing t h e  carbon d i o x i d e  s o u r c e s  i n  

t h e  L o s  Angeles Bas in  i s  i n c l u d e d  i n  t h i s  r e p o r t .  This  

( 2 8 )  map w a s  developed by Lawrence-Allison & A s s o c i a t e s  

Corpora t ion  under DOE c o n t r a c t  NO-EF-77-C-03-1582 f o r  t h e  

s t u d y  of  C 0 2  Recovery & T e r t i a r y  O i l  P roduc t ion  Enhancement 

i n  t h e  Los Angeles Basin.  

T h i s  s tudy  has focused on  d e t e r m i n i n g  a v a i l a b i l i t y  and 

I n d u s t r y  2 '  cost  of p r o d u c t i o n  of n a t u r a l  s o u r c e s  o f  CO 

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

by t h e  ongoing e x p l o r a t i o n  e f f o r t s  o f  major o i l  companies 

2 and o t h e r s  t o  l o c a t e ,  d e f i n e  and characterize n a t u r a l  CO 

r e s e r v o i r s  i n  terms o f  p r o d u c t i o n  r a t e s  and r e s e r v e s .  

S e v e r a l  s t a t e s ,  i n c l u d i n g  New Mexico, M i s s i s s i p p i ,  Utah and 

Colorado,  p r e s e n t l y  are b e l i e v e d  t o  have s u f f i c i e n t  r e s e r v e s  

t o  j u s t i f y  commercial i n t e r e s t .  

A comprehensive p i c t u r e  of a l l  t h e  costs,  a s s o c i a t e d  

w i t h  s u p p l y i n g  C02 from i t s  s o u r c e  t o  a c a n d i d a t e  o i l  reser- 

v o i r ,  i s  p r e s e n t e d .  These c o s t s  c o n s i s t i n g  o f  t h e  pu rchase ,  

p r o d u c t i o n ,  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  a r e  shown so t h a t  

-12- 



f a n  o i l  r e s e r v o i r  o p e r a t o r  can de te rmine  t h e  v a r i o u s  costs 

invo lyed  f o r  a p a r t i c u l a r  C 0 2  sou rce .  T h e r e f o r e ,  t h e  t o t a l  
'lrsrrl 

cost  of  C 0 2  f o r  EOR by m i s c i b l e  f l o o d i n g  can be e v a l u a t e d .  

An o p e r a t o r  can  compare t o t a l  c o s t  o f  t h e  v a r i o u s  s o u r c e s  

a v a i l a b l e  t o  him and c a n  de termine  t h e  most economical 

sou rce .  The i n t e n t  o f  t h i s  r e p o r t  i s  f o r  g e n e r a l  gu idance  

and f o r  u se  as  a s c r e e n i n g  t o o l  t o  locate  ava i lab le  s o u r c e s  

of C 0 2  and f o r  i n i t i a l  economic e v a l u a t i o n .  

c o n s i d e r i n g  EOR by.C02 misc ib le  f l o o d i n g  s t i l l  w i l l  have t o  

do t h e  f i n a l  e v a l u a t i o n .  A l l  i nves tmen t  c o s t s  and economic 

e v a l u a t i o n s  re f lec t  4 t h  q u a r t e r ,  1 9 7 8  p r i c e  levels  w i t h  a 

A n  o p e r a t o r  

25% accuracy .  

Impure s o u r c e s  o f  C 0 2  w i l l  r e q u i r e  p r o c e s s i n g  t o  up- 

g r a d e  t h e  q u a l i t y  of C 0 2 .  

t h e  p r o c e s s i n g  u n i t s  and t h e  r e s u l t s  of economic a n a l y s i s  

a re  p r e s e n t e d  g r a p h i c a l l y  for  C 0 2  c a p a c i t i e s  from 1 2 5  MMSCFD 

t o  500 MMSCFD. S e n s i t i v i t y  of t h e  p u r i f i c a t i o n  c o s t  t o  t h e  

q u a l i t y  of t h e  s o u r c e  and t o  t h e  p r e s s u r e  at which  t h e  s o u r c e  

i s  a v a i l a b l e  i s  a lsa  dep ic t ed  g r a p h i c a l l y .  

The c a p i t a l  i nves tmen t  costs  f o r  

Inves tment  c o s t s  and economic a n a l y s i s  f o r  t h e  t r a n s -  

p o r t a t i o n  o f  C 0 2  by s u p e r c r i t i c a l  p i p e l i n e ,  s u b c r i t i c a l  

p i p e l i n e  and l i q u i d  C 0 2  p i p e l i n e  are p r e s e n t e d .  

a t i o n  costs for  p i p e l i n e  c a p a c i t i e s  from 50 MMSCFD t o  500 

Transpor t -  
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MMSCFD w i t h  p i p e l i n e  l e n g t h s  from 50 m i l e s  t o  5 0 0  m i l e s  

are e v a l u a t e d .  

Three specific ( t y p i c a l )  cases are p r e s e n t e d  t o  ill- 

u s t r a t e  t h e  use  of maps and cost  char ts  f o r  e v a l u a t i n g  t h e  

t o t a l  cost  of carbon d i o x i d e .  The s o u r c e s  c o n s i d e r e d  f o r  

these i l l u s t r a t i o n s  i n c l u d e  n a t u r a l  C02 s o u r c e s ,  a power 

p l a n t  stack g a s  s o u r c e  and ammonia p l a n t  v e n t  s o u r c e s .  

Q 
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One of the primary purposes of this report is present a amprehen- 

sive s m y  of all significant C02 sources, both naturally occurring and 

industrial ,  w i t h i n  the areas detemined to have a02 enhanced o i l  recovery 

potential. W s e  states having candidate o i l  f ie lds  meeting c r i te r ia  

established by GURC in the f i r s t  phase of this report (Figure 3.1) define 

the regions within which the c02 survey is generally confined. For con- 

venience in establishing practical c02 supplier-user pairs, the areas of 

interest  have been divided into four regions. 

Region I: 

m i o n  11: 

wycnsls, ~ o r t h  U t a h  and North Cblorado 

South U t a h ,  south Oolorado, New WCO, 

west Texas 

Region 111: 

Region N: West Virginia 

East m s ,  muisiana, Mississippi 

(19) 
Scane candidate o i l  producing areas presented i n  the first phase study 

are not considered because of the  la^ likelihood of widespread field 

developnent. 

for the U s  Angeles basin area of California as  provided in the Lawrence- 

Allisan reprt(**) w i l l  be inclded. 

In additian to the four region survey presented here, data 

-16- 
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CANDIDATE CO2 MISCIBLE FLOOD OIL FIELDS 
AND REGION DEFINITIONS 

c 



3.1.1 Demand for CO, as an O i l  Recovery Agent 
6. 

A t  present there are approximately M l v e  on-qing C02 enhanced o i l  

recnvery projects i n  Colorado, Louisiana, Texas and West Virginia l i s t ed  

i n  T a b l e  3.1. All of these are test projects with the exception of the 

camnercial Kelly-Snyder/Sacroc Unit in West Texas and have an aggregate 

enhanced production potential of approximately 40000 BPD. (31) 

alone demand 240 PNSCFD C02 with 200 P"D dedicated to the West Texas pro- 

jects. 

substantial enhanced recovery projects are i n  the future. 

These projects 

These m u n t s  are only a fraction of the possible C02 denand i f  

An attempt to forecast the future denand for c02 will be smha t  

conjectural since the demand on C02 is, of course, strongly related to the 

m u n t  of o i l  that could be recovered by miscible flooding. 

still w i l l  be useful to establish a range for potential danand. 

the year 1976 by Lewin and Associates, (32) the National Petroleium Council (35)and 

the Office of Teclmology Assessment (36) have projected that potential C02 

recoverable o i l  could be i n  the bil l ions of barrels. 

o i l  price of $13.75/BBL all reports estimate about 5 bil l ion barrels of 

recovery. 

of the high sensit ivity to oil price, C02 costs, recovery performance, and r isk 

weighted DCFRR requirements. 

covery ranges f r m  2 bil l ion EBL for 20% DCFRR to 4.8 bil l ion BBL for the base 

case 10% DCFRR on after tax incOme. Doubling or halving the base C02 costs 

al ters  the recovery range fram 2.5 to 6.5 bi l l ion  BBL and assumptions about 

perfofinance can vary the range f m  2 to 7 bi l l ion  BBL. 

I-bwwer, it 

Studies in 

For example, a t  an 

However, care s b u l d  be taken i n  using these projections because 

A t  the $13.75/BBL price level expected oil re- 

(33) 
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TACLE 3.1 

CURREIIT CARBON DIOXIDE ENHANCED OIL RECOVERY PROJECTS 

S ta t e  County Field Operator Enhanced Production, BPD 

Colorado Jackson McCall urn Conoco - 

Louisiana Iberia UeeI:s Island Shel 1/DOE 500 (projected) 

Texas Crane & Upton Grossett Shel 1 
Ector N. Cowden ,4mco 
Hoc kl ey Level 1 and Am0 c o 

Kel 1 y-Snydev/Sacro c Chevron Scurry 
Wasson/Denver Shell 

I 

I 
u3 
d Loving, Reeves, Ward Two Freds Houston N.G. 

W e s t V i r g i n i a  - 

1450 
45 (gross prod.) 
66 (gross prod.) 
556 
37000 - 

(;ranny's Creek Columbia Gas  35 
Griff ithville Guyan Oil/DOE - 
Rock creek Pennmil /DoE 2 

CO:, Requi rernent MMSCFD 

10 

2 . 3  

15-20 - 
- 

10 
153-200 
3 MMSC!?D for 100 days 

0.45 u n t i l  June 77 

0.25-0.35 
- 

U t a h  Aneth P x l l i p s  



FIGURE 3.2 
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In any case, the potential of production from enhanced recovery projects 

probably w i l l  not be significant u n t i l  the l a t e  1990's as  shown in Figure 3.;!.- 

supply lines frm Colorado anl New Mexico. 

potential range of C02 enhanced recovery i n  West Texas a t  2 to 8 billion 

Estimates by GUFC put the 

Between m and the 1990's the NPC and OI!A studies estimate p t e n t i a l  incre- 

mtal production rates  f m  100,000 BPD to 200,000 BPD for $13.75 o i l ,  w i t h  

peak production in the l a t e  1990's possibly reaching 700,000 to 1,100,000 BPD. 

. 

Cumulative rquirePnents upards of 40 to 50 TSCF of C02 may be neces- 
sary to recover the amount of oil projected in Figure 3.2. (17) TO achieve 

this supply could require the developnent of 20 to 30 TSCF of reserves w i t h i i ?  

the next ten years to be delivered a t  rates of 0.5 to 1.0 BSCFD beginning 

the early to mid 1980's. (33) 

to rates  of 3 to 4 E S F D  during the l a s t  f i f teen years of th i s  century and be 

a t  a cost that  wuld pemcit economically a t t ract ive floods. Depending on the 

success of first phase ocararu3rcial ventures, an additional 20 TSCF of 

C02 developnent might be required in order to fu l ly  xtdunize the recovery 

potential and C02 miscible flooding in the years beyond 2000. 

This supply r a t s  would probably have to increase 

A t  least 80% and possibly up to 90% of the o i l  recovered by the 

CO flooding process w i l l  c m  frcm the West Texas o i l  fields, hence the 

largest  demands for C02 are going to be located in this area. 

of the West Texas o i l  f ie lds  in  enhanced reaovery effor ts  i s  rather evident 

fran the level of act ivi ty  here by the major oil axpanies to test the 

2 

The importance 
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requirement for this area is anticipated to range from 4 to 12 MscF/BBL oi l  

resulting in an expected gross o02 requirement of 40 to 50 TSCF. - 

I 

There are lesser, but nevertheless significant, potential d m d s  for 

GURC estimates that the potential CQ2 i n  South Uuisiana and Mississippi. 

munts of C02 recoverable oi l  for South Uuisiana range fram 50 to 300 million 

BBL w i t h  an average net new C02 requi remat  of 6 MSCF/EBL. 

C02 d d  is then expected to range from 0.3 to 1.8 BSCF. 

CO recoverable o i l  from Mississippi is 100 million 

%tal South Uuisiana 

Estimated potential 

w i t h  a net new C02 2 
requiremmt in the range of 10  m / B B L .  

could be on the order of 1 TSCF. 

Therefore, Mississippi a2 demand 

3.1.2 Aggregate Carbon Dioxide Suply  Situation 

Because of the relatively low number of candidate flood f ie lds  it 
2 

seems mre appropriate to assess the aggregate carbon dioxide supply situa- 

tion for  a specific f ie ld  or region rather than the nation as a whole. In 

fact ,  drawing conclusions about the national supply of CO versus potential 

denand could be to ta l ly  misleading. 

section it was stated that ptential incremental production could reach 

2 

For example, i n  the preceding 

700,000 barrels per day, requiring around 7 BSCFD C02 (at 10  MXF/EBL). 

W i t h  a total C02 supply of 28.4 BSCFD a v a i l a b l e  (Tab le  3 . 2 )  it a p p e a r s  t h a t  

peak o02 demand can be m e t .  

of the i n c r m t e d  o i l  could come from West Texas; hence, West Texas C02 

demand could reach 6.3 BSCFD. 

However, as pointed out, it is expected that 90% 

F m  Table 3.2 it appears that only 6.0 BSCF’D 

I 
are available a t  th i s  t i m e  from all sources i n  Region I1 a t  any cost; hence, 

there could be an aggregate shortage of CD2 a t  projected peak r-very. 

-22- 
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TABLE 3.2 

AGGREGATE SOURCES OF CARBON D I O X I D E  SURVEYED 114 T H I S  REPORT - MMSCFD 

NATURAL DEPOSITS TOTAL PO!JCR PLANT CEMENT PLANT PROCESS PLANT 

REGION I 

Wyoming 1748wO 1403.3 27.2 317.5* 
N. Utah 453.1 378.0 29.1 11.0 

3-6 M " J 3 / W E X L  
40 

999.6 
3205.7 
-- N. (klorado 25.7 

82.0 
3.3 

331.8 
952.2 

2733.5 

REGION I1  

0 
0 

440.3 * 
50 

609 
6 50 

s. Utah 105.0 55.0 0 
S. Oolorado 1075.0 393.6 31.4 
New Mex i co 2982.3 1510.1 38.0 

2234.8 1421.9 253.0 w. Texas 
6003.7 3380.6 322.4 
-- 32 2 

1 f.22 
- I 

N 
w 
I 

237.9 
678.7 

REGION 111 

E. TexaS 10541.6 9831.2 
Louisiana 1966.5 1520.6 

316.6 
0 

393.3 
445.9 

0 
not significant 
125 
125 
- 191.0 

507.6 
542.5 

11394.3 
Mi ssi  ssi ppi 970.1 

134'78.2 
111.6 
951.3 

REG1Oi.I I V  

West Virginia 4380.2 3556.3 0 793.6 29.8 

53.0 0 

2813.4 1835.2 
-- 

C A L I  FORI4 I A 1284.2 1226.2 
22791. 2 Grand Totals 28351 -8 

- --_ 

* 
lncl udes P r o p o s e d  SNG P l a n t  



kgion  I 

WLCenins 3900 
N. Utah 1600 

100 N. Colorado 

TcnaL 5600 

- 

m i o n  I1 

s. U t a h  1000 
S. Colorado 3900-5900 
New Mexico 7000-10600 
w. TkXas 600+ 

m 12500-18100 

Region 111 

E. Texas None 
Louisiana - 
14is s is sippi 2000-4200 

TOTAZ; 2000-4 20 0 

Region IV 

West Virginia 330 

Los Angeles None 
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Specu la t i ve  

O i l  Daily (30) 
NCI ( l o ) ,  Caqbell (12) 

NCI (10) 

Lawrence-Allison (28) 



It is for reasons such as th is  that gmgraphical divisions have been set up 

for study in  th is  report. The regional definitions are only for convenience &d 

the C02 source mps have been dram w i t h  overlap to allow flexibility i n  source- 

field matching. A s~ of the potential supply situation for each region follcws. 

Supply Situation - Region - I 

The 

since to 

Ransely I 

potential for C02 flooding in egion  I is very uncertain a t  this  tim 

date there have been no field pi lot  tests. 

Colorado, which has the mst pranking prospect, but no data is avail- 

Chevron is looking neax 

able a t  t h i s  time. 

C02 demand a t  t h i s  time for Region I. 

this  area is around 5.6 TSCF available a t  3 BSCFD. 

G J K  recomnends against making extrapolations on potential 

Current aggregate supply of c02 for 

Supply Situation - Region I1 

GUWJ has estimated that 2 to 8 billion barrels of o i l  might be recovered 

from West Texas by C02 flooding, with a median estimate of 5 billion barrels. 

This figure compares favorably with 4.7 billion estimated by G i l l  in his 

table of major carbon dioxide recovery projects (34) I within the range of 

D0sche.r & Wise's figure of 4 billion barrels (37r, and with'the NFC estimate 

of 5.5 billion BBLS. 

C02 requirement of 6.7 I"/BE!L for their Sacroc/Kelly-Snyder project. 

ever, Qievron engineers say t h i s  is a t  tile low range of possible requirenmts 

and that the C02 r q u r m e n t  is expected to increase to 15 MSCF CQ2/BE3L 

recovered. 

could ultimately be required w i t h  a peak delivery rate of 6.3 BSCFD. 

Table 3.2 , peak deliverable C02 is estimated to be 6.0 BSCFD, including 

Gill reports that Chevron has determined an average 

J3ow 

Assuming an average requirmt of 10 E€F/BEL, upwards of 50 TSCF 

F m  
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contribution f r m  tm proposed SNG plants. 

serves witkin Region I1 is estimated a t  12-18 TSCF, far short of the 50 TSCF - 
The supply of natural C02 re- 

that might be d d e d .  

Su13131v Situation - m i o n  111 

GUFC estimates for Louisiana 

50 - 300 million BBL's With  a net 

w c  (35) estimates the technically 

that incremented o i l  production could be 

new C02 requirement of 6 E C F  C02/BBL. 

recoverable o i l  for Louisiana a t  300 million 

barrels. This places LIe Louisiana contribution to Region I11 potential dePMnd 

between 9.3 to 1.8 TSCF. Potential incremental oil production for Mississippi i s  

estimated tb be 100 million BBL at a net C02 requirement of 1 0  f R F  C02/E3BL, 

placing Mississippi d m d  a t  1 TSCF. 

South o r  East Texas by C02 injection alone. 

Little o i l  production is expected from 

Total Region I11 demand could be on the order of 2.8 TSCF C02. Ran 

T a b l e  3.2 , based on current information, it is estimated t h a t  3 TSCF na tura l  

CO could be available, a l l  from the Mississippi Jackson Dome area. 

satisfying local Mississippi demand there should be around 2 TSCF C02 avail- 

able for transport (via pipeline) from Mississippi to South Louisiana. The 

potential South Louisiana d m i d  of 1.8 TSCF can be met also from high purity 

m n i a  and hydrogen plant C02 vents. 

approximately 390 MWZFD of 98+% C02 being vented which is available for 

collection and transportation via pipeline to the South Louisiana o i l  

fields. 

After 2 

A t  current operating levels there is 

me such pipeline, 151 MISCFD, 120 miles is presented h Section 8.4 

of this report and a first pass ecmomic evaluation has been mde. 
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Based on current c02 supplies it muld take as many as  50 years to recover 

the potential 300 million barrels of incremental o i l  once enhanced recovery 

e f for t s  are init iated.  

- 

Supply Situation - Region N 

The developent of CO enhanced o i l  recovery projects in W e s t  Virginia i s  2 
in the preliminary stages a t  this time. 

jects to date: 

There have been only three test pro- 

Colut-bia G a s  Tralsmission a t  Granny's Creek, Clay County; 

Guyan O i l  a t  Griffi thvil le,  Lincoln County; and Pennzoil a t  mXk Creek ,  Wane 

County. Results from these tests have not been encouraging. 

Columbia has r a v e r e d  8500 HBL of hcranental  o i l  (35 BPD) a s  of 

April, 1978, consuming 170 PMXF Co2 in one year. 

technically successful, the project manager was  quoted as saying "It wouldn't 

Whereas the project was 

I 

I 

have paid out a t  $lOO/BBL" (38). Despite t k i s  Columbia plans to  hvelop the 

natural deposits in  the Indian Creek Field in Kanawah County for both C02 ancl 

natural gas content. Potential C02 reserves are 130 Billion SCF delivered a t  a 
I 

rate of 20 IWXF'D C02 over the n e x t 1 4  years to the Granny Creek  project. 

Guyan O i l  estimates increnental oil recovery by C02 to be 8100 BBL/acre 
(39) for  the i r  90 acre p i lo t  project in  the =rea sand f ie lds  of Lincoln Qunty 

Since the testis i n  t l ~  infant stage no recovery efficiencies are available 

yet. 

test w i l l  result i n  a net C02 requirement of 18 BSCF. 

acre f ie ld  is productive a t  8100 BBL/acre and requires no mre than 15,000 SCF 

COdBE3L, then up to 1.2 TSCF C02 could ultimately be required. The 81 million 

barrels of o i l  so produced would represent 23% of the OOIP and as such this 

. 

Assuming an inefficient C02 r e q u i r m a t o f  25,000 SCF Co2/BBL for  the 

I f  the en t i re  10,000 
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may be a shewhat optimistic projected recovery. Discovered in 1907, 

I 

(47) cxmmilative production for the &rea field has been only 1 4  million barrels. 
- 

I 

The Pennzoil Rock meek f ie ld  is potentially the largest test project 

planned by DoE/Industry in \Jest Virginia. 

involved which could yield as much a s  40 million BBLS of incremental o i l  i f  

There are 11,200 productive acres 

the C02 test is successful, (39) requiring 600 BSCF C02 i f  a C02 requirement of 

15,000 SCF COiBBL is assumed. Emever ,  as of March, 1978, production only 

averaged 2 BPD, so unt i l  test rates  are accelerated it w i l l  be d i f f i cu l t  to  

make accurate projection on recoverability. 

All of these recovery projections in \kst Virginia are highly conjecturd 

since the test projects are i n  early stages of developnent. 

appears tha t  near 2 E C F  c02 could be required i f  a l l  projects test out  as success- 

~Jomindlly, it 

ful ly  and econcknically as the operators hope and the candidate f ie lds  are as 

.,large as expected. However, the consensus of industry is that the West Virginia 

area has l i t t le to offer  in the way of C02 enhanced incremental production which 

w i l l  significantly affect the natural energy supply. 

Supply Situation - h s  Anqeles Basin 

Data on the supply and danand situation for c02 i n  the b s  Angeles Basin 

area has been taken from the Lawrence-Allison report. (28) 

refinery and power plants as the Ism major sources of c02 and found no evidence 

of naturally occurring c02. 

This report identified 

n 

Total C02 suwly is estimated to be 1.28 BSCFD w i t h  approximately 1.23 

BSCFD available froan pwer plants and 0.5 BSCFD available frcan refinery and 

m n i a  plants. Lawrence-Allison forecasts the potential C02 supply to 
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remain substantially constant d u r i n g  the next several years. The 1 argest 

refinery source of CO2in the area is  the three-unit Chevron refinery with 

a combined C02 output of 33.6 MMSCFD. 

more promi sing Torrence Fie1 d .  

I t  i s  located 6-7 miles from the 

Li t t le  was concluded by Lawrence-A1 1 ison on the expected incremental 

recoverable oil  by C02 injection. 

injection could be responsible for recovering 100 BBL/acre-foot w i t h  a net 

C02 requirement of 12-25 MSCF C02/BBL o i l .  

a Torrence Field-Chevron project t h a t  1,340 BPD incremental oil  could be 

recovered using Chevron as the C02 source and a C02 requirement of 25 MSCF 

C02/BBL. 

6,600 BPD using water flood secondary recovery efforts alone. 

higher than Chevron's and Lawrence-A1 1 ison's expectations of a 6-7% increase 

i n  recovery of O O I P  due t o  C02 injection af ter  water flood. 

t h a t  C02 demand can be met easily in the Los Angeles area primarily because of 

the projected low demand on C02 for enhanced recovery efforts.  

Estimates include projections t h a t  C02 

I t  i s  conceivable on evaluating 

T h i s  would increase production 20% over the 1977 levels of 

This is  somewhat 

So i t  seems likely 

3.1.3 Sources of Survey Data 

The sources of C02 considered for this  study include bo th  natural and 

industrial by-product C02. 

four-region area i s  supplied from the U.S.  Bureau of Mines gas analysis data 

base, GURC REPORT (17) No. 165 on naturally Occurring CO2,  various s t a t e  

boards, published C02 survey reports, limited industrial contact, and  from 

National Cryo-Chemics, Inc. through a subcontract developed i n  connection with 

this report. ( l o )  

i n  Appendix A2. 

Information on naturally occurring C02 w i t h i n  the 

Selected portions of the Cryo-Chemics report are included 

Data for  the Los Angeles Basis i s  derived from the 

(28) Lawrence-A1 1 i son report. 
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The role of Pullman-Kellogg i n  the determination of the quantities of - 
naturally occurring carbon dioxide is limited pr imr i ly  to the consolidatian 

information contained in these various reports and studies and to the resolu- 

tion of conflicting data, to the best of its abili ty.  millman-kllogg has 

neither a t m t e d  to reevaluate geological data nor to establish c r i t e r i a  to 

assist in the prediction of recoverable C02 reserves. 

Pullman-I;ellogg is in a position, however, to give a reasonably accurate 

estimate of the m u n t  of C02 available as industrial by-product. 

sources considered and tabulated i n  this survey include: 

The industrial  

1. power plant stack gases 

2. 

3. 

4. 

Flue gases f m  cement plants 

Vent gases fmn arrPrr>nia and chemical plants 

Vent gases from refinery and hydrogen plants 

5. 

6. 

vent gases from natural gas processing plants 

Vent gases from proposed SNG plants. 

For each of these sources as an exhaustive search as possible has been under- 

taken given the time frame within which this reprt had to be prepared. Fur- 

-re, as many point sources as possible have been given individual attention 

to de- tb actual amunt of o02 that could be expected to be available 

fran each source. 

C02 availabil i ty have been avoided whenever possible. 

Pmrating factors applied to classes of sources to determine 
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pawer Plan t  Stack Gases 

The list of current and projected p e r  plants is taken from the 1977 
- 

edition of the National Coal Association’s publication, Stearn Electric Plant  

Factors. This publication contains data on a plant-by-plant basis regarding 

generation capacity, actual generation for 1976, type, quality and quantity of 

fuel consmed, and origin of coal for mal fired plants. 

i n f o m t i o n  contained within the Keystone Coal Industry P.lanual(16), it is 

possible to make a reasonable estimate of the composition of the fuel being 

Using this data and 

burned i n  each plant. 

type of coal used since this determines the quantity of carbon dioxide pro- 

duced as w e l l  as the level of sulfur oxides i n  the stack gas. 

For example, coal based p e r  plants have been matched to 

Some p e r  plants, 

e.g. the coal fired plants of Texas, have e m  been individually contacted h 

order to get actual data on fuel c a p s i t i o n  and consumption; bwever, it is r n t  

practical to contact all plants considering the n m k r  involved. 

FYan actual fuel consmption an accurate estimate of the quantity of C02 

For each fuel the a s s q t i o n  available i n  the stack gases can be determined. 

of burning at 30% excess air  is made for  purposes of establishing flue gas C02 

concentration; however, excess a i r  does not contribute significantly to the 

ultimate n u n t  of C02 available from a given fuel. “he quantities of pmer 

plant C02 presented i n  the tabular results in the appendix re f lec t  the calculated 

actual C02 production for the year 1976. 

Flue Gases fran Cement Plants 

The list of cement plants in operation throughout the four regions surveyed 

has been taken fran the Brtland Cement Association publication U. S. mrtland - 

Certbent Industry: Plant Information EXmmry, Decaber 31, 1977,(3) and fran the 
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direcwry of cement plants in the Keystone Coal Idustry mud (16) which COntaQ 

infornation on plant capacity and fuel consmption. 

sent a questionaire solicit ing information on plant capacity, actual production 

rate, fuel quality (ccanposition) and consumption, the m u n t  of calcined calcium 

carbonate, f lue gas analysis and vent rate. 

Each cement plant operator,was 

Response was d e r a t e  (about 30%) 

and the data obtained has been used to estimate the munts of C02 available 

fran those operators w b  did not respond, by closest matching based on capacity 

and fuel type and then prorating based on capacity. 

Vent Gases f r m  &rmnia and Chemical Plants 

The list of current m n i a  and other chemical plants producing carbon 

dioxide as a by-product is obtained f r o m  the 1974 edition of the Stanford 

&search Inst i tute  - Qlesnical Economics Handbook (CEH), (5) the TVA Fert i l iza  

Information system,(4) the m r n d i  paper on produ~tian mnmics for ~ydroq en, 

Anmnia and Methanol Durinq the 1980-2000 Period, (18) and from in-house infor- 

mation drawing on over 40 years experience in the ammnia/hydmgen business. 

The Chemical Ecommics Handbook reprts carbon dioxide generation capacity by 

ocgnpany, location, d source s ta t ing the total C02 generated, percent vented 

and percent recovered. The quantities tabulated i n  A p p d i x  Al are the vented 

~tlounts. The chief industries covered i n  the CEH are m n i a ,  hydrogen, and 

ethylene oxide plants. 

For those plants which expl ic i t  C02 data is  unavailable certain assumptions 

had to be made c o n c d n g  available C02. 

vented is unknown, then it is ass& that all the potential C02 is available 

First ,  i f  the m u n t  recaptured or 
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for use. 

tha t  22,000 SCF C02/TON NH3 capacity is available. This figure is derived 

from the average of a nurrber of actual gas-feed m n i a  plants designed by 

Seoond, for tile m n i a  plants w i t h  unknovrn vent ra tes  it is assumed 
- 

millman-Kellogg; there is l i t t le variation, the range being from 21,000 to 

23,000 SCF CO$tON NH3. 

greater than 98% and is usually available a t  near amspher ic  to a few psig 

positive pressure. 

Carbon dioxide purifq from amru>nia vents is typically 

Vent Gases from Refinerv and Hvdmuen Plants 

The cmtribution of refinery to the aggregate C02 

picture is srrrall when compared to other classes of sources. ?Lpically the 

quantities available are less than 1 0  MMSCFD a t  a given refinery, but range 

upards to 34 IlMscFD. Exact c02 quantities from a refinery are d i f f i cu l t  to  

determine because each refinery is different in feedstock, processing steps, 

etc. 

be to cantact the chief engineer of each refinery. 

The only certain way to establish the qualit ies of C02 available would 

Since this is  not practical 

given the tirrre f r m  of t h i s  reprt ,  estimates of potential C02 available 

will be made based on extensive in-house experience in refinery design. 

The bo largest  sources of C02 f m  a refinery are power generation f lue 

(40)  gases and catalytic cracking catalyst regeneration by-product. 

the average heat requirement for a refinery can be estimated as 691,400 BTU/BBL 

F m  Nelson 

crude oil refined. Assuming that one-half of this heat can be recovered and 
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that an average of 3.84 MW3D c02 is available in the flue gas from burning 

lOOMM E3TU/hr fuel o i l  then we have calculated that 550 SCF C02 w i l l  be genera- 

ted per’barrel of crude refined due to  p w e r  generation. For catalyst regenera- 

tion it is estimated that 205 SCF C02 w i l l  be generated per barrel of crude 

feed to the catalytic cracking Units. (8) The mncentration of C02 i n  regenera- 

tion vent gas is approXirnately 8%. 

Collecting and cleaning the C02 f r o m  refinery stacks w i l l  be difficult 

because plot  space for additional pmcessing eguiprrrent is generally lacking and 

because of pipe routing problems. Cormpounding this probl& is t l ~  diff icul ty  

of collecting a l l  the different pwer generating f l u e  gases from w i t h i n  the 

refinery for routing t o  a central processing p i n t .  

gases available fran the catalyst  regeneration step are available f r o m  a single 

p i n t  and are really the only refinery source that  can be given any practical 

consideration. The quantities of a2 r e p r t e d  fmn refineries l i s ted  in the 

Wles i n  the appendix are the potential C02 available fran the regeneration 

step only and are calculated based on the reprted feeds to the catalyt ic  

cracking units, (41) noted i n  the m n t s  column. I f  the C02 from the f lue 

gases is to be oonsidered, then one should use the 550 SCF a2/BBL crude factor 

applied to the btal capacity of the refinery. 

estimate the m u n t  of C02 available rather than determining actual vent rates 

should not significantly distort the aggregate C02 supply. These figures w i l l  

serve primarily as a guide to potentially significant C02 contributions 

fm refineries. 

In general, however, the 

Use of these factors to 

I”ne bulk of the hydrogen produced i n  the U. S. is c o n s a d  in aMwnia 
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Q m u f a c t u r e  and i n  petroleum refineries, principally for hydmdes~furizat ion 

and hydrocracking of heavy hydrocarbons. 

the steam reforming of natural gas or some other l igh t  hydrocarbon feedstock. 

From Pullman-Kellogg's experience in having bui l t  over 1 2  hydrogen plants, it is 

known that the munt of carbon dioxide generated d i f fe rs  l i t t le from 33 SCF 

C02 for every 100 SCF hydrosen produced. 

quantities of CO available based on the published plant when 

the vented quantities q e  not explicit ly known. 

Hydmgen is produced primarily by 
- 

This factor is used to estimate the 

2 

Vent Gases from Natural Gas Processing Plants 

Information on the amount of C02 available from natural gas treating 

plants canes pr imr i ly  from contact with gas plant operators. A t  the begin- 

ning of t h i s  project a data base of naturally-occurring carbon dioxide w a s  

developed by GURC, k s e d  in p a r t o n  data originally published by the U. S. 

Bureau of Mines H e l i u m  Division, which  included over 11,000 analyses of gas 

samples fran o i l  and gas w e l l s .  (42) GURC edited the origindl information 

for  errors, deleted all samples containing less than 5% carbon dioxide and 

expanded the data base with additional data from l i te ra ture  and w i t h  infor- 

mation fran personal comnunication with state geologists. The resulting data 

base presently contains over six hundred records representing occurrences 

of natural carbon dioxide greater than 5 mle percent in 27 states. 

The data base developed by GUWJ has been used as a tool to fac i l i t a t e  

both the s t d y  of natural sources of carbon dioxide and to study the availa- 

6$ b i l i t y  of carbon dioxide from acid gas processing plants. A list w a s  prepard 
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1 
of gas treatment plants (41) located i n  counties having samples i n  the 

data base. 

of natural gas, w e r e  surveyed by m a i l  and -ne contacts. 

the list was supplemented with infomation obtained frm acid gas m v a l  

process licensors and from engineering firms engaged i n  the design and 

construction of gas treating plants. 

Q 
Over seventy plants, each of which processes a t  l eas t  50 M C F D  - 

Additionally, 

Results of this survey indicate t h a t ,  i n  general, acid gas treabnent 

plants are not a significant source of carbon dioxide for enhanced o i l  recovery. 

There are isolated exceptions, however. In general, the arnountof carbon 

dioxide available is small, typically 4 0  MECFD, and widely distributed. 

sane cases the gas is not available since operamrs are already injecting 

the carbon dioxide - rich gas into nearby o i l  reserves. 

to vent carbon dioxide as a by-product are l i s t ed  in the appendix as "N.G. 

Processing" fac i l i t i es .  

In 

Tmse plants r e p r t e d  

Vent Gases fran Proposed SNG Plants 

The C02 vent gases f m  a coal gasification (SNG) plant represent the 

largest  single potential industrial source of carbon dioxide. 

ness of SNG by-product C02 is attributed to its an t i c ip t ed  purity, typically 

greater than 85% c02, w i t h  the balance composed primarily of nitrogen and 

oxygen- (8) 

gasif id. 

The attractive- 

There could be a few ppm sulfur depending on the coal being 

The L i s t  of propsed coal gasification projects is constantly changing, 

with fewer projects surviving the list each time it is updated. I 
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The source f r m  which the list of currently active projects has been 

taken is the July 12 ,  1978, Chemical IJeek. (49) ~ n l y  three plants i n  the areas 

covered by this study have advanced far  emugh to warrent serious consideration 

as potential sources of C02. These are: 

1. El Pas0 Natural Gas Four Comers area, N. M. 72 M%CFD SNG 

2. Texas Eastem Trans./ Four Comers area, N. M. 
Pacific Lighting 

275 IWSCFD SNG 

3. PanhandleEastern Converse Co., Wyoming 275 MMSCFD SNG 
Pipeline 

FYm studies done by Pullman-Kellogg in connection w i t h  one of the proposed SKG 

projects it has been estimated that 1.14 SCF C02 w i l l  be generated per SCF of Z2JG 

gas produced. 

l i s ted  in the table t o  estimate the m u n t  of c02 that might become available. 

'ihis factor, then, has been applied to the three projects 

The significance of SNG by-productC02 lies in its potential as a 

single source of c02 for an enhanced recovery project. 

Texas Eastem project could be a sole source of c02 for a 3 0 Q M K F D  pipeline 

to supply the o i l  f ie lds  of West Texas. 

time wnether further purification of the c a r b n  dioxide would be required 

As an example, the 

It is not known, bwever, a t  this 

in order for it to be functional as an enhanced reoovery agent. 

on the sulfur content of the coal gasified there could also be enough H2S 

present i n  the by-product that would exceed the interstate pipeline standard 

of 1/4 grain/lOO SCF. 

goes to fruit ion,  could significantly affect  its comptetive position with 

natural sources occurring in t l ~  area. 

Depending 

F'urification of this quantity of C02, i f  the project 
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3.2 PRESENTATION OF CARBON DIOXIDE SoURcE MAPS 

This section contains the maps of all the carbon dioxide sources sur'- 

veyed. 

purpose of the maps is to &le one to spot quickly potential C02 sources 

for a given candidate C02 miscible flood o i l  f ie ld  and has been so used in 

the preparation of the specific cases described in Section 8 of this report. 

The regions have been sowhat arbitxarily defined w i t h  consideration given 

to current mmrcial  i n t e r e s t  in c02 EOR projects, and the maps have been 

drawn with considerable overlap so as  not to impair the discoveq of suit- 

able c02 supplies for a given project. 

Each region, as previously defined, is on an individual map. Tile - ~- 

The maps are drawn with s ize  related symbols indicatinq approximate 

quanti&Les of C02 expected f m  a given source. 

a source is located is identified. 

in tile appendix in the Key to Carbon Dioxide Source Maps. 

identified are those which are known to have u n e t t e d  C02 available, 

except where noted. 

Each county within which 

Details on each source noted are found 

The sources 

If the availabil i ty of c02 fram a given source is un- 

conf imd ,  then tile total amount expected to be available is listed. 

q e c t e d ,  of course, that any one seriously considering one of the sources 

l i s t ed  as a potential c02 supply w i l l  contact the operator to confirm the 

figures given and to be advised of special problems that  might be associated 

w i t h  the source. 

It  is 

The map and information related to the Los Angeles Basin has been pro- 

vided by the Lawrence-Allison Corp., who issued a separate report on C02 

enhanoeii oil remvery for tile u s  m g d e s  &sin. Information for t h i s  

area is reproduced without d f i c a t i o n .  
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REGION I 

FIGURE 3.3 
W O M I N G ,  COLORADO, UTAH 
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3.3 coNcLus1oN 

The primary purpose of th is  section is locate a l l  potential C02 sources 

w i t k i n  those areas that could have o i l  f ie lds  amenable to carbon dioxide miscible 

flooding. Those sources considered are natural deposits, industrial sources 

such as m n i a ,  hydrogen, ethylene oxide, and natural gas treating plants and 

refineries, as w e l l  as power plants, c m t  plants, and proposed SNG plants. 

These sources have been m m  and tabulated. Ius0 in conjuncticm w i t h  this 

an estinate of potential C02 demand for enhanced o i l  recovery is indicated. 

Conparison of supply and demand indicates that  the potential peak C02 de- 

mand of 7 - ll BSCFD could be m e t  from ' the t o t a l  C 0 2  supply of 28.4 BSCFD; 

however, the source of C02 is not always convenient to the candidate o i l  fields. 

A potential C02 shortage in the West Texas f ie lds  does exist as the potential 

desnand of 6.3 BScF1) could have to be supplied from an estimated maximum avail- 

ab i l i ty  of only 6.0 ESCF'D. The single largest sources considered are proposed 

SNG plants and natural carbon dioxide deposits in Colorado and New Mexico. 

N a t u r a l  C02 reserves are expected to range from 20 - 28 TSCF with 12 - 1 8  TSCF 

to be available for the West Texas o i l  fields. 

It is  recorranended that if serious consideration be given to any particular 

source of C02 that personal contact be made with the proprietor of that source. 

Individual sources could have circumstances rendering the munt carbon dioxide 

l i s ted  unavailable o r  u n f i t  for use. 

double-check the availabil i ty of each source listed.  

suited for project planning estimates and care has been taken to ensure the best 

data possible. 

It is beyond the scope of this report to 

These figures are best 
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COST OF PURCHASING 

PART 4 
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4.1 COST OF PU"ASI1JG - 
Costs sbwn i n  this section represent survey of purchase price of 

carbon dioxide prevailing in a a y ' s  market place. This is  the price t h a t  

an o i l  reservoir operator m y  pay to the producer of carbon dioxide. It 

should be recognized that purchase costs for C02 could be escalated rapidly 

by an increase i n  d m d  of C02 for  EDR efforts.  Many chemical canpanies 

and the a n m i a  producers w e r e  contacted to establish price of C02. 

survey was then extended to t lae natural gas processing plants and the 

The 

u t i l i t y  cOmpanies. Wellhead prices for natural carbon dioxide are based 

on reports f r a  Colorado but it is uncertain whether any such sales have 

taken place. 

Factors influencing the costs are gas purity and location to some 

degree. High purity C02 sources , such as , m n i a  plant vents and SNG 

plants c m d  higher prices for C02 than law purity sources l ike  f lue 

gas stacks from power plants and cement plants. L m  purity sources w i l l  

require significant clean-up before C02 from such sources can be used 

for EOR by miscible flooding. 

w i l l  depend on purity, pressure of t k  source and on location of the 

source. 

studied varies fran a law of $1-2/Tbn for sources such as power plant 

stacks t o  a high of $15-20/'Ibn F.O.B. plant for a liquid C02 plant. 

costs are sumarized in the Table 4.1. 

\Jellhead prices for natural  carbon dioxide 

The present cost of purchasing carbon dioxide from the sources 

These 
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TABLE 4.1 

(3JR"F ESTIMATE OF 

COST OF PURCHASING C02 

COST 

COMBUSTIrn V " S  
(rn PURITY, I m J  PHESSURE) 

As LIQUID F. 0. B. PWIPT 

NATURAL SOURCES 

FJEL;LHEAD PRICE** 

4-8 25-50 

1-2 

15-20 

6-12 

85-115 

25-35 (10) 

*AMPDNIA, SNG, HYDROGEN PW3I'S - 1WTURA.L GAS, LPG, W"74 m m ,  
PFOZESSES BASED ON PAIiTIAL OXIDATION OF FEEDSTOCKS OR GASIFIWION OF 
COAL SHOULD C m  A LLMER PRICE DUE TO LOWER PURITY. 
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COST OF NATURAL C02 PFODUCTIC%J 
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5.1 ~ D U C I ' I O N  

0 
The first phase study concluded that natural sources of C02 have 

perhaps the greatest potential as a future source of low cost c02 for 

EOR projects but the costs involved in the developnent and production 

of natural C02 were not determined. 

study one of the objectives is to estimate the cost of producing 

Thus, in the second phase 

natural c02. 

For naturally occurring C02 it was agreed that GURC would assist the 

Pullman Kellogg Co, in locating and characterizing the major source 

areas and estimate costs to drill and produce the c02 into a trunk- 

line. 

on GURC's report. (I7 

Therefore, this section of the second phase study report is based 

Pullman Kellogg provided investment and opera- 

cost estimates for canpression and treatment. 

GURC's overall responsibility include the following three tasks: 

1, Evaluation of reservoir rock properties and gas carpsition 

of potential c02 sources 

Est imate  of costs for drilling and producing naturally 2, 

occurring C02 reservoirs 

Field utilization of C02 kn EOR projects 

(znfomation used in Section 81 

3. 
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5.1.1 Data Base Suppr t  

- 
A Carbon Dioxide D a t a  Base w a s  constructed, early i n  the project, to . 

f ac i l i t a t e  data acquisition, storage, and analysis. The Bureau of Mines H e l i u m  

Division has collected over 11,500 analyses of gas samples from o i l  and gas 

w e l l s  since 1917 and reported them in its publication, "Analysis of Natural 

Gases, 1917-74". G U X  obtained a magnetic tape of t h i s  data and the 1975 and 

1976 uflates. All sample data with carlmn dioxide content greater than 5 mole 

percent were stripped from this tape. ale data *re edited for  errors, and 

numerous records were amaided and supplemented w i t h  additional data to compile 

the f ina l  version of the C02 Data Base. 

5.1.2 Sowce Delineation 

I n i t i a l  delineation of areas contiinincj potential reserves of C02 was 

conducted using the gas quality and reservoir characterist ic data in the C02 

Data Base. 

The regions considered include lest Virginia, the Jackson Dorre area in 

Mississippi, the Delaware-Val Verde Basins in West Texas, and 9 sub-areas o f  

the Rocky Mountains, as follows: 

1. Southwest Colorado, rJLJElm Doroe area 

2. South Central Colorado, Sheep bbuntain area 

3.  North Central Colorado, North Park Basin 

4. Northeast New Mexico, Sierra Grande Arch area 

5. Northwest New Mexico, San Juan Basin 

6. Central U t a h ,  Famham Dome area 

7. Central Utah, Gordon Creek area 
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8. Southeast Utah, Paradox Bash 

9. Wyoming, Sweetwater and U h t a  Counties area 

Gas a m p s i t i o n s  in tlie above areas are varied. 

A l l  the Fbcky Ibun tah  sub-areas, lnvever, contain C02 greater than 

85 mle percent, with a few mle percent methane and/or ni t rqen as contami- 

nants. 

Gas sampled f r m  the Snackovev and Norphlet trends i n  the Jackson Dorre area 

contain C02 concentrations from 70-99 percent, associated w i t h  considerable 

percentages of H2S i n  some localities. Commercial hydrocarbon production occurs 

i n  the dckJndip Smackover and Norphlet with lower concentrations of C02 reported. 

G a s  containing C02 in West l7irgini.a ranges f r o m  10 to 83 percent C02 and is  

associated w i t h  a methane fraction f r o m  40 to 80 percent. 

of nitrogen are usually present. 

Small percentages 

5.1.3 Selection Criteria for Detailed Study 

Three criteria were established to determine which of these source areae 

warranted detailed reservoir and ecoIlcBnic evaluation: 

1. 

2. 

3. 

Reserves apparently suff ic ient  fo r  pipeline Consideration 

Proximity to miscible flood candidate reservoirs 

Evidence of strong industry in te res t  

On axis basis four areas w e r e  clmsen for  further geologic, reservoir, ard 

e m d c  analysis: 
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1. 

2. .Sheep m t a i n  area, south central  Colorado 

3. Northeast New Mexico 

4. Jackson Dome area, Mississippi 

McElm Dcane area, southwest Colorado 

These areas, each representing a unique geologic e n v i x o m t  and posing 

varying dr i l l ing  and production conditions, are reasonably representative of the 

range of expected naturally-occurring C02 sources. 

i n  Sections 5.4 through 5.7. 

These areas are discussed 
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5.2 RFSEFWOIR -2ATION ME THO DO^ 

G.$ 
Mservoir rock properties such as permeability, p r o s i t y ,  effective net  

pay, bottom hole pressure, and temperature are critical parameters for e s t h -  

ting original gas in place (OGIP) and sustained gas deliverability. 

site specific reservoir descriptian and well test data for n a t u x a l l y a u r r i n g  

carbon dioxide are not readily available i n  the public domain. 

w e r e  made to state geological and regulatory offices to obtain w e l l  data f m  

Detailed 

Thus, v i s i t s  

records available for  public inspctim. 

In cases where local reservoir data were unavailable, reservoir propr-  

ties w e r e  estimated f r m  regional data. 

p u t 4  f r m  the AAPG -thermal Gradient ~ a p  of ~ 0 r t ~ l  mica ( 4 4 ) .  I n i t i d  

reservoir pressures w e r e  estimated fran pressure versus depth plots using 

regional data available in t k  (XI2 Data Base. 

of variations ;in porosity, net  pay and gas saturation, several sensit ivity 

studies were conducted. 

Bottcan hole tmpratures w e r e  ccm- 

To assess the influence on OGIP 

Qeservoir Analysis M e t b d o l o ~  

For each area studied, the OGIP (pure CO,) for  one acre-foot of pore 

space was calculated, as a function of initial BHP, temperature and 2 factor 

using the relation: 

G .= 4 3,560 TscPi/PscZiTi 
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OGIP per acre-foot of pore space was  plotted versus depth, as illustrated i n  

Figure 5.1. 

down .to appruximately 6,000 feet. 

As sham, the OGIP/acre-foot exhibits a rapid increase with depth - 
Below 6,000 fee t  OGIP/acre-foot increases 

minimally. 

Each of the geologic areas of interest was characterized by the depths 

a t  which C02 occurs and the anticipated range of net pay thickness. 

Effective net pay was  estimated a f t e r  analysis of tlle perforated interval., 

core analyses, and electric log interpretation. 

bution of wells dr i l led  to  date approximates log m m a .  

and 90ti percentile were assumed representative of distribution of pay i n  the 

"mrst likely", "mrxlal", and "best likely" wells, respectively, when each 

reservoir or producing area is ful ly  developed. 

In each area, net pay d is t r i -  

The loth, 50th, 

Porosities w e r e  estimated frcm core data and canpensated neutron, sonic 

, and density logs. 

In a given resewoir  the OGIP per 640 acre-spaced well is a function of the 

As shown by Figure 5.3, i n  a gas saturation p r o s i t y  product (S@) and net pay. 

typical 8,000 foot deep reservoir, the OGIP per 640 acre-spaced w e l l  could vary 

frcm about 25 t o  230 BSCF, for net tlzicknesses of 60 to 150 fee t  and reasonable 

values of S@ for cannercia1 wells. 
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It is evident that ,  i n  each area, there w i l l  be variation in reservoir 

We have elected to re- rock quality and, thus, in OGIP and deliverability. 

present the anticipated variation of each area as the performance of a set of 

w e l l s  of varying quality. 

"best l ikely wel l" ,  a "mdal w e l l " ,  and a "mrst likely w e l l "  , considering 

observed variations i n  net pay, porosity-gas saturation product, and bottom 

hole pressure. 

Tnus, i n  each area, OGIP has been estirrrated for a 

Field test data, including flow rates,  f lming tubing pressures and draw- 

dams w e r e  then analyzed. For each area a range of average sustained deliveir- 

abiiities and flowing tubing pressures was estimated. 

to be by depletion drive for a l l  areas investigated. 

Production was assmed 

Estimated recovery efficiencies for each area were calculated from 

abandomnt pressures determined af te r  discussions with industry personnel. 

In a depletion drive reservoir, i-ecovery efficiencies are a function of initial 

l3HP and abandonment pressures a s  indicated by the following equation: 

'a "i 
% = l - z  a /x 

As s l m  i n  Figure 5.2, recovery efficiency, calculated for a wellhead aband- 

onment pressure (Pa) of 400 F i g ,  increases rapidly w i t h  depth to  about 88 

percent a t  4,000 feet, tiien stabil izes.  

each area wexe converted to bottan b l e  abandment pressures to  account for 

Wellliead abandomnt pressures for  
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regional variations i n  depth. 

be a funcfion of mpressicm intake pressure and drawdam. 

Actual abandonment pressures i n  any area w i l l  

For each area, a set of w e l l  "models" spanning the probable variation 

in rock quality, OGIP, and sustained productivity was  created. 

hole pressure decline curves w e r e  canstructed as a function of cumulative 

gas produced, alluwing easy correlation w i t h  varying flow rates and recovery 

efficiencies. Individual wll ecanOmics on these representative w e l l  mdels 

Flowing b t t m  

, w e r e  then calculated. 
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5.3 ECONOMIC ANALYSIS m0mK)GY 

A shple e c o d c  "model" w a s  constructed using estimated investment &nd 

operating costs, and reservoir sensitivity studies as  input. 

was to develop a range of per-mcf costs for C02, dehydrated and delivered to 

an interstate pipeline a t  specified pressures for each of the analyzed areas. 

The objective 

In an effort  to estimate the probable costs of dril l ing C02 wells, cost 

data w e r e  collected on typical natural gas w e l l s  through cmunication w i t h  

the W G ,  AGA, API, and numerous industry personnel. 

industry personnel indicated natural gas w e l l  cost data were insufficient for 

accurate estirmtian of C02 well costs. Relprted drilling costs for C02 wells 

i n  the areas of interest  were found to be substantially higher than originally 

anticipated. These higher dr i l l ing and corpletion as ts  are explained in  part 

by the follawing: 

connnum cation w i t h  

1. m d  and site costs, rugged topography 

2. &rote locations; distances frcan traditional oil f ie ld  

services and supply centers 

Problems w i t h  hole collapse i n  shale formations, requiring 

high cost dr i l l ing fluids (oil base muds) 

Drilling w i t h  air to l i m i t  formation damage i n  low per- 

meability zones 

3. 

4. 
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5. 

6. 

mcountering thick sections of hard igneous rock 

-Large casing and tubing s i zes  

7. Highly corrosive nature of C02 requiring specid coatings 

and stainless steel wellheads 

8. Presence of archeological sites and required studies 

9. High cost directional dr i l i ing to deviate holes for 

topographic and e n v i r o m t a l  reasons. 

10. Requirement for  b u r i e d  ga ther ing  l ines.  

Drilling costs, thus ,  are higlily site specific and regionally variant 

due to  topographic and ga logic  variations. 

based on those reported by operators in each area. 

mmpleted h e l l  costs herein were 

A dry hole "cost" was 

estirnated in each area, based on historical dry b l e  ratios and estimated 

intangible w e l l  costs, for both exploration and d e v e l o v t  dr i l l ing phases. 

TRase bonus fees and estimated probably operating costs for C02 w e l l s  =:re 

obtained fran industry personnel. 

processing equiprent were supplied by Pul l . 1~1  Kellogg. 

New Pkxico, surface equipat design was based on 50 I"D capacity 'Imdules" 

ccanposd of a dehydration, conpression, hydrate inhibiting, a d  gathering sys- 

tem. 

and operating costs w e  cenitted since compression was assumed to be undertaken 

by the pipeline. 

Investmnt and operating costs for surface 

For all areas other than 

For the New N d c o  area e c o d c  analysis canpression system investment 

Each w e l l  was assigned a pro ra ta  expenditure for surface processing 

equiprent based on its production contribution to the 50 MMSCF'D rodtile. The 

canpression systan, based on pipeline delivery pressure of about 2000 psig, 
kls 
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requ i red  one stage o f  compression f o r  f l ow ing  w e l l  head pressures between 

565-2000 ps ig,  two stages f o r  f lowing pressures o f  185-565 and th ree  stages 

f o r  f lowing. pressures o f  50-185. Actual  sur face processing costs  may vary 

considerably  i f  two-phase f l o w  i s  encountered a t  the  sur face.  

Discounted cash f low economic eva lua t ions  cons ider ing  lease bonus , ex- 

p l o r a t i o n  cost,  d r i l l i n g  and development expenses, gather ing,  t r e a t i n g ,  and 

compression costs,  and probably t ime delays (as discussed below) were ca lcu-  

l a t e d  us ing  a commercial computer package. (45) 

Earning power was ca l cu la ted  on an a f t e r  Federal income tax  basis,  w i t h  

a tax  r a t e  o f  48 percent  and no dep le t i on  allowance f o r  a l l  cases. 

percent  r o y a l t y  was assumed. 

A 12.5 

Economics were ca l cu la ted  i n  constant  value 1978 d o l l a r s  and assume t h a t  

i n f l a t i o n  i n  investment and opera t ing  expenses w i l l  n o t  exceed i n f l a t i o n  i n  

1 gas p r i ce .  

I n  the  McElmo Dome and Sheep Mountain areas a t ime span o f  f i v e  years 

was se lected as probably rep resen ta t i ve  o f  t he  l eng th  o f  t ime between i n i t i a l  

lease expendi tures and f i r s t  p roduc t ion  and d e l i v e r y  o f  t he  C02 t o  the  consuming 

EOR operator .  

on present va lue economics, 

t u r e  u n t i l  CO2 enters  the  p i p e l i n e  i n  year  6 i s  shown i n  F igure  6.4. 

v ides f o r  exp lo ra t i on  and prov ing  o f  reserves i n  years 2-4, b u i l d i n g  o f  t he  

p i p e l i n e  i n  years 3 through 4, and development d r i l l i n g  and i n s t a l l a t i o n  o f  

surface processing equipment i n  year  5. 

commence i n  year  6 and was sustained u n t i l  the  ca l cu la ted  reserves were produced. 

The ac tua l  t ime frame may be expected t o  have negat ive impact 

The t ime pe r iod  from i n i t i a l  lease bonus expendi- 

I t  pro-  

Product ion o f  CO2 was assumed t o  
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For the Jackson Dome and Northeast New Mexico areas an additional year 
1 u  

was added for the development phase, This a1 lowed major capital expenditures 

for development d r i l l i ng  and surface processing equipment t o  be budgeted over I 

I years 5 a n d  6. I n i t i a l  C02 production begins i n  year 7 .  

A t  variable times, dependent on each we1 1 I s  pressure decl ine behavior, 

additional compression stages may be introduced, and are  represented by X .  

Economics were considerably affected by the time table for compression stages 

i n  a l l  areas. 

I 

A1 1 economics were calculated based on well spacing of 640 acres per well, 

Ultimate well spacing may be greater or smaller depending on actual well and 

reservoir performance and cost  experience. 

Results presented i n  the following sections must be considered speculative 

and depend on sustained production history for confirmation. 
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5.4 SOUTHWESTERN COLORADO - McElmo Dome Area 

5.4.1 Geologic Introduction 

Exploration f o r  CO2 reservoirs in southwestern Colorado has focused on 

the McElmo Dome Area i n  Montezuma County and  the Doe Canyon-Dove Creek Area o f  

Dolores County. 

Basin a re  the Leadville (Mississippian) and the Ouray (Devonian), found a t  depths 

The two C02 productive zones i n  this portion o f  the  Paradox 

I of 6500-9000 f e e t  subsurface. 

dolomites, w i t h  the Leadville indicating greater  productivity. 

Both formations a r e  composed of limestones and 
I 

Analysis of produced gas from bo th  formations indicates a composition o f  

96-99 percent C02 w i t h  1-4 percent nitrogen. 

Exploratory wells,  ident i f ied on Figure 5.5(”) appear t o  have delit-ieated 

Wells ident i f ied a productive area i n  the southern portion of the s t ruc ture .  

as  18, 22,  25, C ,  D ,  E ,  and F reportedly were completed a s  potential  producers. 

Data i s  unavailable regarding CO2 productivity i n  well numbers 16 and 27. 

The remaining s ix  wells reportedly were plugged as  dry holes. Productive 

a t  the southern end o f  the s t ruc ture  i s  estimated t o  be rough y 100 sec t  

or 64,000 acres.  

area 

ons , 

Although a t  l e a s t  one productive wel l ,  ident i f ied as  well A on Figure 5.51 

has been completed in the northern Dove Creek portion of the s t ruc ture ,  

control i s  insuf f ic ien t  fo r  accurate reservoir  delineation i n  the northern area.  

Of the remaining wells, well 19 i s  apparently dry, while well B reportedly 

encountered a faul ted section in the Mississippian and i s  being sidetracked for 

recompletion. No data is  avai lable  on well 21. 
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SOUTHWESTERN COLORADO - CO2 SOURCES 

FIGURE 5.5 
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5.4 . 2 Reservoir Analysis 

D a t a  on exploratory C02 wells i n  the McElmo area w e r e  acquired f r o m  pub- 

l i c  records i n  the office of the Colorado Oil and G a s  COmnission, Denver, 

Colorado. 

core analyses, and electric logs. 

sonnel provided insight in to  difficulties encountered in determining productivity 

during evaluatioii of the area. 

Data obtained includes w e l l  mnpletion reports, back pressure tests, 

Clxmnum 'catian with various industry per- 

N e t  pay thicknesses were determined by interpretation of core analysis 

reports, compnsated neutron logs, formation density logs, and perforation 

records i n  mmpletion reports. 

Porosity and permeability values w e r e  estimated from logs and core analysis 

reports. Gas saturation was estimated to be 80 percent. 

Reservoir tempratures and in i t i a l  b o t t o m  hole pressures were derived 

f r m  regional data available in the C02 Data Base. 

It is anticipated that w i t h  one stage of conpression bottom hole 

abandonment pressures of around 1200 psis can be achieved. 

in remvery efficiencies on the order of 65-70 percent OGIP. 

This would result 

Assuming the reservoir has an areal extent of 100 productive sections, and 

f m  75 to 100 feet  net pay tllickness w i t h  approximately 7 percent porosity, OGIP 

is estimated to be f m  3.8 t o  4.9 TSCF. 

range from 2.6 to 3.4 TSCF. 

Ultimate recovery (65-70% RE) might 
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5.4.3 Well Analysis 

Calculated absolute open flows (CAOF) for individual wells exhibit wide 

variation, reportedly ranging from 17 to 115 MMSCFD. 

is expected to be significantly less than CAOF. 

tained del iverabil ity was complicated by complex reservoir geology and evidence 

of substantial rock heterogeneity, Core analyses indicate two possible controls 

on reservoir porosity and permeability. 

Sustained deliverability 

Estimate of probably sus- 

Both fracture and matrix porosity and 

permeability have been reported. Fracture control led permeabil i ty, frequently 

found in carbonate rocks, often results in a rapid initial decline of wellbore 

pressures and flow rates. 

rates tend to stabilize at low levels for long periods. Matrix controlled 

permeabi 1 i ty , on the other hand, a1 1 ows a more ''typical we1 1 bore pressure 

decline and, for the same initial CAOF, would tend to sustain higher flowing 

rates and pressures than fracture control led permeabil i ty. 

Following the initial decline, pressures and flow 

Sustained well deliverabilities are anticipated in the 3-12 MMSCFD range, 

and flowing we1 1 head pressures from 600-850 psig. 

are in this range, then only one stage of compression should be required for 

delivery into a pipeline at around 2000 psig. 

If flowing well head pressures 

5.4.4 Economic Analysis 

Economic sensitivity analyses were conducted with a commercial computer 

Sensitivity of earning power to sustained flow rates and reserves package. 

per well were evaluated considering three rate cases and three reserve cases. 

Thus, the following "models" wells were created; a "worst likely well" producing 

3MMSCFD, a "model well" producing 6 MMSCFD, and a "best likely well" producing 
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1 2  l@SCF'D. Econcnnics of each of the d e l  wells was examined for  reserves 

of 15 BSCF, 30 BSCF, and 60 BSCF. 

Capital expenditures for each w e l l  "del" are sumnarized i n  Table 5.1. 

The c q l e t e d  w e l l  cost, pro rata dry hle  axt, lease bonus fees, and gathering 

system mst w e r e  considered indepndent of the production rate and w e r e  held 

constant for a l l  three we11 "models". 

equiprent w e r e  based on 50 M.IscFD modules, and investment for ampression and 

dehydration equipnent for each w e l l  was prorated based on each well's share of 

the ent i re  mdule. 

Cost estimates for surface processing 

As noted previously, one stage of ampression was esti- 

mated to be adequate a achieve recovery efficiencies in the range of 65-70 

percent. 

Each producing w e l l  w a s  burdened w i t h  a pro rata share of the tntal 

intangible cost of dry holes and lease bonus. Based an observed experience in 

the area, a dry hole ratio of 1 in 3 during exploration dr i l l ing was  utilized. 

The ratio was assumed be 1 in 4 during developnent drilling. 

Total investment (1978 dollars) for a 3 MMSCFD w e l l  was estbated a t  

$1.4 million, for a 6 IWCF'D ell a t  $1.6 million, while a 1 2  MPECE'D well's 

estimated cost was $2.1 million. 

production capacity increases is proportional to increased ccaopression horse- 

pawer required. 

The substantial increase in investnaent as 

Operating costs util ized are indicated in Table 5.2. 
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TABLE 5,1 

* *** 
ccsnpression well DV** Gather- 

FISYW Ccmpress2on Investment Dehydration Cost In Hole mgsyst€¶ll mtalI 
Rate B.W.9.. l?q&ed ni$ cost In $ $ cost (pm MtaJ Cost In $ - 
3MMscFD 387 209,290 24 , 000 750,000 112 , 500 250 , 000 1,345,790 

6MMSCFD 774 418 , 580 48 , 000 750,000 112 , 500 250 , 000 1,579,080 

12 MMscFD 1,548 837 , 150 96 I 000 750,000 112 , 500 250 , 000 2,045,650 

I 
6, co 
I 

* 
Based on $540.8/”E’. 

** 
Pro rata dry  hole cost ass2gned on intangible investment for 25 dry wells per 75 prcducing wslls. 

*** 
Gather- system based on 1 mile of 4” S.S. quality pipe. Also includes $65,OOO/Well for 

hydrate control. 

%tal excludes $25,600/640 acres lease fee. 

i 
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I cn co 
I 

$/well/month = 300 

C / M S C F  for  

C / M S C F  for 

C / M S C F  for  

TOTAL COST 

TABLE 5.2 

OPERATING COSTS - McELMO DOME, COLORADO 

compression f r o m  565 

dehydration = -53 

hydrate control = . 4  

$/UNIT = .0863/MSCF 

to 2000 psig = 7.7 



60 BCF 

30 BCF 

15 BCF 

FLOW RATE in MMcM 

AFlT DCF-ROR vs F W  RATE VARYING PER WELL RESERVE AND GAS PRICE 

McElMO DOME, cOLoRAD0 

FIGURE 5.6 
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6 MMcfd d 
t 

1 - 3 MMcfd 

c *' 12 MMcfd 
e -  

NET PAY in F E T  

1 
15 30 60 

4 

RESERVE in BCF 

AFlT DCF-Rocl VS. PER WELL RESERVE FOR VARYING FLOW RATES AND GAS PRCE 

McELMODOME, coL13RADo 

FIGURE 5.7 
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me investment schedule assumes expenditures w i l l  occur over a 5-year 

period prior to actual C02 production. 

(I3cF-ROR) calculated assuming gas prices of $.25/MSCF and$.50/MSCF are presen- 

ted in Figures 5.6 and 5.7. 

Discounted cash flcrw rates of return 

In Figure 5.6 AFIT DCF-mR is plotted versus flaw rate for various gas 

A t  $.25mCF, earning power for a well With less than reservles and prices. 

30 BSCF w i l l  be lower a t  a production rate of 1 2  MTKFD than a t  a rate of 6 

PMSCED. This phencmam is at t r ibuted to the substantially larger  f ront  end 

investrnent r&r& for  carpression and dehydrating & p e n t  fo r  the higher 

pmdwtion rate. 

or wellhead pikes. Similarly, i f  a well has a reserves of 15 BSCF o r  less, 

a production rate of 3 I S C F D  mulcl yield a higher earning pwer than one of 

The extra investment w i l l  pay out  only w i t h  higher reserves 

Figure 5.7 presents tlze sare data as Figure'5.6, but plots  DCF-ROR versus 

reserve for various flow rates and prices. 

resewe, DCF-ROR increases With production rate increases, up to the maximum 

For a w e l l  w i t h  60 BSCF as a 

rate evaluated of 1 2  Mp16scFD. 

BSCF the DCF-€OR is re la t ive ly  insensit ive to rate a b u t  6 MECFD. 

Howver, as the  per w e l l  reserve drops to 30 

As per w e l l  reserves f a l l  to  15 BSCF the "optimum" rate appears to be 

less than 3 MMSCFD, with additianal compression to  produce a t  higher rates 

apparently being unwarranted. 
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cane the h n t - e n d  investment, and higher production rates show a positive 

correlation w i t h  increased KF-ROR a t  all reserve per well figures. 

These calculations indicate that because of high front-end expenditures 

required for canpression and surface processing equiprent, sustained rate and 

The M2,l.m me area developtent is occurring in an area described as  

rich in Iildian artifacts.  

performed. 

area. 

J3xpmsive archeological studies repr ted ly  have been 

Gathering systern flow lines m y  have to be buried throughout the 

Scene wells reprte<lly have been deviated for archeological or environ- 

mental reasons. These diff icul t ies  are time and capital c o n s q t i v e  for the 

operator. 

A second set of ecollcpnic analyses was conducted to study earning pmer 

sensitivity to variation in capital hvestrnent and additional tirtbe delay. 

'llb account for additional delays incurred in developmt of the area due to the 

above factors, the time required fdr developmt was increased by one year. 

To assess the influence of increased overhead an additional operating cost 

estimated a t  20 percent of the w e l l  oost was budgetea over the f inal  2 years 

of developnent. 

years 5 and 6. 

Capital expenditures for developent were allocated over 
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This sensi t ivi ty  analysis examined a flow rate of 6 I S C F D  for  the same @ 
three per v e l 1  reserve cases analyz&I previously, 15 BSCF, 30 BSCF and 60 

BSCF. 

and time delays w i l l  have only a s l igh t  negative effect  on eanlirig pawer. 

. 

IGesults presen- in Figure 5.6 indicate the additional expenditures 

A l l  1kEzmo DQYE area analyses ass& 640 acre drahage. I f  the actual 

drainage area is SSs tan t i a l ly  less, the reserves w i l l  be pmpr t iona te ly  

sraller. 

d r i l l i ng  i f  drainage is less than 640 acres/well. 

depending on wellhead price, the earning parer w i l l  be particularly affected 

as per w e l l  reserves drop below about 30 BSCF, due to the large capi ta l  

expenditures required for wells and surface processing equiprent. 

These e c o d c  calculations indicate l i t t le inducement for i n f i l l  

Figure 5.6 indicates that, 

Operators have reported initial spacing is expected to be one well per 

640 acres(46). 

to be considerably less than 640 acres, and i f  eco&cs w i l l  support it, 

i n f i l l  d r i l l i n g  may be required. 

Howsver, i f  after sustained production, drainage is indicated 

Recent literature suggests industry is considering a pipeline w i t h  a 

capacity of 300 M%CF'D from the M2Elm area to W s t  Texas. 

For the "mxlal" reserve case of 30 BSCF per w e l l ,  a well draining 640 

acres, with an average sustained deliverabili ty of 6 W C F D ,  muld  pmduce its 

reserve in 13 years. 

6 MWFD and 100 sectians w e r e  producbive, then a pipeline dgnand of 300 WCFD 

could probably be m e t  for 25 years. 

I f  the average sustainel deliverabili ty per well was 

Q 
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5.5.1 Geologic Introduction 

The Sheep &h.mtain area, located i n  Huerfano Cb., Colorado, is C02 

productive fran two stratigraphic units. The Dakota (Cretaceous), and a 

smaller reservoir, the Ehtrada (Jurassic), produce gas -sed of 97 to 99.6 

percent C02 w i t h  minor m u n t s  of N2 and mthane present. 

The D a k o t a  and Entrada are porous sand bodies forming narrow elongate 

reservoirs. Core analyses and log data indicate rapid la te ra l  shaling out of 

both reservoirs. 

located on two large structural highs, thus forming aombined stratigraphic 

and structural traps. 

Additionally, in Huerfano County the sands appear to be 

Drilling in the area has been considerably mre di f f icu l t  than anticipated. 

Surface topgraphy is generally rough, creating s i t ing and operational difficul.- 

ties. 

igneous rock have been encountered. 

have necessitated tlie use of an o i l  base mud for portions of the drilling. 

Many wells have ltad to be deviated. Sections of up to 1000 feet  of 

Hole collapse problem i n  the P ie r r e  Shale 

Dakota and Entrada beds exhibit dips of up lm 20 dq rees  i n  the area. 

Evidence of substantial vertical faul t  displacement has been observed in 

several wells. 
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The top of the Dakota is encountered f m  3,000 to 8,000 f ee t  subsurface. - 
Gross thickness of the Dakota formation in the Sheep muntain area ranges 

f m  150-350 feet .  

The top of the Ehtrada is usually found about 300 feet stratigraphically 

below the Dakota. 

thickness. 

Dakota. 

since i n i t i a l  indications are t h a t  mtrada production w i l l  m t  be ccmingled 

with Dalcota production. 

The Esltrada formation exhibits a similar range of gross 

The mtrada apparently i s  a smaller reservoir areal ly  than the 

The Entrada was not analyzed i n  as great a de t a i l  as the Dakota, 

Figure 5.8 (lo) identifies well nunbers 30, 31, 34, 36, 42, 44, 46, 47, 

49 and L as potential  Dakota producers. \el1 nutbers 33, 35, 39, J and M 

have been r e p o r t d  as dry lmles. 

I and I<. 

Data  is lacking for  w e l l s  32, 41, 45, 48, 

The productive Dakota area on the southern half of the structure appears 

to have been effectively delineated by the w e l l s  shown on Figure 5.8. 

possibly productive area in the northern portion has not ye t  been fu l ly  evaluated. 

One w e l l ,  n-r 34 on Figure 5.8, exhibits good porosity and permeability in 

the Dakota and appears promising as a C02 producer. 

suggests a resewoir  w i t h  a probable minimum of 25 productive sections, or 

16,000 acres and a possible upper limit estimated a t  around 30 sections or 

19,000 acres. 

A 

Available geologic control 
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5.5.2 Reservoir Analysis 

Reservoir analysis w a s  based on data obtained from N l i c  f i les  of the 

Colorado O i l  and Gas Cannission off ices  in Denver, Colorado. 

reports, core analyses, and daily d r i l l i hg  s m r i e s  provided considerable 

data and insight i n to  the results obtained i n  the exploration program. 

Additional data was obtained frm industry personnel. 

Ne11 ccsnpletion 

Variation i n  net  productive p y  thickness of the D a k o t a  was  determined 

by analysis of core data, perforation records, and electric log interpretation. 

Porosity and permeability data from available core reprts were statis- 

t i ca l ly  analyzed to determine distribution and appropriate means. 

man porosity values for  analyzed wells ranged f r o m  13.3 to 19.6 percent. 

Permeability means ranged from .35 nd to 497 nd. 

Individual 

Bottcan hole pressures and temperatures were-obtained f r o m  q l e t i o n  

reports and daily d r i l l i n g  reprts. 

80 percent. 

Gas saturation w a s  estimated to be 

I f  productive area of the Dakota reservoir ranges fram 25 to 30 sections, 

and has 75 to 125 fee t  of net  p y  with an average p r o s i t y  of 17  percent, OGIP 

in the Dakota is estimated to be 1.9 TSCF to 3.8 SCF. 

(65% HE) might range from1.3 TSCF to 2.5 TSCF. 

U l t i m a t e  recovery 
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Wells reportedly tested a t  f l m  rates from 1 WSCFD to 27 MYSCF'D. Flowing 

tubing pressures varied fran 80 psig to 880 p i g .  Wells yielding the lower 

flow rates and tubing pressures r e p r t e d l y  have had wellbore damage, so test 

results may not r e f l ec t  the i r  t roe  potential. 

Per  w e l l  average sustained del iverabi l i ty  is estimated to range from 

3 to 12 M4SCFD. 

pressures to enable delivery to a pipeline (1500-2000 psig) ,  w i t h  only one 

The w e l l s  are expected to be produced a t  suff ic ient  flowing 

stage of mpress ion .  

Recovery efficiencies were estirilatd fram shut in and flowing bottom 

hole pressure decline curves as a function of cumulative gas produced. 

Average pressure drawdown between shut  i n  pressure and flowing pressure was 

es t im ted  frm flow test data. Abandonment was presumed to occur when wellhead 

flowing pressures required mre than one stage of ccanpression fo r  pipeline 

delivery. 

percent of OGIP probably can be achieved with one stage of mpress ion .  

Calculations indicate recovery efficiencies on the order of 65 

5.5.4 Economic Analysis 

Sensit ivity of earning p e r  to three sustained flow rate cases and various 

per w e l l  reserves was conducted with a carnnercial ccanputer package. Average 
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sustained production rates of 3 MkSCFD, 6 

representative of f ie ld  w e l l s  when developnent is ccprrpleted. 

sitivities for these "mdel" wells were analyzed for per we11 resenres of 

36 BSCF, 70 BSCF, d 137 BSCF. Drilling was  assumed to occur on 640 acre 

and 12  ~ F D  w e r e  assumed 

Ecoraomic sen- 

spacing. 

Capital expenditures for each wmpleted w e l l  d e l  are presented i n  

Table 5.3. The m p l e t e d  we11 cost, pro rata dry hole cost, lease banus fees, 

and gathering systepn cost were considered fixed fees independent of production 

rate. 

Proaucing wells were assigned, on a pro rata basis, the total inwgible 

cost of dry Ides. 

a dry  hole ratio of 1 i n  3.  A similar ratio was predicted for developnent 

drilling. 

Exploratory dr i l l ing i n  Sheep Wuntain thus fa r  has yielded 

Surface processing &pen t  costs were developed on the basis of 50 MbSCFD 

ruodules, wi th  c q r e s s i o n  and dehydration e q u i p n t  investrent for each w e l l  

proportional to the w e l l ' s  cantribution b the mdule. 

one stage of canpression recovery efficiencies on the order of 65 percent could 

be achieved. 

It was ass& that w i t h  

Total investment for a 3 MMSCFD w e l l  "mdel" was placed a t  $1.4 million, 

for a 6 MB3?D w e l l  l'nuxlelll a t  $1.7 million, and for a 1 2  MMSCFD w e l l  "model" 

a t  $2.1 million. The variatian i n  investment as rate  increases is related to 

A '  

the increased capital expenditures required for carpression and dehydration n 
eyuipnent capacity. 
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* ** *** 
I canpression W e l l  Dry Hole Gather- 

canpression Investment Dehydration Cost In Cost (Pro- ing System Tbta l  
R a t e  B.H.P. F&q&?ed In$ Cost In $ $ Ratam$ Cost-$ 
FlOW 

3MYscED 387 209,290 24,000 650,000 128,700 250,000 1,261,990 

6MfSCE’D 774 418 , 580 48,000 650,000 128,700 250 , 000 1,495,280 

12 MSmD 1,548 837 , 150 96,000 650,000 128,700 250 , 000 1,961,850 

* 
Based on $540.8/”3?, 

** 
m-orata dry hole oost assigned on intangible investment for 15 dry wells per 30 producing w e l l s .  

*** 
Gathering system based on 1 mile of 4” S . S .  quality pipe. 
hydrate control. 

Also includes $65,OOO/kll for 

excludes 75,000/640 acres lease bonus. 



m
 

m
 . 
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Operating costs fo r  the well and surface processing are sumnarized in 

T a b l e  5.4. 

Capital expenditures f o r  Sheep lbuntain e r e  scheduled over f i v e  years, 

as indicated i n  Figure 5.4 with ini t ia l  CD2 production occurring in year 6. 

Results of discounted cash f l m  rate of return (-IT DCF-FOR) calcula- 

t ions  using the  above input and gas pr ices  of $.25/MSCF and $.5O/EF, are 

presented i n  Figures 5.9 and 5.10. 

Figure 5.9 shows W I T  DT-ROEI versus f l m  rate fo r  various gas reserve 

and prices. 

3 WISCFD, DCF-ROR increases only s l igh t ly  as p r  well reserve increases from 

36 BSCF to 70 BSCF. 

f r m  70 BSCl? to 137 BSCF. 

upturn as reserve increases from 36 BSCF to 70 B,SCF. 

yields  an increase i n  DCF-KOR each t h e  reserve is increased. 

indicates fo r  areas w i t h  thicker pay, i. e., i f  per w e l l  rese,me on 640 acre 

s)?acing is in excess of 70 B=, then i n f i l l  d r i l l i ng ,  possibly on 320 acres 

per w e l l ,  muld yie ld  greater f i e l d  production capacity with l i t t le  loss of 

earning power per w e l l  for a l l  flow rates examined. 

When gas is priced a t  $.25/1%CE', for  the lmest flow rate examincd, 

DCF-ROR then increases orily s l i gh t ly  as reserve increases 

For a rate of 6 MlvlSQFD, DCF-TOR sbws a mild 

The 12 MPSCFD rate case 

Figure 5.9 
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FLOW RATE in MMdd 

FIGURE 5.9 
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FIGURE 5.10 
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Figure 5.10 is derived from the same data as Figure 5.9, but shows AFIT 

DCF-KlR versus per w e l l  reserve for  various flow rates and prices. 

Figure 5.9, for  a gas price of $.25/MSCF, shws a f l m  rate of 3 M C F D  

yields an insignificant change i n  earning power as per w e l l  reserves increase 

f m  36 BSCF to 70 RSCF ard then fm 70 BSCF to 137 BSCF. 

a &est gain when reserve increases from 36 BSCF to 70 BSCF for  the median 

rate of 6 1.ISCFD. 

greater than 70 BSCF for a rate of 6 MCJ?D. 

significant increase i n  earning power \&en reserves are increased fran 36 BSCF 

to 70 BScF, but very l i t t l e  gain when per mll reserve increases f m  70 BSCF 

Earning power shows 

Little enhancerrent of earning pmr is seen w i t h  a reserve 

A rate of 12  MISCFD shows a 

to 137 BSCF. 

When gas price is increased to $.50/ECF, the f rontend invesbwnt is 

recovered rapidly causing f l o w  rate tn kcm the predominant influence on 

DCF-ROR. As indicated i n  Figures 5.9 and 5.10 l i t t l e  change in DCF-€OR is 

seen in any of the three rate cases as per \ell reserve increases. 

higher price case examined, $.50/-, Figure 5.10 clearly shows gain i n  DCF-ROR 

as a function of an increase in flaw rate rather than an increase in reserve 

per w e l l .  

For the 

Figures 5.9 and 5.10 appear to indicate that for areas exhibiting thicker 

net  pay, a dr i l l ing  program on a w e l l  spacing of 320 acres per v e l 1  would 

cause l i t t le reductian in earning p e r ,  while significantly increasing overall 

f ie ld  production capacity. Additionally, although test data indicate permeability 
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is w e l l  above average i n  mst w e l l s ,  i f  drainage areas w e r e  found ta be , 

significantly less than 640 acres per w e l l ,  a 65 percent remveryefficienc;J 

could be overly optimistic. 

dri l l ing.  

A lmer RE p r  640 acres a u l d  necessitate inf.il 
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5.6 NOR!EBEPNEWMEXICDAREA 

5.6.1 Geologic Introduction 

Several  areas in Northeastern and North C e n t r a l  New Mexico, in- 

cluding locations near Bueyems, Wagon Mound and Turkey Mound, have been 

recent exploration taryets for aoaranercial c02 reserves. 

The most rewarding dril l ing activity to date has occurred on a large 

structural nose on the eastern flank of the Sierra Grande Uplift. 

portions of Union, Harding, and Quay @unties, the structure encanpasses 

the Bueyems CD2 field, which has produced c02 since the early 1950's for 

the manufacture of dry ice. 

Wering 

Recent exploratory drilling in the area indicates high grade c02 of 

99.1 to 100 percent purity, w i t h  a maxinann of . 3  percent N2 and .2  per- 

cent hydrocarbons as Contaminants. 

Several stratigraphic units in  the area have exhibited shows of 

C02. 

appear to be C02 productive. 

The Glorietta Bermbnj., Tuhb (Permian] , and a granite wash mernber 

The imp of the Tubb, the primary pmducer, may be clearly identified 

di rec t ly  belcw the Cimarron Anbydrtte on electric logs and is faund a t  

dep- frun 1900 feet to 2700 feet subsurface. 
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Tubb deposition apparently did rnt occur to the Northwest of the structure, 

resulting-in a depositional phch-out on the Sierra Grande Uplift. 

thickness increases rapidly damdip, to a riraxhun of 500 feet  in the south- 

eastern portion of the structure. 

Tubb 

r 

The Tubb pinch-out l i m i t s  productivity i n  the northwestern portion of thrs 

structure. An apparent gas water contact limits productivity damdip i n  the 

southeastern and southwestern portions of the structure. 

Preliminary application has b m  made to the State of N a g  Mexico by a 

major operator i n  the area for a unit containing nearly 1.2 million acres, 

to be called the Bravo Dollbe Carbon Dioxide Unit. 

are indicated on Figure 5.11 

The proposed u n i t  boundaries 

(10) . 

Twenty-four exploratory wells, as identified in Figure 5.11 (''1 apparently 

have delineated a large C02 productive area. 

and 71-80 w e r e  reportedly productive. 

as dry holes. 

are available on wells 56 and 70. 

is poor, averaging 1 w e l l  per 40,000 acres, there appears to be a p t e n t i a l l y  

\Jells  55, 58, 59, 61-65, 67-69, 

Nmbers 53, 57, 60, and 66 were reported 

Well n m b r  81 was  reported as a mechanical failure. No data 

Although well control for such a large area 

productive area of approximately 880,000 acres or roughly 38 tcrwnsilips. 

Productive area is defined as that acreage containing a minimum of 20 net  feet  

of Pay* 
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NORTHEAST NEW MEXICO - CO2 SOURCES 

.. . . - .- - 

FIGURE 5.11 

-90- 

. .... 



5.6.2 Reservoir Analyses crs 
Data u t i l i zed  i n  the analyses herein were obtained frcnn public f i l e s  of 

the New Mexico O i l  Conservation Conmission in Santa Fe. Data were obtained 

from canpletion reprts, scout cards, production records and electric logs. 

The absence of meaningful C02 production records for  the Bueyeros f i e l d  and 

poor w e l l  control for  such a large area compounded d i f f i cu l t i e s  i n  inter-  

preting ccenplex reservoir characteris tics. 

Distribution of net pay thickness was  estimated from perforation records 

i n  campletion reports a d  available logs of the sectim. Other investigator:; 

have reprted considerable d i f f icu l ty  i n  correlation of specif ic  p r o s i t y  zones 

o r  net  pay i n  gwlogic cross sections. 

I n i t i a l  bottam hole pressures and porosity values were determined fram 

working maps of the area obtained in S t a t e  offices.  

€mervoir temperatures wece estimaed from regional data available in 

the C02 D a t a  Base. G a s  saturation was estirtirated be 80 percent. 

Porosity values averaged 20 percent over the area. Porosity values are 

lower i n  the updip section, and generally increase in the thicker daJndip 

section. 

generally low, contributing to low del iverabi l i ty  and flowing tubing pressures. 

Permeability, w h i l e  following the sam general trend of porosity, :is 
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High purity c02 gas, containing 98-99.9% C02, has been produced from 

Bueyeros f ie ld  since the early 1950's for the mufac tu re  of d r y  ice. 

rates fran several of these early wells have reportedly exceeded 1 MPSCFD, a t  

flawing tubing pressures of 300-330 psig. 

Flm 

Although production records are inadquate, som sources familiar With 

the area have observed that l i t t le or no reservoir pressure decline has occurred 

i n  the w e l l s  produced in the Bueyems area in  over 20 years. 

Bottrxn hole pressures i n  the Bravo Dome area do not exhibit normal corre- 

lation w i t h  subsea depth. 

wells ranged frm 314 psig, a t  2821 feet  subsea, i n  w e l l  72 on Figure 5.11, to  

990 psig, a t  2606 feet  subsea, i n  w e l l  61 on Figure 5.11. 

gradients range fran .137 psi/ft. to  .396 psi/ft. 

pressures and subsea gradients are generally higher in the southwest p r t i o n  of 

the area and decrease in  a northeasterly directian. 

Eottom b l e  pressures observed in  recent explorabry 

Corresponding subsea 

Thus, both bottom hole 

Several theories have been advanced for the indicated bttom hole pressure 

variations, including: 

1. Possibility of a C02 source on the southwestern side of 

reservoir actively charging the reservoir 

Possible leaks into Palo Dum or Dalhart basin on the 2. 
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The variation i n  observed bottom lmle pressure complicated analysis of 

probable w e l l  and resmoir behavior. 

Ca lcu la ted  remvery efficiencies i n  the area should be considered uncertain 

a t  this time. 

efficielcies on the order of 65% can be calculated. 

m t  pressures would require two stages of canpression. 

could be found for three stages of compression, then recovery efficiencies mi.ght 

reach 85%. 

Based on bot- b l e  abandonmat pressures of 225 psig, recovery 

Such bot- hole abandon- 

I f  economic justification 

Assuming the productive area covers L380,OOO acres, o r  roughly 38 tmnshj.p, 

with an average of 40 to 60 feet  net pay, and approximately 20 percent prosj.ty, 

OGSP is estiroated to  range from 10.9 TSCF to 16.3 TSCF. 

(65% FE) wuld then range f m  7.0 SCF to 10.6 TSCF. 

The ultimate recovery 

5.6.3 W e l l  Analysis 

Exploratory wells identified as potential producing wells i n  Figure 5.111, 

tested flm rates fran -25 WSCFD b-1 .9  MMSCFD. Flowing tubing pressures were 

generally low, ranging froen 30 psig to 250 psig. Mst wells exhibiting i n i t i a l  

fluw rates less that .5 WSCFD were reportedly acidized to improve p e r f o m c e ,  

Anticipated sustained per w e l l  deliverabilities range fran .3 W F D  

to 1.2 IIIScFD, with fluwing tubing pressures of a t  least140 psig. 

sustained flawing tubhg pressures in excess of 140 psig, -0 sbges  of cmpres- 

sion should be sufficient for delivery to the pipeline. 

With 
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5.6.4 EC0r;lomic Andlvsis n 

Ecommic sensitivity analyses were conducted w i t h  a ca;anercial computer 

package. Econcnnics w e r e  calculated for three sets of &el wells and assumed 

producing rates of . 3  MMSCFD, .6 MEK!FD, and 1.2 MMSCFD. 

set of d e l  w e l l s  w e r e  e n d  for resewes of 3.0 BSCF, 6.5 ascF, and 14.3 

BSCF. 

of 65% from a 640 acre drainage area. 

Economics for each 

The range of per w e l l  reserve estimates is based on a recovery efficiency 

E s t i m a t e d  capital expenditures, representing lease bonus costs, cmqleted 

w e l l  cost, pro rata dry hole cost, gathering systen and dehydrator investment, 

are presented i n  Table 5.5. 

A dry hole ra t io  of 1 in 4 during exploratory dr i l l ing was based on his- 

torical data derived fran the exploratory program while a dry hole ra t io  of 

1 in 5 was assumed for developmt drilling. 

a pro rata  share of the total intangible cost of dry holes and lease bonus 

fees. 

Each producing w e l l  was burdened with 

As it is expected the pipeline w i l l  be responsible for compression of the 

gas, e c o n d c  analyses were based only on the production, drying, and gathering 

of C02 and did mt include compression expenses. (It is uncertain a t  this t i m e  

whether w e l l  performance w i l l  warrant the installation of three stages of com- 

pression. Optimization of campression sizing and scheduling this l o w  pressure 

gas resource is beyond the scope of this reprt.) 

Table  5.6 sumnarizes well operating costs, gas processing costs, and 
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* ** 
D r y  Hole Gathering 

Flm Dehydration W e l l  Cost Cost In $ system 
Rate Cost In  $ In $ (Prorata) Cost In $ Total1 

0.3 I"D 2 400 150 000 18 000 190 f 000 360 400 

0.6 IvWCF'D 4 800 150 000 18,000 190 f 000 362 800 

1.2 MMscl?D 9,600 150,000 18,000 190 too0 367,600 
I 

cn 
I 

* 
Prorata d r y  hole cost assigned on intangible hvestment f o r  25 d r y  wells per 100 producing. 

** 
Gathaing system based on lmile of 2" S.S. qual i ty  pipe. Also includes $32,5OO/We11 for 

hydrate control. 

%tal excludes $22,000/640 acres lease fee. 



d: 
Q
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hydrate inhibiting costs. 

Investment was assumed to occur over a s ix  year period prior to actual 

C02 production. 

tm years prior to C02 production. 

econOmic analyses for gas prices of $.25/MSCF and $.SO/rJSCF. 

Developent capital expenditures were scheduled over the 

Figures 5.12 and 5.13 present results of 

Shown on Figure 5.12 is WIT DCF-FOR versus flow rate for various per- 

w e l l  gas reserve and prices. For a flow rate of . 3  MMSCFD, w i t h  a gas price of 

$. 25/PSCF and the lowest per well reserve analyzed, 3.0 BSCF, the earning power 

is one percent. 

of less than five percent for a reserve of 3.0 BSCF. 

6.5 BSCF per w e l l ,  earning pawer increases rapidly for all three flow rates. 

When reserve per w e l l  rises to 14.3 BSCF, earning p e r ,  for a flow ra te  of 

. 3  MESCFD, m i n s  constant and s b w s  rn increase over the 6.5 BSCF reserve case. 

Howeva, earning pwers for the higher production rates of .6 ME.IsCFD and 1.2 

PIp'lScFD continue to  show mderate increases as per w e l l  reserves increase frm 

6.5 RSCF to 14.3 BSCF. 

F l a ~  rates of .6 o r  1.2 MMSCFD w i l l  both have earning powers 

As reserve increases to 

Plotted on Figme 5.13 is AFIT DCF-FOR versus per w e l l  reserve for various 

flow rates and prices. Figure 5.13 indicates earning power is mre sensitive 

to flow rate than reserve when reserve is greater than 6.5 BSCF. For a gas 

price of $.25/MSCF as the flow ra te  increases fram . 3  MMSCFD to 1.2 "D, 

the eaxning pwer increases f r m  1 to almost 5 percent for a reserve of 3.0 W3F 

per w e l l .  

substantial increase as flow rate increases f m  . 3  

For reserve cases of 6.5 BSCF and 14.3 ascF earning power sbws 

.6 M-. 
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3.0 BCF 

M.3 BCF 

63 BCF 
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ROW RATE in MMcfd 

AFIT DCF-ROR VS. F W  RATE FOR VARYING PER WELL RESERVE AND GAS PRiCE 

NE. NEW MEXICO 

FIGURE 5.12 
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FIGURE 5.13 
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As flaw rate increases from .6 MGCFD to 1.2 MISCFD, earning p e r  shows 

omparable increases. 

For gas prices of $.5O/WCF the earning p e r  increases for  each case 

examined. 

Figures 5.12 and 5.13 show insignificant gain in earning p w e r  as per w e l l  

reserve increases from 3.0 BSCF to 14 BSCF. For a higher flow rate of 1.2 

W C F D ,  earning power increases up to  a reserve of 6.5 BSCF, then s tabi l izes  

with increasing reserve. 

For flow rates of .3 14MXFD and .6 MSCFD with gas priced a t  $.50/MscF, 

Figures 5.12 and 5.13 should be ut i l ized cautiously. Considering the 

var iabi l i ty  of in i t ia l  bottom hole pressures, and the uncertainty i n  reservoir 

characteristics & reservoir continuity, econanic interpretation prior to  

sustained production performance must be considered rather speculative. 

of CO delivered t o  the user must re f lec t  a wellhead price tlzat  w i l l  earn an 

acceptable prof i t  to the lease operator and must also ref lect  mpress ion  and 

transportation costs. 

Cost 

2 

The ecollomics reflected by Figures 5.12 and 5.13 assum 640 acre spacing 

and drainage areas. 

?loser spacing might be w a r r a n t e d .  

further calculations are not just i f ied.  

Depending on tell performance and pricing, and C02 demand, 

A t  tlxk stage of developrent, however, 

Peak production rates discussed thus f a r  fmm this accurmilation have been 

in the 600 M C F D  range. If the average per w e l l  sustained delivery were 
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.6 PNSCFD, this would require a minhum of 1000 w e l l s  and would result i n  the 

production of 5 TSCF of C02 over a period of 25 years. 

duction is canpared to  the possible 7.0 to 10.6 TSCF original reserve, it seems 

\hen this total pro- 

apparent there is adequate gas i n  place to sustain this demand. 

Well control in northeastern New Pkxico is sparse. Effective drainage 

radii are not knm. 

program does not appear t o  conform to geologic and engineering norms. 

pretation of fu ture  productivity, reservoir behavior, and ecormmics, thus, 

is highly speculative. 

be made w i t h  increased w e l l  densib1 or  control and sustained production data. 

Pressure data obtained f r o m  the exploratory dr i l l ing 

Inter- 

Improved reservoir and econarsic evaluations can only 
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5.7 CENTRAL MISSISSIPPI - JACKS2J DOME AREA 

5.7.1 Geologic Introduction 

Jurassic sediments i n  portions of Rankin, mdison, and Scott Counties, 

A Mississippi, have tested sour gas over the past 20 years of exploration. 

corridor of C02 and H2S rich gas i s  located on the east-northeast flank of 

the Jackson Uplift and extends in an arc from north central Madison County 

through central Rankin County. 

'Ifm stratigraphic Units, the Smackover (Jurassic) and the lwrphlet 

(Jurassic) have ind ica td  strong C02 potentials during exploratory dr i l l ing 

and testing. 

The sour gas productive trend also enmmpases several hydrocarbon pro- 

ductive fields including Loring, Pelahatchie, Piney w s  and Thomasville. 

Wells i n  the area have tested carbon dioxide concentrations ranging f r m  

65 percent to 99.6 percent frm the Jurassic section. 

w i t h  up to 10 percent H2S and varied quantities of methane. 

The gas is associated 

The carbon dioxide resource area of prime interest  i n  this investigation 

is limited to  areas penetrated by w e l l s  92, 93, 94, 95, 96, 98, G, and H on 

Figure 5.14. 

of which my have m m n  accumulations. 

These wells appear to  be located on four separate closures, some 

Tests in these w e l l s  indicate gas 

with a miiir~m of 98 percent C02 and a m i m U m  of 1.5 percent H S. 

tests have indicated H2S concentrations less than 1 grain per 100 cubic feet. 

Several 2 
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U A v a i l a b l e  data i n d i c a t e  C02 concentrat ions i n  Jurass ic  gas tes ted  by w e l l s  97 

and 99 i s  cons iderably  l e s s  than 98 percent  w h i l e  an a d d i t i o n a l  CO2 resource 

o f  cons iderable magnitude may e x i s t  w i t h  h igher  H2S concentrat ions,  i t  w i l l  

n o t  be examined i n  t h i s  repo r t .  

Est imate o f  gross th ickness i n  the  Smackover and Norphlet  i s  compl icated 

by d i f ferences o f  op in ion  among var ious  i n v e s t i g a t o r s  regard ing Jurass ic  

s t r a t i g r a p h i c  i n t e r p r e t a t i o n .  D i f f e r e n t i a t i o n  o f  t h e  basal  Smackover sands 

and the  upper Norphlet  sand i s  r e p o r t e d l y  d i f f i c u l t .  

The top  o f  t he  Smackover i n  the  Jackson Dome area i s  found between 14,000 

t o  16,000 f e e t  subsurface. 

Smackover. 

brown t o  grey l imestones and dolomites w i t h  interbedded do lomi t i c  sands. 

porous d o l o m i t i c  basal sand member i s  u s u a l l y  present .  

The Norphlet  i s  loca ted  d i r e c t l y  below the  lower 

The Smackover i n  t h i s  area i s  p r i m a r i l y  carbonate, composed o f  

A 

Gross th ickness o f  the  Smackover i n  the  study area i s  est imated t o  be 

from 1,000 t o  2,000 f e e t .  

sc r ibed as h i g h l y  va r ied  i n  the  carbonate sec t ion ,  ranging from porous o o l i t i c ,  

Smackover p o r o s i t y  and pe rmeab i l i t y  have been de- 

t o  i n te rg ranu la r ,  t o  vuggy and f r a c t u r e d  (48) . 

The Norph le t  i s  descr ibed as a sequence o f  p r i m a r i l y  f i n e  gra ined sands. 

Gross th ickness f o r  t h e  Norphlet  i s  a minimum o f  300 f e e t .  
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CENfRAL MlSSlSSlPPl - CO2 SOURCE 

FIGURE 5.14 
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5.7.2 Reservoir Analysis 

Data for reservoir analysis was obtained from public records on file i x i  

the Mississippi O i l  and Gas Board Office in  Jackson, Mississippi, and through 

a GuIic consultant. 

scout cards were ut i l i zed  to interpret  reservoir characteristics. 

analyses, although of limited avai labi l i ty ,  were examined whenever possible. 

All available !ell mrplet ion reports, electric logs and 

Core 

N e t  pay thickness was estimated by analysis of perforated intervals 

reported i n  w e l l  carpletion reports and scout cards, and by correlation with 

subsurface logs. 

Porosit ies and permeabilities were estimated from available core analysis 

data and frm literature on the Jurassic section in the area. Gas saturation was 

estimated to be 80 percent. 

Reservoir temperatures and init ial  bottan hole flowing and shut i n  pres- 

Pressure sures were determined frm w e l l  ccanpletion reports and scout cards. 

gradients exceed geo-pressured in some portions of the reservoir. 

gradients ranged fran .485 psi/ft. a t12,130 feet  subsurface to .713 psi/ft .  

Pressure 

a t  16,801 feet subsurface, yielding the m a x b  subsurface pressure gradient 

of .713 psi/ft. 

Sevm of the w e l l s  identified on Figure 5.14, wells 92, 93, 94, 95, 96, 

98, and H, rmrtedly tested gas w i t h  c02 in excess of 98 percent. These wells 
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provide a bare minimum of w e l l  control. A l l  seven of he indicated w e l l s ,  

dri l led @tween 1951 and 1978, were dril led on structural highs, probably 

related to deep-seated salt features. 

96 w e r e  dri l led for hydrocarbn exploration. 

Of these seven \ells, all but n m h r  

Wells 94, 95, and 96 apDear to be located on a single, fa i r ly  large 

elongate structured feature. 

mnpleted as a potential Q2 producer by a major operator, was reportedly 

to test the Jurassic C02 potent id  on the southern flank of the feature. 

nmber G is being dril led as a confirmation C02 well fm nmber 96 and, when 

coqleted, w i l l  provide additional data as to the productivity of this structure 

to the south. 

The objective of w e l l  numker 96, dr i l led and 

Well 

Well 92 appears to be located on an upl i f t  of limited aeal extent. The 

operator of well 92 has applied to the O i l  and Gas W d  of the State  of Missis- 

sippi for creation of a 1,760 acre gas uni t .  

w e l l  was requested i n  the application. 

W e l l  spacing of 880 acres per 

Similarly, well 93 is located on a small structure i n  which the extent 

of C02 productivity is unknawn. 

Well 98 was apparently c q l e t e d  on the crest of another separate structure. 

Well H is reportedly on the southern edge of t h i s  structure and was  C02 pro- 

ductive in several intemals of the Jurassic section. 
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A v a i l a b l e  data indicate C02 concentrations i n  Jurassic gas tested by 

wells 97 and 99 is considerably less than 98 percent. 

I 

Estimate  of productive area is hampered by insufficient w e l l  control on 
~ - ~~~~ 

the structural features of interest. lbst control wells were drilled as 

hydrmarbon exploratory w e l l s  on seismic and gravity data. 

of productivity on the four structures discussed above is unknown a t  t h i s  time. 

Lateral extent 

Preliminary estimates, based on limited w e l l  control, suggest the four 

features contain a minimum cambined productive area of 27 sections, or 17,280 

acres. 

data. 

Iktter estimates of productive area w i l l  require additional subsurface 

Assming mined productive area of these four structural features is 

a minimum of 27 sections, and total net pay of the Jurassic section is 120 

feet  to 250 feet, w i t h  1 3  percent average p ros i ty ,  minimum original gas i n  

place might range frm 3.4 TSCF to 7.0 TSCF. 

(60% RE) would then range frm 2.0 TSCF to 4.2 TSCF. 

Minimurn ultimate recovery 

5.7.3 Well Analysis - 

Wells designated as control wells on Figure 5.13 i n  Section 5.7.2 report- 

edly tested varying ranges of flow rates and tubing pressures fram the 3mckover 

and Noqhlet as exhibited below. 
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Flow Rate 

smackover 

I\lorphlet 

2 M4scFv 
12 F;IscFD 

10.7 Mp.IscFD 
20.5 I4MSCFD 

Flowing Tubing Pressure 

3,375 psig 
3,450 psig 

3,950 psig 
3,565 psig 

Several wells exhibited prcductivity i n  both the Norphlet and Smackover. 

Sustained. per w e l l  deliverabilities from both the Smackover and Norphlet, 

individually are expected to range from 4 MEGSCFD to 1 6  MMSCFD. 

tubing pressures are expected to range from 2,000 psiy to 4,500 psig. 

unlikely that dual completions w i l l  be made in these Ism formations. 

In i t ia l  flowing 

It s e a  

As flowing tubing pressures decline below 2,000 psig, a single stage of 

campression probably w i l l  be required to met pipeline delivery pressures and 

to achieve recovery efficiencies on the order of 60 percent. 

Abandonment pressures were calculated from shut-in and flowing bottom 

hole pressure decline curves as a function of cumulative gas produced. 

ment was  assmd to occur when surface flowing pressures declined below 560 

psig and mre than one stage of canpression was required to  meet pipeline 

delivery pressures. 

around 2,300 psig should yield recovery efficiencies on the order of 60 percent 

of gas in  place. 

Abandon- 

Es t i r ra tes  indicate bottan hole abandonment pressures of 
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Econcanics w e r e  calculated for three sets of d e $  wells, which assumed 

average sustaineii producing rates of 4 MGCFD, 8 MMSCF'D, and 16 MMSCFD. 

FmnOmics for each set of the d e l  wells \ere evaluated for per w e l l  reserves 

of 17  WW, 51 BSCF, and 152 BSCF. 

is based on recovery efficiencies of 60 percent fran a 630 acre drainage area 

This range of per w e l l  reserve estimaes 

and net pays of 25, 75, and 225 feet, respectively. 

Capital expenditures for each w e l l  d e l  are sumarized in T a b l e  5.7. 

?"ne ampleted w e l l  cost, pro rata d q  lmle cost, lease bonus fees, and gathA 

system cost were considered fixed costs , independent of the production rate. 

Based on experience to date i n  the area, a dry hole ra t io  of one in five 

was assumed for both exploration and developnent drilling. 

inq 

Cost estimates for surface processing equipnentwere based on 50 

mdules. 

on the basis of each w e l l ' s  contribution to the entire due. 

Investment for canpression and dehydration fac i l i t i es  was  prorated 

Flawing tubing 

pressures w i l l ,  in i t ia l ly ,  enable production without compression. 

point as flowing tubing pressures decline, de-g on the production rate and 

reserve, one stage of canpression w i l l  be required to meet a pipeline delivery 

pressure of 2,000 psiy. 

A t  some 
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TABLE 5.7 

IImSITm?I' - JACKSON JX)MF, AREA, PUSSISSIPPI 

* ** 
COMPRESSION 1 m  DRY 

FLOW CQMPRESSION I I W S m  DEHYDRATION COST I N  HOLE COST 
HATE B.H.P. REQUIRED IN$ COST IN $ $ (PRQ-RATA) 

4 m4scFD 516 279,050 32,Or)O 2,500,000 360,000 

8MMSCFD 1,032 558,090 64,000 2,500,000 360,000 

16 MMSCFD 2,064 1,116,170 128,000 2,500,000 360,000 
I 
A 
A 

? 

*** 
GRTHER- 
ING SYSTEM mrpiLI 
-IN$ $ 

250,000 3,171,050 

250,000 3,482,090 

2 50,000 4,104,170 

* 
** Based on $540.8/BHP. 

Pro-rata d r y  hole cost assiqned on intangible inveslment for 20 dry wells per 80 pro- 
ducing w e l l s .  
Gathering systan based on lmile of 4" S.S. quality pipe. Also includes $ 6 5 , 0 0 0 / ~ 1 1  
for hydrate control. 

*** 

'Total excludes $64,000/640 acres lease fee. 



Well operating costs and surface processing o p r a t i n g  msts, including 

hydrate i h i t i o n ,  drying and compressing the gas, are l i s ted  in Table  5.8. 

It is assumed that  costs of purifying the C02, i.e., remval of H2S, w i l l  be 

bme  by the pipeline. 

- 

The investment schedule assumed capi ta l  expenditures w i l l  occur over a 

6-year period pr ior  lm actual C02 production. 

m i l l i n g  and surface processing eq-uip-aent was scheduled over the  f ina l  tsm 

years (years 5 and 6) pr ior  to C02 production. 

Investment fo r  develo-t 

Results of discounted cash flm rate of retum (DCF-ROR) calculations 

using the above reservoir input and gas prices of $. 25/16CF and $. 50/nsdF are 

presented i n  Figures 5.15 and 5.17. 

Figure 5.16 slms W I T  DCF-ROR versus flow rate fo r  various wr well 
reserves and gas prices. \\lien gas is priced a t  $.25/SCF, flow rates of 4 

IQ4SCFD, 8 MPSCFD, or 16  IWSCF’D, yield a zero rate of retum fo r  a reserve of 

1 7  BSCF. 

ment in the rate of return, generating a DCF-ROR of 6 . 6  percent for  a flow r a k  

of 4 MBCFD and 20 percent for  a f l o w  rate of 16  MECFD. 

As per well reserve increases to  51 BSCF yields substantial  improve- 

Figure 5.16 plots WIT DCF-ROR versus per 1-11 gas reserve for  varying 

flow rates and gas prices. 

the rate of re turn for  evaluated flow rates is zero when per w e l l  gas reserve 

is 1 7  E C F .  

return a t  a l l  three flaw rates. 

‘ib previously indicated, for  a gas price of $.25/IGCF, 

An increase i n  reserve per w e l l  to  57 BSCF generates small rates of 
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152 BCF RESERVE 

DCF-ROR vs FLOW RATE FOR VARYING PER WELL RESERVES AND GAS PRICE 
JACKSON DOME A R t A ,  MISSISSIPPI 

FIGURE 5.15 
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AFlT DCF-ROR VS. PER WELL RESERVE FOR VARYING FLOW RATES AND GAS PRICE 

JACKSON DOME AREA. MlSlSlPPL 

FIGURE 5.16 n 
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When a per w e l l  reserve of 152 WCF was evaluated for a gas price of 

$. 25/!4SCF, f l o w  rates of 8 M C F D  and 16 M C F D  yielded rates of return of 

1 2  percent and 20 percent respectively. 

6.5 percent, even w i t h  the large reserve. 

- 
A f l m  rate of 4 M"D yielded only 

Referring again to Figure - 5.15, when gas price is increased to $.50/MSCF, 

the lowest reserve case analyzed, 17  BSCF, Will yield an increasing DCF-FOR as 

rate increases frm 4 MMSCFD to 8 MFLSCFD. Mvever, as flm rate increases 

beyond 8 M C F D ,  DCF-IIOR begins to decline, indicating an "optimum" producing 

rate around 8 PSCFD.  This "optimm" is due to the increased surface processing 

equipent  investment required w i t h  increased production rates. 

$.5O/MSCF a reserve of 17  BSCF is not suff ic ient  to pay a u t  the  large i n c r m i t a l  

Thus a t  

capi ta l  expenditures required fo r  increased surface processing capacity over 

short productive period. When per w e l l  reserve is increased to 51 BSCF, a 

posit ive correlation between increased f low rate and increases in DCF-ROR is .I 

seen i n  a l l  cases. Tlxis trend continues as reserve increases to 152 BSCF per 

well. 

When gas i f  priced a t  $.50/lSCF, Figure 5.16 depicts, for  a per w e l l  

reserve of 51 BSCF, a s l q  increase in DCF-FOR for  dl1 f l o w  rates examined. 

When per w e l l  reserve increases fram 51 aSCF to 152 RSCF, the curve f l a t t ens  

with increased reserve, anci increases i n  flow rate beaxr~ the predominant 

factor in generating increased DCF-ROR. 

rn date, exploration fo r  c02 i n  Mississippi has been limited. Data u t i l i zed  

herein was generated by wells intended for  hydrocarbon exploration rather than 

fo r  c02 exploration. Increased w e l l  density and result ing subsurface data 
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following further C02 exploration will be necessary t o  make reasonable fore- 

casts and-to evaluate prcduction methodologies and economics. 

These ecommics could be affected adversely i f  remval of the d l  

m u n t s  of H2S requires significant reduction in wellhead flowing pressures, 

necessitating multi-stage ampression for  pipeline delivery. 

t ion is beyond the scope of our study. 

Such an investiga- 
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6.1 BASIS OF WRK 

The maps of c02 sources presented in Part 3 shuw sources at a 

sufficiently high o02 purity such that the only processing required for use 

by EOR techniques is campressing and drying of the gas to pipeline quality. 

Sources of these high purity sources are the stack gases f m  m n i a  (NH3) 

and hydrogen (H2) plants and s&e naturally occurring deposits. If the gas 

is naturally occurring and only canpression and dehydration is necessary to 

obtain pipeline quality gas, then these associated costs are included in the 

production costs of these gases (see Part 4). 

product f m  either a NH or a H2 plant, then the canpression and dehydration 

If the high purity is a by- 

3 
are considered additional msts  and are presented in Section 6.5. 

However, mst sources shuwn in Part 3 require additional processing 

to r m v e  their impurities and concentrate the a2 for MIR use. 

ground sources of impure c02 include the flue gases of p w e r  plants and 

cement plants p1.w sane off gas frm natural gas processing plants. 

recovery of c02 fmm the flue gas of a powr plant is discussed in 

Section 6.4. 

The above- 

The 

Naturally occurring deposits-of c02 can also contain sufficiently 

high concentrations of impurities to require purification. Examples of 

naturally occurring deposits that require processing to pipeline quality 

are scme of the deposits found in Mississippi, West Virginia and Wyaning. 

The discussion of the purification of these sources is in Section 6.3. 

. .  -118- 

, I  

, . . . . . . . . . ' . . _. . . . . . . . . . ... ... ~. .. __ .- . . ...~ - -.. . . _ _  ..~ ~ . .  - .. . . -.. - -~ -. 



c3 Sane of the inpurities found in the sources include nitrosen .'(N2), 

llydr&en sulfide (H2S) , methane (CH4) and heavier hvdrocarhns, oxygen ( 0 2 )  , 

sulfur dioxide (SO2), sulfur trioxide (SO31 , and water vapor (H20). 

impure cO2 sources have large variations in gas catpsition and other 

characteristics. The concentrations of the impurities in the various 

sources range from zero to go+%. 

purifying at pressures ranging from atmospheric to 1000+ psig. 

- 

The 

As well, the sources are available for 

The sources of C02 are available at a wide range of cCknp3sitions and 

pressures, and a variety of processes can be considered to obtain the 

most econmic method. The coaranercially available processes to purify 

C02 are: 

1. Chemically reactive absorbent processes such as amine solu- 

tions and hot carbonates 

2. Physical absorbent syst.ems such as Selexol, Rectisol and 

Sulf in01 

3. Dry bed absorption With mlecular sieves 

4.  cryogenic separation techniques 

The process chosen for each source must be capble of mains a 
large volme of gas (50-500 M"D) in an ecomsPnic manner to produce gas 

w i t h  a content of at least 98% C02 and less than 0.25 grains of H2S (if 

present) per 100 SCF of product gas. 

the high purity required, dry bed absorption and cryogenic separation 

may be eliminated fram consideration due to e c o d c  reasons. 

Due to the large volume of gas and 
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Thus, chemically reactive processes and physical solvents are the only 

viable processes to &e considered for the c02 purification. 

Chemical reactive absorbent systems utilize basic conpounds which, 

in aqueous solutions, react reversibly with acidic constituents in a 

sour gas stream such as c02 or H2S. In the absorber these reactions 

form soluble carbonate and sulfide salts. 

in the stripper to release the acid gases. Ccmpounds normally employed 

as absorbents in these systems include ethanolamines and prognoted car- 

bonates (primarily potassium carbonate). Of the chemical reactive pm- 

cesses, alkanolaminecmonoethamlamine (MEA) is particularly well suited 

for acid gas r m a l  when the gas is available at law pressure. 

These salts deccknpose themally 

I 

MEA is preferable to the other alkanolamines (diethanolamine, trie- 

thanolamine, etc.) which are used in similar processes because of its 

higher C02 absorption capacity and ease of regeneration. (*' ) ' These ccanbine 

to result in reduced equipnent sizes and 1- heat requirements for 

solution regeneration in MEA systems. 

than other amines; M e r ,  this difficulty can be minimized by limiting 

MEA is considered mre corrosive 

the concentration of the MEA in the aqueous solution to about 20% by weight 

or by using suitable corrosion inhibitors. 

Physical absorbents are primarily neutral organic cmpounds con- 

taining minimal quantities of water and other ingredients. Absorption of 

the acid gases depends on their solubilities in these CcDnpOunds. 

Therefore, physical absorption systems are particularly well suited to 
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feed gas streams where acid gases are present a t  high partial pressures 

and mderate C02 levels (about 1%) can be tolerated i n  the treated gas. 

Since there is no chemical reaction betreen the acid gas and the solvent. 

i n  physical absorption system, the solvent can be regenerated by simply 

flashing the absorbed acid gas f r o m  the solvent a t  reduced pressure. 

Thus, input of reboiler heat is not required for solvent regeneration. 

Because heat is not required to regenerate the solvent, a phy- 

si& absorbent system operates a t   mer temperatures as Compared to 

a chemical system. 

may be constructed of carbon steel. 

Since the solvent is noncorrosive, the systm 

Therefore, physical absorbent 

systems can offer capital savings as w e l l  as energy savings for the 

treabnmt of gas streams. 

Selexol process as the physical absorbent systans. 

This report uses Allied chenucal. Campany's 

Two primary types of C02 source indicated i n  Pa r t  3 are the flue 

gases fran u t i l i t y  power plants arrd from m t  plants. The tm pro- 

cesses proposed to purify these sources are the MEA system (chemically 

reactive absorbent), and the Selexol system (physical absorbent). 

Other important sources of C02 are naturally occurring gases. The 

proposed purification processes for these sources ( i f  necessary) are the 

Selexol system and the MEA system with 35% by e i g h t  MEA solution. 



The transportation of the product CO via supercritical pipeline 2 

(as discussed in Part 7) requires a 2000 psig inlet pressure to the 

pipeline. Since the purification processes produce gas at a range of 

pressures f m  below atmspheric to several hundred psig, ccknpression 

of the product gas is necessary. Therefore, the cost of purification 

includes the processing of the gas to 98+% C02 and ccanpression to 2000 

psig. 

canpression and dehydration cost is included in the cost of production. 

If the source is an aboveground one of high purity, then the canpression 

and dehydration cost is presented separately in Section 6.5. 

If the source is naturally occurring and of high purity, the 
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6.2 CO RECWERYF'ROMFuTEG?S -2 

6.2.1 Introduction 

The maps and tables in P a r t  3 reveal that the majority of the 

available aboveground C02 sources are the flue gases of pwer plants 

and cepnent plants. These sources also represent the largest quantity of 

total available C02. The greatest C02 concentrations i n  the stack 

gases are those of the coal-fired plants; however, these flue gases also 

contain the impurities (sulfur oxides) that present additional problems. 

The future w i l l  unaoubtedly see mre pmer plants constructed or 

d f i e d  to burn coal because of its relative ab-ce canpared to 

Other potential fossi l  fuel' sources, The importance of this source of 

c02 is expected to increase relative to power plants based on alternate 

fuels. This section concerns tlie costs associated with t h i s  source. 

It is also expected that recovering CO2 from coal-fired power plants 

will represent worst case econdcs .  Thus, an upper l imi t  on msts 

for other sources such as cement plant stack gases or natural gas-fired 

power plants is established. 

For a pawer plant, the ooncentrati'on of C02 in  the flue gas is 

limited by the dilution effect  of the excess ccmbustion air. The flue 

gas a n t a b s  in addition to C02, quanet ies  of N2 and O2 plus the water 

vapor produced during ambustion. In the case of a coal-fired p e r  
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The flue gas ccanposition below is the basis of design and is fran 

a job engineered by Pullman Kellogg (21 ) util izing the e l loggmei r  

magnesium prcanoted lime slurry process for bulk sulfur oxides r m v a l  

of a coal fired p w e r  plant. The ccpnposition represents a typical f lue 

gas f i c h  could be available frm a coal fired ,power generating fac i l i ty  

a f te r  bulk sulfur oxides removal. 

plant, quantities of f ly  ash and ox3es of sulfur of which are primarily 

sulfLir dioxide (SO2) w i t h  sane sulfur trioxide (SO3) are present. The 

flue gases are normally available a t  a few inches of water positive 

pressure. 

Ccmponent 

Carbn Diacide 

Nitrogen 

oxysen 
Water 

lbtal 

Fly Ash, Gra ins /SCF 

Sulfur Dioxide, ppn (v) 

Tenperatwe, OF 

Pressure, p i a  

ZMient Pressure,  psia 

0.03 

212.00 

125.00 

14.46 

14.31 

bble Percent 

16.5 

64.6 - 

5.6 

13.3 

100.0 

. .- .. 
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i lb recmer 125 BMSCFD of C02, treatment of approximately 26% of 

the flue gas exiting the sulfur scrubbers frun the reference 917 megawatt 

p e r  station is necessary. This m u n t  is slightly mre than the out- 

put of one of the four parallel units operating (five installed units, 

6.2.2 Purification Pmesses 

~umerous purification processes are available to recover C02 

f m  flue gases. (I5 )AS discussed i n  Section 6.1, these include c h d -  

cally reactive systems, physical absorbent systems, dry bed absorption 

systens and cryogenic systems. 

volume of gases to be processed and the low available pressure limit 

the nmber of effective processes to .two types. 

reactive system (MEA) and the physical absorbent system (Selexol). 

systems are affected by the presence of sulfur oxides in the feed gas. 

The low ancentration of C02, the high 

Those are the chemically 

Both 

MEA reacts w i t h  sulfur oxides and w i l l  scrub then along w i t h  c a r b n  

diaxide fm the flue gases. 

sulfur axides is not as stra2ghtfomard as recovery af te r  reaction With 

C02. 
and the C02 product is obtained by simply heating the solution and 

strippins out the product w i t h  steam, 

Recavery of MEA after its reaction w i t h  

In the case of the C02 reaction product, the MEA is regenerated 

chemical treatment is necessary 

to reoover the MEA I&MI reacts w i t h  the sulfur oxides. Sodium carbonate 

uJa2CD3) can be used for t h i s  (.see l a t a  discussion i n  Section 6.2.3). 
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Equipent and chdca l  costs to recover MEA could beo=ffne quite 

significant if the content of sulfur oxides i n  the flue gas is high. 

For purposes of this study, the bulk of any sulfur oxides present i n  

the flue gas are assumed to be ratwed by a pretreatment step. 

is a logical assuption w i t h  the continuing trend to clean up p e r  

plant flue gases as a means of protecting the environment. 

This 

A wetscrubbing systan for remval of sulfur oxides f m  flue gases 

r-es about 90% of the m u n t  originally present. The treated flue 

gas typically contains a b u t  200 ppn residual sulfur oxides wkich are 

essentially all SO2. 

The sulfur oxides also af fec t  the Selexol system because they are 

absorbed simultanemsly w i t h  the C02. 

is designed to contain 5% by weight water. 

m i n e  with the water to  form acids. 

Selexol system becames a corrosiVe one i n  the presence of sulfur oxides. 

In  addition, sulfuric acid (H2S04, formed by canbination of SO3 and 

water1 irreversibly degrade the Selexol solution. 

The Selexol is hydrophilic and 

The absorbed sulfur oxides 

Thus, the normally noncorrosive 

To develop the econcBnics for supplying C02 recovered fran p e r  

plant f lue gas, th is  report assumes the purification fac i l i t i es  are 

additions to an existing p w e r  plant. No a t tmpt  is made to integrate 

the u t i l i t y  systans w i t h  the power plant (e.g. , by use of Co-generatd 

steam). n 

.- . . ~ .... ~ .... - . 
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. 

The following are descriptions of both the MEA process and the 

Selexol process for  recovery of c02 from a mal-fired p e r  plant 

f lue gas. 

6.2.3 Process Descriptions 
I 

Reference is to Figure 6.1 which illustrates the process described. 

Carbon dioxide is recovered f r m  the f lue gas by use of an aqueous - 
solution of 20% by weight MEA. 

f ac i l i t i e s ,  a f t e r  pervious bulk sulfur oxides rmval, is a t  125OF 

and 14.46 psia. 

tower, the f lue gas is f i r s t  compressed to about16.0 psia before it 

enters the mer. T ~ E  absorption tmer includes water wash trays a t  

the top to reduce MEA losses. 

Flue gas a t  the inlet of the treamt 

To overcmne pressure loss created by the  MEA absorption 

As the  flue gas passes through the 

absorption tower, the C02 is r m v e d  by reacting with the MEA solution 

according to the following reversible reaction: 

The forward reaction, taking place in the absorber, is favored by 

moderate operating tePnperatures in the range of 100-175OF. 
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The MEA solution loadd with C02 flows fm the bottam of the 

absorhr via  a transfer p q  to the top of the regenerabr -1:. A 

mechanical <filter operating on about 25% of the spent solution rmves 

=.lids such as pipe scale, f l y  ash, and degradation products from the 

solution. 

Before entering the regenerator, the C02 loaded solution exchanges 

heat with the r e g m a t e d  MEA solution exit ing the bottom of the re- 

generator bwer. 

The bottom of the regenerator towex operates a t  10.5 psig. A 

steam heated rebiler supplies the necessary heat input to the regene- 

rator. 

rator favors the reverse of the reaction that takes place i n  the absorber, 

Elevated temperature canbined w i t h  steam stripping in the regene- 

, thus regenerating the MEA solut im.  

A ke t t l e  reboil- w i t h  total solutian vaporization provides a high 

degree of cancentration for the MEA solution, which is sent  to MEA re- 

covery (see later discussian) . 

Carmn dioxide i s  stripped f m  the MEA solution and passes overhead 

of the mer through a condenser where the bulk of the water is cmdensed. 

W s t  of the water returns to the regeneraar  as reflux. s ~ m e  flows to 

the absorber wash trays which include a pumparound system. Excess water 

result ing fran cooling the water saturated f lue  gas i n  the absorber is 

pulped to disposal. 
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CONDENSATE 

FLOW DIAGRAM FOR MEA ,PROCESS TO RECOVER C02 FROM FLUE GAS 

’ FiGuRE 6.i 
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MEA solution from the botlnn of the regenerator &xer cools by heat 

exchange, f i r s t  w i t h  the spent MEA fram the absorber tower, and f inal ly  

w i t h  cooling w a t e r  before the solution returns to the top of the absor- 

ber. 

The system includes a sump used for chemical mixing and for collect- 

ing drips and sp i l l s  w h i d i  occur during operation. 

vide for MEA storage during initial charging of the systein and during 

shutdams. Facilities are necessary to recover 1,IEA which has reacted 

with the sulfur oxides present in the flue gas. 

Facili t ies also pro- 

These recovery fac i l i t i es  

are discussed below. 

MEA wmvery (Proposed) 

Solution losses occur in amine systems due to formation of degrada- 

tion products which are stable a t  the conditions esnployed for regenera- 

tion of the MEA solution. 

i n  the absorber and regenerator (wash trays are provided to minimize 

vaprizatian losses), and by leaks and sp i l l s  from the system. 

They also occur due t o  vaporization of MEA 

Formation of degradation products m y  occur for a n d r  of reasons - 
such as overheating the solution and chemical reaction of the amine w i t h  

a m p n e n t  in the gas being scrubbed. In the present case of a flue 

gas from a coa l~~f i r ed  paver plant, rm reacts with the residual sulfur 
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oxid& (and may also react with the residual oxygen(22) t o  form stable 

degradation products. 

The usual metlmd of controlling degradation products i n  an MEA 

systan is the instal la t ion of a r ec l ak r .  Degradation products con- 

centrate i n  the l iquid w i t h  boiling and are r m v e d  periodically f m  

the reclaimer for  disposal. 

sometimes added to  the reclaimer to enhance MEA recovery and/or prevent 

Sodium carbonate or  sodim hydroxide is 

(22) corrosion 

For the MEA system processing f lue gas, the larger quantity of 

potential  degradation products formed by reaction of MEA w i t h  sulfur 

oxides requires a different approach to recover the MEA solution. 

di t ion to the solution of a mpound that is chemicaily a stronger base 

than 1- liberates the MEA frm the themally stable reaction product 

f o m d  by MEA and sulfur oxides. 

_ -  
Ad- 

Either sodium hydroxide (NaOH) or 

sodium carbonate ( N a p 3 )  serves t h i s  purpose. 

oxides remining in a f lue gas after bulk rmval ties up significant 

quantit ies of the MEA, and a continuous reclaiming process is necessary. 

The quantity of sulfur 

In the reclamation process, Na2C03 is preferred because NaOH dis- 

placeq f r m  its reaction product w i t h  C02 equally as well as from 

the undesirable degradation products. 

sary chemical consq t ion .  

This leads .to high and unneces- 

n 
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Figure 6.2 shows the MEA recovery process u t i l i z ing  Na2C03. A 

slipstream of MEA solution flows f r m  the regenerator reboiler and 

cools by heat exchange against the reclaimed so lu t im  returning to 

the reboiler. 

which also serves as a hold tank for  the mixture. 

thw is provided to allow the dissociation reactions to liberate the 

MEA. The solution f m  the mix tank cools, causing precipitation of 

sodium sulfate  and sodium sulfi te which are r m v e d  in a filter along 

w i t h  other solids and degradatim prducts .  

returns to the system. 

Sodium carbonate is added to the solution i n  a mix tank 

Thus, residence 

Purified MEA solution 

._ 

The proposed MEA recovery system is not w e l l  enough defined for  an 

esthate of its cost  to be included in tixis study. Additional work, 

including laboratory study, is believed necessary t o  prepare a f ina l  

design fo r  such a system. 

Compression and Drying 

The product C02 is delivered to  the canpression s tep a t  about 5 psig 

and UOOF saturated w i t h  w a t e r  vapor. 

case centrifugal canpressor powered by a steam turbine to a f i d  dis- 

charge pressure of 2,000 p i g  for delivery to the gas pipeline. 

The gas is campressed in a three 

As 
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t ,e  gas is canpressed and cooled beween stages, water condenses and is 

r a v e d  in knockoutvessels. Between the second and third case the gas 

is dried to final pipeline quality by a triethylene glycol (TM;) dryer. 

Utility Sy Stepns 

I (  

U t i l i t y  costs used in P a r t  6.2.4 are based on using steam driven 

turbines for the C02 product and recycle canpressors and the flue gas 

blowers, and electric drivers for all remining rotating equipnent . 
Small additional steam reqUiranents are also included for regeneration 

of the glycol solution in the triethylene glycol dry&. 

Two steam pressure levels were selected. Steam importea fm 

offsi te  is asfllrrsed available a t  900 psig and 900°F. A second level a t  

175 psig supplies heat to the amine reboiler through a letdown station 

a t  150 psig. 

The turbine drivers for the c02 product and recycle CCBnpll'essors as 

w e l l  as the flue gas blowers are driven by 900 psig steam and exhaust to 

the 175 psig header. 

Them system requires reboiler heat for solution regeneration. 

arhaust steam fm the turbines provides mst of the amine reboiler heat: 

however, sane additionai 900 psig letduwn to the 175 psig level is required. 

A desuperheat station is provided a t  the inlet of the &e reboiler. 

150 p i g  s m  condensate returns to battery limits f m  the amine reboiler, 

The 

The 
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cooling water is asmmd available at battery limits at 90'~. 

Environmental Considerations 

Effluent streams are produced during normal operation of the re- 

covery and gas transnission facilities. 

cussion of the expected effluent streams, and possible methods of handling 

The following is a brief dis- 

than. Cost for treatment facilities are m t  included in plant investment. 

mcess water is produced in the recovery plant-by condensation of 

water vapor f m  the flue gas as it passes to the absorber. This effluent 

stream is relatively clean. 

other gaseoug cmpneits absorbed frcm the raw flue gas. ws water 

can be reused in a process plant, usually after steam stripping, for 

It contains dissolved a2 plus traces of 

boiler feedwater rrakeup or as makeup water to a cooling tower. 

If present, the MEA stripper overhead which is rich in ='can be 

recycled to the process. 

Because the process for MEA recclvery using Na2C03 is not fully de- 

fined, it is impossible to define in-detail  the effluent expected fran 

the process. The major amponent should be d u m  sulfite With perhaps 

some sodium sulfate. If a crystallization process is used, the product 

could be reasonably pure. 

, [as necessary) by further processing such as recrystallization or washing. 

The degree of purification could be improved 
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Water w i l l  be produced fran the product gas as it is canpressed and 

coolrid between staqes, This water  can be mined w i t h  the excess water - 
fran the process systan for disposal, 

Regeneration of the TM; solution in the C02 product gas dryer w i l l  

produce a gaseous effluent consisting mostly of water vapor plus traces 

of TM;. This effluent stream can be vented to the amsphere. 

Reference is to  Figure 6.3 which i l lustrates the process described 

t Recovery of c02 fm the flue gases of power plants may also be 

acccrrrplished by the use of a phFical absorption system. 

entering the absorber, the flue gas must be ccanpressed. 

systems ut i l ize  partial  pressure as a driving force and a gas w i t h  16.5% 

c02 a t  atmospheric pressure does not provide sufficient partial pressure 

for the recovery to be practical or emnanical, 

operating pressure of 250 psig has been asmed .  

Prior to 

Physical absorption 

Amhkmxn absorber 

Therefore, the flue 

gas is canpressed to an hkemediate pressure i n  tm parallel, three 

section, axial mressors driven by turbo expanders suwlenented by 

steam turbines. 

w i t h  cooling water and knockout drums r w e  the condensed water. 

parallel stream flows then carbine and are canpressed to the final 

necessary pressure in a one section centrifugal anpressor. 

After each section the gas is cooled by heat exchange 

The 
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The f w d  gas then canbinw w i t h  the recycle gas f m  the recycle 

canpressor and t h i s  ccmbination is cooled prior t o  entering the absorber. - 
The canbind absorber feed cools by heat exchange w i t h  the absorber 

overhead, cooling water, the returning flue gas frcnn the exhaust of 

the turbo-expanders and with m n i a  refrigerant. As the absorber 

feed cools, water condenses and is resnoved in a knockout drum prior to 

entering the absorber. 

The absorption tower is a conventional, counter-current, packed bed 

absorber. 2 
solution and exit the absorber to flash throuqh a hydraulic turbine. 

In the absorber, c02, H 0, N2 and O2 dissolve in the Selexol 

The 

turbine connects to the lean solution circulation m s  and serves t o  

recover punping energy. This minimizes the net process energy require- 

ments. 

The flashed yapor and liqcdd enter the first of several staged 

flash drums, 

as recycle vapor. 

and O2 and ensures that the c02 product purity is m e t .  

The vapr fm the f i r s t  flash drum returns to the absorber 

"Re recycle vapor contains mch of the absorbed N2 

Regmeration of the Selexol solution and the production of the c02 

product occurs in the staqed adiabatic f lashhg of the liquid from the 

recycle flash dnm. 

on the prcduct co2 ccmpressor and consequently the energy consmption. 

The last flash drum pressure is sufficiently luw enough to regenerate 

the Selexol to achieve the specified absorber overhead C02 level. 

The staging of the product flashes reduces the load 
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The i n i t i a l  adiabatic flash is the only flash in the process slysten 

that u t i l i zes  a hydraulic turbine for energy recovery. Feedback f r m  

pump manufacturing representatives indicates that  any other uti l ization 

of the hydraulic turbines w i l l  "be e c o d c a l l y  unjustifiable. 

Centrifugal pups recycle the regenerated lean solution back to 

the top of the absorber to mnplete the cycle. 

the hydraulic turbine with supplementary power provided by electric rotors. 

An m n i a  absorptionunit provides refrigerant for cooling of the lean 

solution and absorber feed gas. The refrigerant maintains the overall 

process heat balance and provides cold absorber feeds that enhance the 

absoqtion operation. 

The p u p  are driven by 

The ccnnbind feed gas to the absorber and the canpressed gas f m  

the f i r s t  section of the t m  parallel f e d  gas ccanpressors heat the cold 

absorber overhead gas. The heated overhead gas then expands thmuqh b , ~  

pardllel turbo-expanders which drive the tm parallel feed gas COmpL-essors. 

The turb-expanders recover approxhtely 25% of the required feed gas 

canpression horsepwer. The cold exhaust fm the tur-er then 

heat exchanges with the combined feed gas to the absorber and is returned 

to the stack a t  100°F. 

Ccanpression and Drying 

The product C02 enters the ccsnpressor f m  below amspher ic  pres- 

sure to 20 psig via the staged product flashes. Compression to the 
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required 2000 psis pipeline inlet pressure occws in a multi-stage, cent- 

rifugal ampressor with a steam turbine driver. During compression and 

interstage -ling by air coolers, water produced with the C02 condenses 

and separates f r o m  the system through the knockout vessels. Prior to the 

last stage of canpression final dehydration of the C02 product to pipe- 

line quality occws h the TEG dryer. 

utility Systems 

Utility costs presented later in this part are based on use of steam 

driven turbines for the C02 product, feed gas and recycle cmpressors, and 

electric drives for all raining rotating equiptent. small additional 

steam requirements are also included for regeneration of the glycol soh- 

tion in the triethylene glycol dryer. 

, 

Two steam pressure levels were selected. Steam inported frm offsite 

is assumed available at 900 psig - 9 0 0 ~ ~ .  
plies heat to the m n i a  absorption unit thxwugh a letdown station to 

50 psig. 

A second lev& at 75 psig sup 

The turbine drivers for the C02 product, feed gas & recycle can- 

pressors are driven by the 900 pszg steam that condenses to exhaust at 

a pressure of four inches of mercury. 

The ammnia absorption unik r-es reboiler heat for its operation. 
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50 psig. A desuperheat station is provided at the inlet of the unit's 

reboiler. The 50 psig steam condensate returns to battery limits f m  

the unit. 

-ling water is assmeti wailable at battery limits at 90'~. 

E n v h m t a l  Considerations 

Effluent streams are produced during normal operation of the recovery 

and gas transmission facilities. The following is a brief discussion 

of the expected effluent s t r m ,  and possible methods of handling them. 

Costs for treatment facilities are not included in plant investment. 

Excess water is produced in the recovery plant by condmsation of 

water vapor fm the flue gas as it passes to the absorber. This effluent 

stream i s  relatively clean. 

other gaseous capnents absorbed f m  the raw flue gas. This water can 

be reused in the m r  plant, usually af*( s t e m  stripping, for boiler 

feedwater mdkeup or as makeup water t~ a cdoling bwer. 

It contains dissolved C02 plus traces of 

water wili be produced fm the p-ct gas as it is canpressed anti 

cooled between stages, TRis water can be oambihed w i t h  the excess water 

fm the process system for disposal, 

Regeneration O f  solution in the dryer will 

produce a gaseous effluent consisting mstly of water vapr plus traces 

of TEG. This effluent s t r a m  can bevented to the atmosphere. 
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6.2.4 C o s t  of 0, &. Recovery 

As discussed in the previous sections, M processes have poten- 

t i a l  for c02 recovery f r m  p e r  plant f lue gas. The investment mst, 

annual operating cost and resulting price of the recovered gas a t  various 

DcFRR's are presented i n  t h i s  section. 

The basis of the total investment cost is outlined in B1 

the basis for determining the annual aperating expenses is outlined in 

Appendix ~ 2 .  , 

the recovered gas is: 

The basis for the calculations of the resulting price of 

1. 

2, 

3. 

4.  

5. 

20 year project life (after start-up) 

20 year straight l ine depreciation 

100% equity capital (no debt) 

The salvage value is zero 

The mrking capital is $16,00OWCFD C02 

The annual operatihg costs for the WA process a t  various C02 

recovery rates are shown in Figure 6.4. 

corresponding investment costs associated w i t h  the various recovery rates 

and Figure 6.6 shms the resulting C02 recmery costs for these rates a t  

the different D(E"l's. 

posed MEA recovery system, any amling water circulation pcrmps, or the 

Figure 6.5 illustrates the 

The costs do not include the costs for the pro- 

disposal of condensed process water. 
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As Figure 6.6 s h m ,  the C02 recovery costs for a recovery rate of 

125 MMSCFD of C02 range frm $O.GO/MsCF - $1.03/MSCF for 10% - 25% DCFRR. 

For ccq?arison of the Selexol process to the MEA process, a 125 

MMSCFD recovery uni t  was designed and cost e s t h t e d .  A recovery u n i t  of 

t h i s  capacity using Selexol has an investment cost of approximately 

$114,000,000 and an annual operating cost of approximately $60,700,000. 

The costs do not include any amling water circulation pups, or the 

\ 

disposal of condensed process water.  

Selexol process recovering 125 PMSCFD C02 range fm $1.97 - $2.96/MScF 
for 10% - 25% DCFRR. 

The a2 recovery costs for the 
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I 

As previously stated i n  Section 6.2.4, the recovery costs for 125 msm~ 

of a2 are from $0.60/MSCF - $1.03/E.IscF for a MEA unit and frnm $1.97/MscF - 
$2.96/MSCF for  a Selexol unit using a 10% - 25% DCFRR range. Though the 

MEA costs do not include the costs for a MEA recovery uni t ,  the total cost 

for recovery via the MEA process w i l l  be appmximtely a third that necessary 

for recovery via Selexol. 

One reason for the extra cost of the Selexol unit is the necessity to 

raise the partial pressure of the c02 to enable absorption to occur. 

requirement for raising the partial pressure is discussed i n  Section 6.3.1. 

The additional capital and u t i l i t y  costs associated with the mnpression of 

the flue gas make the Selexol unit  econcrmically undesirable. Therefore, 

referring to Figure 6.6 i n  Section 6.2.4 w i l l  provide the cheapest costs 

of a2 recovery fm p e r  plant f lue gases. 

The 
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6 . 3  PURIFICATION OF NATURAL SOURCES QF C02 u 
6 . 3 . 1  Introduction 

Naturally occurring sources of C02 are available at a variety of 

pressures and C02 concentrations. 

source characteristics found (see Part  31, t h i s  discussion presents the 

associated costs for purification of these sources as a function of c02 

concentration and available pressure. Therefore, the associated msts 

of purification are presented graphically in part 6.3 .4  of t h i s  report. 

Because of the wide variations in 

6 . 3 . 2  Purification Processes 

Limitations exist on the quality of the source purified. IDW 

concentrations of a2 (thus law C02 partial pressure) produce an addi- 

tional load on the purification process when ampared with sources con- 

taininy higher concentrations, As discussed previously, two processes 

may be considered for purification purposes; a chemically reactive sys- 

ten, MER, and a physical absorbent, Selexol. Literature (23 ) ( 2 4  ) ( 2 5  1 

and operating experience show that for a2 partial pressures W e  200 

psig, Selexol is the mst eamcmical process of the tm. 

pressures, the MEA system should be considered. 

For lower partial 

Therefore, the results in Part 6 .3 .4  discuss Selexol system utilizing 

various operating pressures for feed gas at 75OF with 25%, 50%, 75% and 90% 
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m2 concentrations. 

syst& for a feed gas of 10% c02 operating a t  1000 psig. 

sources w i t h  concentration significantly higher than 90% C02 (and with-  

out H2S) m y  be utilized direct ly  after dehydration. 

Also, the Selexol system is ccknpared w i t h  a MEA 

Any natural 

Gases containing toxic inpurities such as  H2S require an additional 

purification step than those gases without H2S. The H2S i n  the feed gas 

must be r m v e d  from both the c02 and QH4 product streams i n  this case. 

The quantity in the feed gas is too mll to use a direct sulfur r m v a l  

process such as a C l a u s  process. 

the CO is above the current design experience for a process such as 

Strefford. 

In addition, the partial  pressure of 

2 

Therefore, the process selectedmust have t m  distinct functions. 

F i r s t  it must upgrade the H2S content to a level permitting recovery, 

and second it must recover the c02 and CH4 econmically. 

One of the properties of a physical solvent such as Selexol is its 

natural selectivity beween thevariouS acid gas constituents. For Selexol, 

absorption of H2S is preferred wer c02 by a ra t io  of about s y e n  to one, 

After review of alternate process schemes, the nature of a physical 

solvent process such as Selexol seemed idealy suited to t h i s  pse. 

addition, 'such a process offers low ut2lities and investment msts. 

In 

n 
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The H2S is available fran the Selexol process as approxirraately a 

75% gaseous mixture w i t h  C02. It is possible to separate the H2S from 

the C02 in this gas, and recover the s u l h r  using a Stretford process. 

The reason t h i s  is possible is that the gas stream is a t  low pressure 

(18 psia) . 
partial  pressure of C02 is w i t h i n  damnstrated design limits for the 

Stretford process. 

Although the C02 still interferes with the process, the 

6.3.3 ~Pmcess Descriptions 

Selexol 

RefeYence is to Figure 6.8, A Generalized Selexol Process Flow- 

sheet. 

Naturally occurring C02 and CH4 saturated With water vapor a t  75OF 

The tower is a conventional, oounter- enters the C02 absorption tower. 

current, packed bed absorber. 

cools by heat exchange against the absorber overhead gas. 

I f  recycle is not necessary, the feed gas 

This serves 

to recover sane of the refrigeration required in the process and tends to  

lover the absorber operating taperature thus enhanchg the C02 absorption. 

The ovmhead gas is the CH4 product containing approximately 2% c02 and is 

essentially dry. Abaut 98% of the total CH4 is recovered in the overhead 

prcduct stream. 
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m absorbed o02 and a4 exits the absorber tower dissolved i n  the 

rich’selexol solution and flashes through a hydraulic turbine. 

turbine connects to the lean solution circulation p u p s  and serves to 

rmver pmping energy. 

ments. 

The 

This minimizes the net process energy require- 

The flashed vapor and liquid enter the f i r s t  of several staged 

flash drums. 

is necessary to reduce the CH4 losses and secure c02 product purity. 

lowest pressure of these adiabatic recycle flashes is set to assure the 

If  the feed c02 b n t e n t  is less than 85%, recycle vapor 

?&e 

product purity. 

operating pressure and the final recycle pressure required. 

The nurrber of recycle flashes is a function of the absorber 

The staging 

reduces the load (%herefore, energy consumption) on the recycle can- 

pressor. A gas turbine drives themultistage, intercooled recycle -res- 

sor. 

mol the recycle gas exiting the machine. 

E l e c t r i c  motor driven air coolers provide interstage cooling and 

The recycle gas cools further 

by heat exchange w i t h  the absorber tower uverhead product. For an equip 

nent list for the various feed gas qualities and pressures studied, refer 

to Appendix B4. 

Regeneration of the Selsrol solution and the production of the C02 

p r h c t  occurs in the staged adialjatic flashing of the liquid fm the 

last recycle drum (or in  the cases w i t h  rn recycle, after the hydraulic 

turbine). 

pruduct C02 ampmsor and consequently the energy mnsuption. 

The staging of the product flashes reduces the load on the 

The 
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n- of product flashes is depmdent on the necessary pressure to suf- 

fici&tly regenerate the Selexol solution enough to achieve the specified - 
absorber overhead O2 level and the las t  recycle flash pressure (if  

there is recycle) or the absorber operating pressure ( i f  there is no 

recycle). 

The initial adiabatic flash is the only flash i n  the process system 

that u t i l i z e s  a hydraulic turbine for energy recovery. Ccmwnts frm 

pwrp mmpany representatives indicate that any other utilization of the 

hydraulic turbines is econmically unjustifiable. 

Centrifugal pumps recycle the regenerated lean solution back to the 

top of the absorber to ccanplete the cycle. The pmps are driven by the 

hydraulic turbine w i t h  supplementary powr provided by electric mtors. 

An m n i a  absorption unit  utilizing the exhaust heat f r m  the gas 

turbines driving the recycle catpressor and the O2 p d c t  capressor pro- 

vides refrigerant for cooling of the lean solution. The refrigerantmin- 

t a b  the averall pmcess heat balance and provides a a l d  lean solution 

that enhances the absorption operation. 

CcSnpresSion and Drying 

The product o02 enters the ampressor from amroximately amspheric 

pressure Cor slightly below) to pressures of 350 psis via  the stag& 

product flashes. ccanpression to the required 2000 psis pipeline inlet 
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pressure occurs in a multi-stage, centrifugal carpressor with a gas 

turbihe driver. During ccnrpression and interstage cooling by air cooler!;, - 
water produced with the C02 condenses and separates fram the system through 

the knockout vessels, 

hydration of the C02 product to pipeline quality occurs i n  the TEG dryer ,  

Prior to the last stage of carpression, f inal  de- 

This process is for the purification of a natural source with a 

a m p s i t i o n  of 10% C02 and 90% CH4, saturated with water vapor and 

available to the treatment fac i l i t i es  inlet a t  1000 psig and 75OF. 

following description refers to Figure 6.9 . 
The 

C02 recovery'As w i t h  the use of 35 weight % MEA solution i n  

water. The C02 remwal frm the feed gas occurs in a counter-current, 

trayed MEA absorption towr. I& the feed gas passes through the ab- 

sorption mer, the c02 is r m v e d  by reacting w i t h  the MEA solution 

acmrding to the followihg reversible reaction: 

The forward reaction, taking place in the absorber, is favored by 

moderate operating temperatures i n  the range of 100-175OF. 

The MEA solution loaded with C02 flows from the bottmn of the 

absorber via a transfer prrmp to the tap of the regenerator tuwer. A 
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mechanical filter aperating on about 25% of the spent solution rmes  

soli& such as pipe scale, f l y  ash, and degradation products fm the 

solution. 

Before entering the regenerator 

against the regenerated MEA solution 

tor tawer. 

the c02 loaded solution heat exchamjes 

from the bottan fluw of the regenerii- 

The botkan of the regerator mer aperates a t  10.5 psig. A steam 

heated reboiler supplies the necessary heat input to the regenerator. 

E l e v a t e d  tesnperature m i n e d  w i t h  steam stripping in the regenerator 

favors the reverse of the reaction that takes place i n  the absorber, 

thus regenerating the MEA solution. 

In the regenerator, c02 is stripPea fram the MEA solution and 

passes overhead through an air cooler where the bulk of the water con- 

denses. The condensate returns to the regenerator as reflux. To 

maintain the water balance of the  system and pmvide suff ic ient  strippinq 

steam, make-up water is added to the condensate reflux. 

MEA solution f m  the bottmn of the regenerator cools by heat ex- 

change against the spent MEa fm the absorber and by an air amler before 

the solution flaws to the top of the absorber. 
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The system includes a sump used for chemical mixing and for collecting 

drips and spi l ls  which occur during operation. Facilities also provided 

for MEA storage during in i t i a l  charying of the system and during shut- 

downs. 

Conpression and Drying 

Carbon diaxide is delivered ~ the axpression step a t  about 5 psig 

and llO°F saturated w i t h  water vapor. 

centrifugal ccrmpressor pwered by a steam turbine la a f inal  discharge 

pressure of 2,000 psig for delivery to the gas pipeline. 

catpresses and cools between stages, water condenses and is remved in  

knockout vessels. 

final pipeline quality by a "EG d r y e r .  

It is compressed in a three case 

As the gas 

B e t w e n  the seoond and third case the gas is dried to 

Hyarog en Sulfide Remrral 

The f i r s t  stage of purification for sources containing H2S is the 

selective sqaration and remxral of the H2S. 

with a portion of the C02 separates i n  the first of t m  Selexol units and 

The majority of the H2S 

the final r m a l  of the H2S frm this associated C02 is i n  the Strefford 

unit  where the H2S is converted to sulfur. 

rmved  i n  the second Se' -7-r.; 5 

The bulk of the c02 is then 

The feed gas containing CH4, H2S and saturated with water vapor 

a t  75OF m t e r s  the conventional, counter-current, packed absorption taer 
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in the Selexol unit .  A Selexol solution enters the tap of the tower and 

absorbs essentially all of the H2S present. The overhead gas fran t h i s  

tawer, containing mostly C02 and CH4, less than 1/4 grain of H2S per 

100 SCF of gas and very l i t t le water vapr, flaws to the bulk c02 renmral 

section. 

The C02 and, to a lesser extent, CH4 are also soluble i n  Selexol and 

tend to be absorbed with the H2S. However, the H2S is by far the more 

soluble cmqgwnt in the feed gaslabout seven times mre soluble than 

02. The absorber is designed so the H2S acts as the controlling ccanpon- 

ent in the absorption, The Selexol solvent circulation rate is limited 

to the absolute m h h m  required b rBllJve the H2S duwn to the desired 

level. Restricting the circulation rate i n  t h i s  manner w i l l  serve to 

minimize the quantities of other gases absorbed. 

The H2S content in the feed gas is only 2% and after absorption, the 

H2S -rises less than the needed 25% of the dissolved gases in the loaded 

solution. The 25%,or greater H2S content is necessary for the Strefford 

units performance. .To increase the H2S level, the loaded solution flashes 

across a hydraulic turbhe to a recycle flash drum. The @draulic turbine 

is used for eneryy recovery and supplies per  to the lean solution 

recirculation punp? 

m u m  of their lowar solubilities the C02 and CH4 w i l l  preferen- 

t ially -orb f m  the eolutbn in  the recycle Plash dnan. These flashed 
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vapors are reccnnpressed, air-cooled, and then recycled back to the H2S 

absorber. This recycle dnm serves to further enrich the final H2S 

stream. The pressure level i n  the recycle drum is set so that the dis- 

solved gases renrraining i n  the flashed liquid stream w i l l  contain over 

25% H2S. 

sulfur recavered in a sulfur plant. 

A t  t h i s  point the H2S can be stripped from the solution and the 

W i t h  the l a v  leakages specified i n  the absorber overhead, a solvent 

very lean i n  3 s  is required a t  the absorber top. 

of H2S in the solvent prevents obtaining t h i s  degree of leanness by simple 

flashing; therefore, steam stripping is required to ccarrpletely regenerate 

the solvent. 

The high solubility 

The liquid stream fram the recycle drum is heated by cross-exchange 

w i t h  the stripper bottcans and tIien flashed to the top of-the stripper. 

The H2S and c02 remining in solution are stripped out by steam as the 

liquid descends through the tme.r. 

the boiling of the w a t e r  contained in the Selexol solution. The waste 

heat recovered fm the gas turbine drivers on the recycle and product 

catpressors furnishes the required reboiler duty. 

The stripping steam results f r m  

The lean solution exiting the stripper bottam cools by heat exchange 

w i t h  the hccnning stripper liquid and further by exchange with refrigerant 

f m  the tmmniarwaterr absorption package in the 9 recovery uni t .  

final exchange maintains the overall heat balance. 

is pmped back to the top of the absorber. 

This 

The lean solution then 
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over 

The stripp=r overhead gas is cooled by heat exchange with a i r  i n  an 

ead mndenser. The condensed steam is separated froan the gas in 

a laxxlJcout drum and, wether with makeup water, returned to the stripper 

top. 

water solvent solution in the process to enable steam generation i n  the 

stripper bottoon, A t  water contents 1-r than 5 percent, ternperatwe 

It is necessary to maintain a 95 wt. percent Selexol - 5 wt. percent 

limitations wuld prohibit the use of the gas turbines waste heat in 

the reboiler or provide insufficient stripping. 

would add significantly to the energy requirements and equiprent s i zes  w i t h  

110 corresponding increase in  absorption capacity or selectivity, 

High= water contents 

The stripper overhead gas exiting the knocbut drum is fed to the 

Strefford sulfur plant for processing. The c02 stream f m  the sulfur 

.plant is essentially pure C02 (only 1/4 gr H2S/100 SCF gas) This 

effluent gas is canbined with the product s t r m  f m  the bulk C02 

ramval section and sent to  the c02 product carpressor for canpression 

and drying. 

Figure 6.11presents a block flow diagram for the Stretford process 

described Mow, 

~n the Strefford process 3 s  is mnverted to elemental sulfur (S) 

accordi'ng to the follawing overall equation: 

.- .................. 

3 s  + o2 = 2H20 + 2s 
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The reaction is initiated in an absorber. H e r e  an alkaline solution 
+5 of &urn carbonate (NA2c0,) containing a vanadium salt  (V ) along w i t h  

anthraquhone - disulfonic acid (ADA), absorbs the H2S gas and converts 

it to hydrosulfide ion: 

I 

Na CO + H2S = NaHS + NaHC03 2 3  

The solution then flaws to a reaction vessel where elemental sulfur 

is formed, 

+4 t H S - + 2 V t 5 = 2 V  + S + H  

In the third state of the process, an oxidation step anplaying a i r  

is used to regenerate the solution, and the S is r m e d  as a floating 

froth: 

2~'~ + AQA (oxidized) = 2V+5 + ADA (reduced) 

The regenerated solution is then retuned to the absorber tower com- 

pleting the absorption step. 

It is usually mre ecormnicalwhen treating large gas quantities, 

I 

as in the present case, to rerrwwe the bulk of the sulfur i n  a pretreatmmt 

step using li+d eductors. H e r e  the in le t  gas is brought into intimate 

oontact with about 80% of the solution flaw. 

to the reaction vessel where the reaction to e l m t a l  sulfur takes place. 

The gas is further contacted h an absorber to r m e  the H2S to a level 

Liquid  from the eductors flaws 
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of less than 1/4 gr H2S/100 SCF. 

The sulfur froth typically contains about 7-10% S .  A variety of 

rtlethods are available to recover the sulfur fm the froth. 

f i l t ra t ing,  centrifuging and more recently, the use of a sulfur mel te r .  

These include 

In the sulfur mlter method, the sulfur froth is heated and the 

mol ten  sulfur separates by gravity frcan the Stretford solution which is 

returned to the process. 

technique. 

study assume that a sulfur mel te r  technique is to be used. 

2% H2S content in the entering feed gas, approximtely 0.8 short tons 

of S per MM SCF of feed gas are recovered. 

It is possible to recover 99.5% pure S by this 

The u t i l i t i e s  and costs for the Stretford process i n  t h i s  

Assuming a 

Utili ty Sy stems 

Util i ty costs used in Section 6.3.4 are based on using gas turbine 

drivers for the C02 product and recycle ccanpressors i n  the cases u t i l i z i  

the SeZexol process and a steam turbine driver for the C02 product cam- 

pressor in the alternate= pmcess case. Electric motors drive all 

rmining rotating €qU&m=nt .  

In the Selexol process cases, the waste heat f m  the gas turbine 

exhaust is recovered for use by the NH3-H20 absorpuon refrigeration s y s t e r n  

and i n  the regeneration of the glyool solution i n  the TEo drying system. 
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, 

For the alternate MEA process, steam generating fac i l i t i es  are in- . 
c ludd  in the i n v e s m t  cost, 

psig and 900°F to the c02 prcduct canpressor turbine. A second level of 

50 psig steam supplies heat to the MEA regenerator reboiler and is 

These fac i l i t i es  provide steam a t  900 

provided by extraction frm the turbine. The 50 psig steam also s u p  

plies heat to the glycol reboiler in the TEG drying systen. 

coolers are designed to use 90°F ambient air. 

The air 

Envimmtal Considerations 

Effluent streams Will be produced during nom1 operation of the 

recovery and gas transnission fac i l i t i es .  

discussion of the expected effluents, and possible methods of handling 

these. 

not included i n  plant investment. 

The follawing is a brief 

Costs for any treatment fac i l i t i es  which may be required are 

, 

Water is prodaced f m  the product gas as it is ccnrrpressed and 

oooled between stages, Also water may condense fmm the inlet raw gas 

feed. If a H2S remvalunit is not necessary, then the excess water 

stream is effluent and must be disposed of. The effluent water stream 

contains traces of hydrocarbons which must be ranxed before disposal, 

I 

If a H2S ramval system is necessary, then the wa te r  balance of 

the system is such that a s l ight  excess of water  above that obtained f m  

these sources will be required as makeup to the H2S stripper. Therefore, 
f7 
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the water streams may recycle back to the process to eliminate the 

effluents and to reduce the makeup water  requirenents . 

Regeneration of the glycol solution i n  the TM; dryer w i l l  produce a 

gaseous effluent consisting mostly of wa te r  vapor plus traces of TM;. 

This effluent stream can be vented to the abmsphere. 

In the Strefford units, the formation of byproduct s a l t s  such as  

sodium thiosulfate and sodium sulfate require a purge stream of Stretford 

solution fm the sulfur reawery plant. 

during the f i r s t  six months ta one year of operation, but then must be 

done on a routine basis. 

\ 

Usually this can be avoided 

In this m e r  these salts are prevented frcnn 

building up in the process and plugging equipat such as the absorber. 

Treatment of t k i s  purge stream will amst certainly be required 

f r m  an e n v h m t a l  and ecomnic standpoint, and a nurrber of different 

processes are available to do this, each i n  various stages of developent. 

Amng these are processes offered by Peabody Engheerhy (Holmes Stretford), 

and Sun Oil (J. F. Pritchard Co. Licensee). 

Methane gas is a byproauct of these cases, This will be highly 

marketable and is a s h  t0.k transmitted in the Usual mer for 

mtural gas: therefore, not posing a problem. 
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6.3.4 Purification Costs 

As the previous sections discussed, natural sources are available a t  a' 

wide range of pressures and qualities. 

ditions, several processes s b u l d  be considered. Ini t ia l ly ,  t h i s  discussion 

w i l l  exam natural sources containing only C02,CH4 and H20 With concentra- 

tions of 50% and 90% El2 for various C02 production rates with epnphasis on 

feed gas pressures of 250, 500 and 1,000 psig. The Selexol process was 

chosen for the purification of these sources. As w e l l ,  a case of 10% c02 

a t  1,000 psis using Selexol for various C02 production rates and a case w i t h  

MEA for these inlet conditions a t  a C02 production rate  of 125 KMSCFD Will 

be examined. 

Because of the different feed con- 

Also the costs for purification of natural sources containing 25% C02 

(75% CH4) and 75% c02 (25% M 4 )  by Selexol process are presented for a C02 

production rate of 125 MMSCF'D and various feed gas pressures. 

Natural sources containing 2% H2S are also examined for cases of 50% 

co 
and a t  various C02 production rates. 

(48% M 4 )  and 90% C02 (8% CH4) a t  inlet pressures of 250 and 1,000 psig 
2 

For a l l  cases discussed, the investment cost, annual operating cost and 

resulting price of the pxified El2 a t  various DcIFRR's are presented i n  this 

section. 
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The basis of the total investment cost is outlined in Appendix B1 and 

the basis. for determining the annual operating expenses is outlined i n  

A p p d i x  B2. 

gas is: 

The basis for the calculations of the resulting price of the 

1, 

2. 

3, 100% equity capital (no debt) 

4.  The salvage value is zero 

5. The working capitdl is $16,00O/M~scFD @J2 

20 year project life (after start-up) 

20 year straight line depreciation 

A l l  cases of natural sources discussed i n  this section have 98% purity 

CH4 as an additional product. 

tion,credit was not taken for the CH4 produced. 

i n  the gas turbines was considered an expense. 

cost of the c02 purification and m y  be applicable to similar natural sources 

containing nonmrketable gases such as N2 rather than CH4. 

for the CH4 product, then the price of the C02 purification is l m e r  than 

presented (particclarly in the 10% and 50% c02 c a s e s ) .  

To provide only the cost of the c02 purifica- 

Hmever, the gas consumed 

The metha provides the true 

If credit is given 

The investment costs and annual operating costs for  the purification of 

natural sources with 50% and 90% CD2 (the reminder CH4 and H20) and available 

a t  250 psis  are presented for various C02 production rates in Figures 6.12 

and 6.13 respectively. 

available a t  500 psig are presented for various CD2 production rates in 

Figures 6.14 and 6.15. 

i f e e d s  w i t h  lo%, 50% and 90% 

Figures 6.16 and 6.17. 

Similarly, the costs for the same concentrations 

The investment costs and annual operating costs for 

and available a t  1,009 psig are shcrwn in 
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The resulting purification costs for the sources w i t h  50% and 90% m2 

are illustrated for feed pressures of 250, 500 and 1,000 psig i n  Figures 6.18, 

6.19 and 6.20 respectively. The associated purification costs for the 

sources of 10% C02 a t  1,000 psig are presented i n  Figure 6.21. 

The Figures 6.18 - 6.21 show that dependins on the munt of C02 in 

the feed, the munt of COi produced, the feed gas pressure and used, 

the price for the p u r i f i c a t i o n  ranges fran $0.22 - 1.85/lWF. 
I 

Since the partial pressure of, the 03 for the 10% C02 content case is 
2% 

low (see coanments mde in Section 6.3.2) , an  alternate MEA case for 10% 032 

a t  1,000 p i g  for the production of 125 MSCFD of CO2 was designed and 

estimated. 

- 

The investment aosts for t h i s  u n i t  are approximately $75,319,000 

and the annual operating expenses are approximately $26,744,000. 

ment aosts and annual operating costs include the necessary s- generating 

facilities and boiler feedwater treatment. The table below, Table 6.1, lists 

The invest- 

the camparative p u r i f i c a t i o n  costs for the MEA uni t  and a similar Selexol unit. 

TABLE 6 .1  

COMPARISON OF PURIFICATION COSTS FOR A SELMOL UNIT 

ANDAMEAUNITPURIFYINGF!EEDGASATlO%CO AND 2- 
1,000 PSIG ?o PRODUCE 125 MMSCFD C02 

Purification Costs ($/MSCF) 

10% 

15% 

* M E A  - SELEXOL 

1.01 1.00 

1.25 1.19 
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DCFRR 

20% 

- 

25% 

TABLE 6.1 (contd.) 

SELMOL 

1.51 

1 . 8 1  

MEA 

1 .41  

1.65 

Tb illustrate the effects of the feed gas quality and pressure on the 

i n v e s m t  costs and annual operating costs of the Selexol process units for 

a specified C02 production rate of 125 MMSCFD, these costs are presented i n  

Figures 6.22 and 6.23. The resulting purification costs ($/") for the 

various feed gas qualities and pressures are shown i n  Figure 6.24 for 10% 

DCFRR, in Figure 6.25 for 15% DCFRR, in Figure 6.26 for 20% DCFRR and i n  

Figure 6.27 for'25% DCERR. 

As discussed previously, natural sources containing H2S require addi- 

tional processing to f i r s t  r m v e  the H2S fm the feed gas and then reduce 

it to e l m t a l  sulfur. 

for sources With H2S contarnination are higher than those sources without H2S. 

The investment and annual operating costs for sources containing 2% H2S and 

50% or 90% CD2 (kk reminder is CH4) a t  250 psig are given in Figures 6.28 

and 6.29 respectively. 

unit's purge stream or any credit for either the elmental  sulfur or the CH4 

that is also produced during (?02 purification. The resulting costs of puri- 

Hence, the investment and annual operating costs 

The costs do not include any t r e a t m a t  of the Stretford 

fication of the 250 psig feed gas coneining 50% o02 48% CH4 and 2% H2S are 

shown for various DcFRR's and c02 production rates i n  Figure 6.30. Figure 6.31 

I shm the purification costs associated with 90% 250 psis source. 
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As presented for sources available a t  250 psig, the investmnt and 

annual operating aosts for sources a t  1,000 psig are shown in Figures 6.32 

and 6.33. 

DcFRR's are presented in Figure 6.34. 

the 90% C02 sources are i l lustrated in Figure 6.35. 

The resulting purification costs for the 50% C02 feed a t  various 

Likewise, the purification costs of 

Because of the high volume of gas processed, only one Selexol case was 

examined. 

possible for the various feed source pressures studied) of a feed source 

pressure available a t  1,000 p i g  and a C02 production rate  of 125 MNZFD were 

The "best case" (i.e. the e m d c s  on th is  case.represent the best 

chosen for study of sources containing 10% C02, 88% cH4 and 2% H2S. 

investment cost for this case is approximately $232,091,000 and the annual 

operating cost is about $93,317,000. The resulting purification costs are 

$3.31/MscF for 10% DCFRR, $3.89/- for 15% XFRR, $4.55/MSCF for 20% DCFRR 

and $5.29/ECF for 25% DCFRR. 

The 

* 

n 
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6.3. 5 Conclusions 

i 

In the case of natural sources, i n v e s m t  cost annual operating cost 

and resulting price of the purified C02 are dependent upon the sources’ am- 

position and available pressure, the a2 production rate and the = used 

for price detemhation. The figures i n  Section 6.3.4 shm that depending 

upon the above mentioned variables, the purification costs may range fm 

$O034/hWF to $5.30/”. With th i s  wide range and the n e  of independent 

variables conclusions are diff icul t  . 

For natural sources without H2S, but w i t h  lower concentrations of o02 

(lower than about 85%) 

500 psig is the most ecommical pressure. 

than about 85% C02) require a recycle ampressor (see discussion in Section 6.3.3) 

and a t  absorber pressures higher than about 500 psig, the recycled gas 

raises the i n v e s m t  costs. 

Figures 6.24 - 6.27 show that processkg a t  about 

The loher quality sources (less 

Purification costs of natural sources w i t h  very law concentrations 

(10% C02) are aanpared previously in Table 6.1. Both the MEA process and the 

Selexol process are studied. The investment oosts for a Ocmparable MEA unit 

are significantly luwer than those for a Selexol one, but the MEA unit’s 

annual operating costs are much higher. The resulting gas purification costs 

for the MEA uni t  are only slightly less than those for the Selexol unit .  

€3uwever, if the source quality is high m g h ,  then a recycle catpressor 

is not necessary and both the investmnt and purification costs decrease as 



the absorber pressure rises. 

6.27 illustrate this. 

The 90% C02, 10% CH4 curves i n  Figures 6.24 - 

N a t u r a l  sources containing H2S require the extra expense for the 

remval and disposal of the H2S fran both the product C02 and CH4 streams. 

The extra -e due to the presence of H2S translates to C02 purification 

costs of 2 - 3 t i m e s  those of similar SoUzTces without H2S. I f  credit were  

given for the by-product sulfur produced during the disposal of the H2S, 

the C02 purification costs would decrease slightly, but would still r a i n  

mre than those for sources without H S. 2 
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6.4 PURIFICATION OF OTHER CO, S O ~ S  
I 

The preceding discussions have rot considered the purification 

costs for a l l  potential c02 sources. 

gas (6.3) examined those costs of a coal-fired p w e r  plant excluding 

gas-fired powx plant and c m t  plant flue gases. 

recovery costs of C02 f m  flue gases exiting refinery fluid catalytic 

cracking units w e r e  not directly established. 

characteristics similar to  the &-fired pcrwer plants i n  respect to 

very low C02 quality and low (atnospheric) pressure. 

cost of purification may be approximated 

coal-fired power plant flue gas. 

The section on recovery from flue 

Additionally, the 

All of these sources have 

Therefore, their 

the cost of the similar 

The concept of amlying the purification cost of one of the sources 

examin& in this report to another source that has similar gas ccarposi- 

tion and pressure my  be utilized to expand t h i s  report to mccpnpass a l l  

potential C02 sources. A basic similarity of source quality w i l l  provide 

a basis for which an estimate of the purification cost of amther source 

may be made. 
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6.5 PKICESSING OF HIGH PURITY SOURCES 

6.5.1 High Purity Sources Available At Atmospheric Pressure 

The maps of c02 sources in P a r t  3 reveal that several abovegmund c02 

sources contain high purity gas at a low pressure. AnaK>nia and hydrogen 

plants are good examples of sources with the gas available at 98% C02 

purity and at atrmspheric pressure. 

purification of the c02 is not necessary, but ampression and dehydration 

to pipeline pressure is needed. 

For the processing of these gases, 

The investment cost and annual operating cost for the required m- 

pression/dehydration with inlet conditions at atmospheric pressure and 

the resulting gas price ($/"F) for various DcFRR's are sham in 

Figures 6.36  and 6.37 respectively, 

section, centrifugalmchines. 

the machine will be located within the confines of a chdcal plant 

and 900 psig - 900% steam can be assumed to be available. AS the gas 

is capressed and cooled between stages, water condenses and is removed 

in kmckout vessels, 

pressor the gas is dried to f inal  pipeline quality by a TM; wing unit. 

The axpressors are bm body, four 

A steam -bine driver is assumed since 

Between the third and fourth section of the m- 
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6.5.2 High Purity Sources A v a i l a b l e  A t  Pressures G r e a t e r  Than Amspheric 

As indicated i n  P a r t  5 of this report, the Northeast New Mexico area 

contains high purity C02 sources a t  pressures i n  the range of 300 to 900 

psig. As a result, canpression costs incurred i n  ccanpressing C02 froan high 

pressure sources for pipeline transmission, are not as large as canpression 

costs incurred in canpressing C02 frcan atmspheric sources. Therefore, 

Equation 6.1 is shown below to aid i n  deteminin9 canpression costs for 

various inlet pressure conditions. 

where 

BHP = mired Compressor Horse- (HP) 

Q = Compressor Inlet  Flow Rate (SCFD) 

P1 = Ccanpressor Inlet  Pressure (PSIA) 

As a result, using Figures 6.36 and 6.37 i n  conjunction w i t h  

Equation 6.1, it is possible to determine base carpressor investment costs 

and base ccnnpressor operating costs for high purity C02 sources. The 

procedure outlined belm dmns t r a t e s  the use of Eguation 6 .1  i n  deterrrrrm * 'ng 

these investment and operating costs: 

1. Using Equation 6.1, calculate BHP based on actual annpressor 

inlet conditions (e.g. P1 = 700 psia and 200 MYSCFD C02). 
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2. Then, recalculate a new f law rate (Q) using Bquation 6.1 

based on the calculated BHP frcxn Step 1 above and P1 = 14.7 psia 

(e.g. i f  BHP = 11,000 @ 700 psia and 200 M'GCFD C02, then 

@ BHP = 11,000 and 14.7 psia, Q = 31.5 MMSCE'D C02). 

3. Use Figure 6.36 to de-e the base ccanpressor invesbnent 

cost a t  the flcw rate determined in Step  2 above (e.g. i f  

Q = 31.5 MGU?D c02, then the ccanpression i n v e s m t  cost 

= $7,000,000). 

4. U s e  Figure 6.37to determine the base canpressor operating 

costs a t  the flaw rate d e t d n e d  i n  Step 2 above (e.g. if 

Q = 31.5 MMSCJ?D c02, then the compression operating cost 

= $3,1OO,OOO/YR). 

If the high purity c02 source, for example, is a processing plant, 

then the ompression cost can be determined as part of the processing 

plant if the base compressor is located within the plant. 

the rateof-return on investment is not limited. Figure6.38 sbws these 

cmnpression costs for the high purity @J2 sources based on K!F'RR's of 

lo%, 15%, 20%, and 25%. 

exanple, is a natural source and does not require processing, the base 

catpressor could be considered part of the pipeline, and in as  mch, 

regulated by the Federal Enerqr Fkgulatory Ccamcission. 

an 8% or 10% rate-of-return on investment using the u t i l i t y  financing mew, 

limits and governs these ccanpression costs. 

pression costs for high purity c02 sources based on an 8% and 10% rat-f- 

return using the Util i ty Financing Method. 

~onsecpent ly ,  

However ,  i f  the high purity C02 source, for 

Consequently, 

Figure6.39shows these ccan- 
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A l l  figures i n  Section 6.3 .4  were drawn for the case of sources mnpsed ii3 
of C02, CHq, H2S (if present) and H20 without credit for the CH4 that is 

co-produced. Therefore, these figures w i l l  provide a good estimate of the 

processing msts for sources containing mn-saleable gases (such as N2) or 

other l ight  hydrocarbons. 

High quality sources (those not needing purification) are discussed in 

Section 6.5. 

viously examined i n  Sections 6.2 and 6 . 3  are discussed i n  Section 6 . 4 .  

O t h e r  sources that are of similar amposition tn those pre- 
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6.6 APPLICATION OF INFORMATION 

The follming discussion is an effort to explain how to use the infor- 

mation contained in the preceeding sections and extend it 

not specifically mentioned. 

gas sources ccenposed of 10% to 98% C02 and available fran pressures of 

atmspheric to over 1,000 psig. 

other c02 sources 

P a r t  6 includes the processing costs associated with 

Thus a wide range of situations are presented 
I .  for use in determuung processing costs. 

If the source is poor quality (10% - 25% C02) and available at low 

pressures, the costs in Figures 6.4, 6.5 and 6.6 will provide a good estimate 

for this type of source's processing costs. 

However, if the poor quality source is available at much higher pressures, 

then the cost for the processing 125 M C F D  of c02 may be established f m  

Table 6.1. 

ship of the purification costs as a function of C02 rates may be established 

f m  Figures 6.6 and 6.21. 

For C02 production rates other than 125 MbSCFD c02, the relation- 

Frcm this established relationship, the processing 

costs of different C02 production rates may be established. 

The processing costs of luw (25% - 75% C02) and medium (75% - 92% c02) 
quality sources available at various pressures and production rates are con- 

tained in Figures 6.12 - 6.27 in Section 6.3.4. 
be used to extend the ranges of these curves slightly. 

Careful extraplation m y  
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COST OF TRANSPORTATION 

PART 7 
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This partion of the report is concerned with evaluating the mst 

e c o n d c a l  method of transporting carbon dioxide (a,) for enhanced 

o i l  recovery. 

s i d e r d  in t h i s  report. 

truck and railcar system are listed belm: 

Transport of C02 by tank truck or by railcar is not a n -  

A few reasons for not considering the tank 

1. Previous stud;es concerned w i t h  C02 transmission 

indicate t h a t  tank truck and railcar transport 

systens are mre expensive than pipeline systems. (28) 

2. Continuous transport of C02 using tank truck and 

railcar is labor depadent. A possible strike 

could c u r t a i l  the transport of c02 to the oi l  

recovery site. 

A shortage of tank trucks and railcars could inter- 3. 

rupt a continual flow of C02 to the o i l  reomery 

site i f  such tankers here not available. 

Therefore, t h i s  report w i l l  concentrate only on C02 transmission 

uti l izing pipeline systems. 

didates for the mst e c o n d c a l  method of C02 transportation. 

Three pipeline system are chosen as can- 

These are: 

1. A supercritical pipeline system 

2. A subcritical pipeline system 

3.  A liquid pipeline system 
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Ls Each method-of transportation i s  defined in more detail  l a t e r  i n  t h i s  

report. 

The pipeline systems mentioned above will transport CO2 from 

the natural C02 well s i t e  or the CO2 production p l a n t  s i t e ,  to  the 

candidate o i l  reserve s i t e  for  enhanced o i l  recovery. 

s i t e ,  the CO2 i s  injected i n t o  the o i l  reservoir t o  create whatever pressure 

cr i ter ion selected for  complete miscible flooding w i t h i n  the o i l  reservoir.  

Carbon dioxide pressure a t  the discharge of the injection compressor is  

assumed t o  be 2000 ps ig  for this study. 

A t  the o i l  recovery 

In  t h i s  report ,  Section 7 . 2  describes the three candidate pipeline 

systems. 

t h a t  each system transports CO2 from the source area t o  the o i l  recovery 

s i t e .  

not  economically practical .  

i n  Section 7 .3  and  the analyzed resu l t s  will demonstrate which system i s  best 

for the transportation of CO2. 

which can determine C02 transportation costs for  various pipeline capacities 

and transmission lengths u t i 1  i z i n g  the most economical method of transportation. 

Each p peline system i s  a functional and  workable u n i t ,  i n  

However, t i s  our o p i n i o n  t h a t  two of these pipeline systems are  

Therefore, these three systems will be analyzed 

Additionally, Section 7 . 3  contains material 
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7.2 MODES OF CO, TRANSPOKl?ATION 

Three pipeline systans are considered for the transportation of 

carbm dioxide (CO,) for enhanced o i l  recovery. 

describe each pipeline systan and explain the various components that  

mike up that particular pipeline. 

This section w i l l  

7.2.1 The Supercritical Pipeline 

The f i r s t  system discussed is the supercritical pipeline. Super- 

critical i s  defined as being above or greater than critical pressure. 

c r i t i ca l  pressure of c02 is 1071 psia, therefore, i n  a supercritical c02 

pipeline system, the operating pressure is greater than 1071psia. 

The 

I n  this report, the supercritical pipeline system consists of the 

intermediate pipeline booster capressors, the pipeline canpressor pre- 

heaters, the injection caq?ressor, and the pipeline. 

a general schematic of the supercritical pipeline. 

Figure 7.1 sham 

A base cmpressor, located either a t  the natural CO, w e l l  site or 

a t  the C02 production plant site, injects the CO, into the pipeline a t  

2000 psig. 

maintain pressure i n  the range of 1400 to 2000 psig throughout the 

pipeline. 

Intermediate pipeline booster capressors are required to 

A t  each intermediate pipeline booster corrpressor, a pipeline 
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preheater is provided to heat the C02 from the equilibrated pipeline temp 

eratyre to 13OoF. 

tees.* The injection ccmpressor, for a l l  practical purpses, i s  an 

i n t e e a t e  pipeline booster compressor and is located a t  the o i l  

recovery site. 

This is done to satisfy compressor manufacturer's guarq- 

Its function is to  inject C02 into the w e l l  a t  2000 psig. 

I n  Section 7.3 the supercritical pipeline economics are discussed. 

I-bwever, as a prelude one should be mde a w a r e  that  not a l l  possible 

supercritical pipeline systems have been e c o d c a l l y  evaluated. 

preliminary screening procedure eliminates many systems which are 

economically unrealistic. 

procedure are the optimum supercritical pipeline systems shown in Table  7.1 

on the following page. 

the ones analyzed i n  Section 7.3. 

A 

The results fran th is  preliminary screening 

These optimum supercritical pipeline systems are 

* The c q r e s s i b i l i t y  factor for C02 above 1400 psig and 6OoF is 

less than 0.3. 

b i l i t y  factor of 0.5 a t  1400 psig. 

ture of 13OoF solves this minimum campressibility factor requirement. 

!Be carpressor manufacturers desire a minimum ccsnpressi- 

Therefore, a compressor inlet tempera- 

n 
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TABLE 7.1 

OPTIMUM SUPERCRITICAL PIPELINE SYSTEMS 

STUDIED FOR C02 TRANSUSSION 

CO, Flawrate Pipeline D i a m e t e r  Pipeline Length 

50 IWCE'D 8" 50 mile to  500 mile 
L- 

125 MMSCFD 10" 

250 IWCFD 14 'I 

50 mile to 500 mile 

50 mile to  500 mile 

500 W Q ? D  18" 50 mile to 500 mile 

7.2.2 The subcritical Pipeline 

The second candidate for C02 transmission is the subcritical pipe- 

Subcritical is defined as laver or less than critical pressure. line. 

Therefore, any operating pressure lmer than critical pressure of C02 

(1071 psia) i n  a pipeline is subcritical. 

As s h m  i n  Figure 

the supercritical pipeline. 

mediate pi,peline booster mgressors, the injection caqxessor, and the 

pipeline. I-bwzver, tlae subcritical pipeline booster cnpressors do not 

require pipeline preheaters as required in the  supercritical pipeline. 

7.2, the subcritical pipeline is v e q  similar tc) 

The subcritical pipeline consists of the inter-  

A base corpressor, located either a t  the nautral C02 bell site or 

a t  the CO production site, injects the C02 into the pipeline a t  
2 
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i 700 psig. 

$00 to 700 psig pressure range throughout the pipeline. 

reaches the oil recovery site, it is injected into the well at 2000 

The intermediate pipeline booster compressors maintain a 

Once the C02 

psig by the injection catpressor. 

In Section 7.3 the subcritical pipeline ecodcs is discussed. 

mwever, a preliminary screening procedure for the s u b  

critical pipeline, identical to that used for the supercritical pipe- 

line, eliminates pipelk systems which are economically wealistic. 

As a result of this preliminary screening procedure, only the optimum 

subcritical pipeline systems are analyzed in Section 7.3. In addition, 

it is evident from the preliminary Screening procedures,- t h a t  the sub- 

critical pipeline at longer transmission lengths, ccanpared to the 

supercritical pipeline, are not as e c o d c a l .  Therefore, only the 

shorter CO pipelines in the subcritical case are analyzed. The system 2 
analyzed in Section 7.3 are shown in Table 7.2 belcrw.  

(20, Flowrate 

50 MMSCFD 

125 MMSCFD 

L 

TABLE 7.2 

OPTIMUM SUBcRITIrn PIPELTNE SYSTEMS 

Pipeline Diameter 

12" 

18" 
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For cost estkmting pwpses, all the intmediate pipeline booster 

ccPnpressors and injection catpressors in the supercritical and sub- 

critical pipelines have electric mtor drivers. 

block valves (isolation valves) have been installed every ten miles in 

the pipeline. 

spacing- requirements conforming to geographic classification guidelines 

for sectionalizing block valves in pipelines. 

Also, sectionalizing 

An average value of ten miles was derived f m  various 

7 . 2 . 3  The Liquid Pipeline 

The third candidate systen for C02 transmission is the liquid pipe- 

line. The ha previously mentioned pipeline systems, the supercritical 

and the subcritical systems, are essentially vapor flow pipelines. 

Wereas, the liquid pipeline system, as the name implies, is a liquid 

flaw pipeline. 

Basically, there are four major ccknponents required in making 

the liquid pipeline a functional system. These ccanponents are the a)2 

liquefaction plant, the base pmp, the injection pmp, and the insula- 

ted pipeline. 

a general schematic found in Figure 7 .3 .  

These four major liquid pipeline ccmponents are shown in 

The a2 liquefaction plant is the key ingredient for the liquid 

Initially, C02 enters the lique- transport of C02 in t h i s  pipeline. 

faction plant fran the natural a2 site or production plant site in the 
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vapr state. Through a series of canpression and cooling steps, the 002 

changes fm the vapor state to the liquid state. 

the C02 is charged inta the liquid pipeline at a pressure of 200 psig and 

Once in the liquid state, 

-2OF. 

A base p q  transports the liquified C02 fran the liquefaction 

plant through the pipeline to an injection p q .  The injection p p ,  

located at the oil recovery site, injects the liquid C02 into the well 

at 2000 psig. 

Table 7 .3  belaw sumnarizes the liquid pipeline systms analyzed 

in Section 7.3. 

LIQUID PIPELINE s Y S " l S  

STUDIED FOR C02 'I"SMISSI0N 

CD Flaw Rate -2 

50 MMSCFD 

50 MGCF'D 

50 MMSCFD 

Pitxline Diameter 

8 I' 

10 I' 

12 

Pipeline Leng th 

100 miles 

100 miles 

100 miles 

Frcan these liquid pipeline system listed above, an Optimum system is de- 

tennined. The optimum liquid pipeline systepn at 50 YMSCJ?D and 100 miles is 

then ccknpared to the supercritical and the subcritical pipeline systepns for 

COZl transmission. The results follow in Section 7 . 3 .  
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7 .3  Mx>NQMIC ANALYSIS OF 0, T R A ” T A T I 0 N  
&. 

This section is concerned with the econcBnics of c02 transmission 

in a systan of pipelines, specifically the supercritical, the subcritical, 

and the liquid pipeline systems, 

cedure used in the selection of the optimum pipeline systems found in 

t h i s  report, is described in this section. 

evaluation using discounted cash flow methods and utility financing me- 

thods for these selected optimum pipeline systems, is contained within 

this section as well. Based on the e c o d c  analyses mentioned above, 

the three pipeline systems, supercritical, subcritical, and liquid, are 

directly ccanpared. 

will, in turn, dgllonstrate which pipeline system is best for transporting 

c02. 
for determining C02 transportation costs consistent with flm rate, 

tranmission length, pipeline differential elevation, and geographic 

terrain. 

The preliminary pipeline screening pro- 

In addition, an e c o d c  

The direct ccnnparison between these three systm 

Finally, this section contains material that can serve as a basis 

7.3.1 Preliminary Pipeline Screening Pmcedure 

As previously stated in Section 7.2, a prelirninary screening pro- 

cedure eliminated m y  unrealistic pipeline systems with the intent of 

analyzing only the o p t h  pipelhe system. A descriptive su[~pnary of 

the screening procedure folluws below. For brevity, only the supercritical 
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pipeline system is discussed. 

and liquid, w e r e  analyzed using the same method. 

The other pipeline systms, subcritical 

Ini t ia l ly ,  a basis was established for qualifying three parameters 

The f i r s t  parameter requixing a basis was i n  the a2 pipeline system. 

the pipeline transmission length. These lengths were set at: 

1. 50 miles 

2. 100 miles 

3. 300 miles 

4. 500 miles 

The second parameter requiring a basis was the pipeline capacity (a2 
fluw rate). These capacities were set at: 

1. 50 MMSCE'D C02 

2, 125 I95SCFD C02 

3. 250 MMSCFD O2 

4. 500 W C F D  C02 

The third parameter requiring a basis was the pipeline operating pressure. 

For the supercritical pipeline the minimum operating pressure was set a t  

1400 psis  (26 )and the maximum operating pressure was set a t  2000 psig. 

Once the parameters outlined above were established, the pipeline materials 

of construction were specified. Based on conservative engineering practice 
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, \  

(:26 ) coupled with essentially a water-free c02 flow conpsition, AJ?I-5LX-X60 

was &sen as the stan- specification for the 0 3 ~  pipeline. MUIUIWI 

pipeline wall thicknesses were then calculated for various pipeline dia- 

meters based on the operating pressures described above and API-5LX-XGO. 

All pipeline design calculations were based on the code ANSI-B31.8,  as 

Transmission and Distribution Systems . 

e .  

Once the qualifying parameters of the pipeline were established (i.e. 

flaw rate, transmission length, pressure limits, pipe diameter, and wall 

thickness) it was then possible to design several functional C02 pipeline 

systerns. 

Panhandle" equation, (27 ) ~n this report, a "functional pipeline" is 

defined as a pipeline systan which transports the material (a2) frum 

point A to point B using any number of ampressors required for this trans- 

port in a specific pipe size. 

tem follm: 

These "functional pipelines" Were designed using the "New 

&I example of a "functional pipeline" sys- 

For a supercritical pipelhe system (1400 to 2000 psig), 

87 pipeline booster canpressors are required to transport 

125 MSCF'D C02 at a transmission length of 500 miles in a 

6-inch diameter pipeline. 

between "functional" and optjrrnnn pipeline systems.1 

[See Figure 7.4 for relative costs 

After designing the "functional pipeline" systans frcm the parameters es-- 

tablished earlier, the optjrm.nn pipeline systen for each transmission length 
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was then extracted us- a preliminary economic analysis. The basis for 

this preliminary eco~ymic analysis inm~l~ed using both direct and indirect 

operating costs, as well as the initial investmnt (the installed pur- 

chase price) of the pipeline system. 

systens extracted us- this method of analysis are s b d  in Figure 7.4 

below at a flaw rate of 125 WSCFD C02. Each opthum pipeline system 

Curves for the optirraan pipeline 

extracted in this manner was then reanalyzed, with greater mphasis 

placed on accurate fixed cost estimates. 

line system was reevaluated using utility financing and discounted cash 

In addition, each optimum pipe- 

flow rate-of-return on investment techniques. The analyzed and evaluated 

results for the optimized pipeline systems jmneaiately follow. 

7.3.2 The Best CO, Pipeline Tramp rtation System 
L 

In the preceding section (7.3.11, the general screening procedure 

employed for selecting optimum pipeline systems for e c o d c  evaluation 

was discussed. 

systms and evaluate their hestment costs ,  analyze their operating 

costs, and acanpare their overall ccanbined costs (investment and operating 

costs) . The C02 transportation costs, based on a fixed rate-t>f-return 

using discounted cash flw and utility financing mews, will in turn, 

indicate which mode of C02 transportation is the mst ecodcal. 

This section, in turn, will take these selected pipeline 

Tables 7.4, 7.5, and 7.6 show the total investment costs for the 

supercritical, the subcritical, and the Quid pipeline systems, respect- 
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TABLE 7.4 

SUPERCRITICAL PIPELINE Basis: Flat Terrain 

TOTAL INVESTMENT COSTS 

Pipeline 
Pipeline Capacity Length 

(MMSCFD CO ) (Miles) 2- 

5G 

125 

250 

500 

50 
100 
300 
500 

5 0  
100 
300 
500 

50 
100 
300 
500 

50 
100 
300 
500 

Total 
Total Investment Investment 

cost Cost/Unit C02 
(SMM) ($fifh!h@~SCF’D mq L. CaEcity) 

7 
13 
36 
59 

10 
19 
52 
85 

14 
27 
73 
123 

20 
39 
114 
189 

0.14 
0.26 
0.72 
1.18 

0.08 
0.15 
0.42 
0.68 

0.06 
0.11 
0.29 
0.49 

0.04 
0.08 
0.23 
0.38 



Pipeline Capacity 
(MMSCFD CO ) 2- 

50 

125 

Pipeline Capacity 
(MMSCFD C02) 

TABLE 7.5 

SUBCRITICAL PIPELINE BASIS: Flat Terrain 

TOTAL INVESTMENT COSTS 

Pipeline Total Investment 

(Miles) 
Length cost 

50 
100 
300 

50 
300 

TABLE 7.6 

10 
,19 
62 

15 
75 

LIQUID PIPELINE 

TOTAL 'INVESTMENT COSTS 

Pipeline Total Investment 
Length cost 
(Mil e s ) (SMM) 

50 100 (8 ' '  dia.) 37 

100 (12" dia.) 43 
100 (10" dia.) 40 

To tal 
Investment 

. ( $ W L r n  a* capac:Lty) 

0.20 
0.38 
1.24 

0 .1'2 
0.60 

BASIS: Flat Terrain 

TQtal 
. Inwstment 

0.74 
0.80 
0.86 
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ively. The total investment costs are based on 1978 fourth quarter 

dollars. 

used in t h i s  report for the supercritical, the subcritical, and the liquid 

systems, see Appendix B1. ) 

(For further infomation concerning the total investment costs 

Table 7.7 compares the total investment costs for three candidate 

pipeline systems. 

50 MMSCFD and the pipeline transmission length is 100 miles. 

various equiprent costs for each pipeline systgn. 

stantially less than the pipeline costs. 

tem requires less total capital for investment. 

ment amts, the supercritical pipeline systm appears, thus far, to he 

For this amparison, the c02 pipeline flaw rate is 

Note the 

These costs are sub- 

A l s o ,  note which pipeline sys- 

Based on total invest- 

mre eamanical  than the liquid and subcritical pipelines. 

utility and operating costs need to be analyzed and mnpared as well. 

These cost caanparisons follow. 

However, 

Tables 7.8, 7.9, and 7.10 show the total direct and indirect operat- 

ing costs for the supercritical, the subcritical, and the liquid pipe- 

line systm, respectively. 

pared earlier (flaw rate of 50 MMSCFD at a transmission length of 100 

miles), it is evident that the aperating costs for the liquid pipeline 

are f a r  greater than the operating costs for either the supercritical or 

the subcritical pipeline system. 

and operating cost basis used in this r q r t ,  see Appendix B2.) 

though the operating cost for w i n g  liquid C02 is relatively low, the 

F m  these tables, for the C02 pipeline can- 

(For information concerning utility 

Even 
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TABLE 7 . 7  

COMPARISON OF 

TOTAL INVESTMENT COSTS 

FOR 50  MMSCFD C02 @ 100 MILES 

Supercritical 
Equipment Total Investment 
List cost 

COMPRESSORS $2,OOO,OOO* 

PUMPS - 
PIPE $11,000,000 

PIPE - 
INSULATION 

LIQUEFACTION - 
PLANT 

TOTAL $13,000,000 

TOTAL INVESTPENT 26 
SMM Per MWCFD m2 
CAPACITY 

Subcritical 
Total Investment 

cost 

$5,000,000 

$14,000,000 

$19,000,000 

$0.38 

BASIS: Flat Terrain 

Liquid 
To ta 1 Inve s tmerl t 

cost - 

$2,000,000 

$11,000,000 

$5 ,000,000 

$19,000,000 

$37,000,000 

$0 .74  

*WITH COMPRESSOR PREHEATERS INCLUDED 
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TABLE 7.8  

SUPERCRITICAL PIPELINE 

OPERATING COSTS 

Pipeline 

(MMSCFD C02) (Miles ) Cost ($MM/YR) 
Pipeline Capacity Length Total Operating 

5 0  

1 2 5  

250  

5 0 0  

50  
1 0 0  
300  
5 0 0  

5 0  
1 0 0  
300 
5 0 0  

0.7 
1.1 
3.0  
5.0 

1.1 
2 . 1  
6 .0  
9.8 

50  1 .3  
1 0 0  2.7 
300 6.8 
500 11.9 

5 0  2.7 
1 0 0  5.4 
300 1 7 . 5  
500  29.2 

BASIS: Flat Terrain 

Operating 
cost 

($/MSCF C02) 

0.04 
0.06 
0.18 
0.29 

0 .03  
0.05 
0.14 
0 .23  

0 .02  
0.03 
0.08 
0.14 

0.02 
0.03 
0.10 
0 .17  

n 



TABLE 7.9 

Pipeline Capacity 
(MMSCFD C02) - 

50 

125 

Pipeline Capacity 
(MMSCFD C02) 

50 

SUBCRITICAL PIPELINE 

OPERATING COSTS 

Pipeline 
Length 
(Miles ) 

50 
100 
300 

50 
300 

TABLE 

BASIS: Flat Terrain 

Operating 

($/MSCF (202) 
Total Operating cost 

- Cost ($MM/YR) 

7.10 

2.0 
3.1 
5.3 

3.8 
9.1 

LIQUID PIPELINE 

OPERATING COSTS 

0.12 
0.18 
0.31 

0.09 
0.21 

BASIS: Flat Terrain 

Pipeline Operating 

(Miles ) Cost ($MM/YR) 
Length Total Operating cost 

($/MSCF CO ) 2- 

100 ( 8 "  dia.) 8.1 
100 (10" dia.) 8.2 
100 (12" dia.) 8.4 

0.48 
0.48 
0.49 
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major operating costs generated froan liquefying a2 fa r  exceeds the 

pumping costs and discourages the use of a liquid C02 pipeline. 

operating costs for the supercritical and the subcritical pipeline 

systems, h e v e r ,  are relatively close. Consequently, no decision 

can be made to definitely support or negate either system without 

further examination. 

The 

In order to select the best pipeline system, a2 transportation 

costs, based on various ratesaf-return using discounted cash f low 

and u t i l i t y  financing methods, require analyzing. 

the results of both the discounted cash flow and the u t i l i t y  financing 

methods for various rates-of-return on hes.tment. 

discounted cash flow and the u t i l i t y  financing m e w s ,  the basis 

for e c o n d c  evaluation are listed below. 

Table 7.11 shows 

For both the 

1. 20 year project l i fe  

2. 20 year straight l ine depreciation on total 

capital requirement 

3.  48% federal incane tax 

4.  100% equity capital bo debt) 

(For further information concerning the discounted cash flaw mew and 

the u t i l i t y  financing methcd, see Appendix B3. 

irwestnmtwere set a t  lo%, 15%, 20%, and 25% for the discounted cash 

Rates-of-return on 
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TABLE 7.11 k3 

Pipeline 
Capacity 

(-0) 2- 

50 

4 125 

3 
Ii 

250 
VI 

500 

Ls 

50 3 
'3 1 125 

Pipeline 
Length 

(MILES) 

50 
100 
300 
500 

50 
100 
300 
500 

50 
100 
300 
500 

50 
100 
300 
500 

50 
100 
300 

50 
300 

100 
100 
100 

CO., TRANSpoIiTATIcrpJ COSTS BASED 

ON "DCFRR" AND "UTILITY FINANCE" 

METHODS 

BASIS: Flat Weah  

G a s  Cost Based On 
Discounted Cash Flow 

(smm cO2) 

@lo% 

0.12 
0.21 
0.61 
1.00 

0.07 
0.14 
0.39 
0.63 

0.05 
0.10 
0.25 
0.43 

0.04 
0.08 
0.24 
0.40 

0.23 
0.41 
1.05 

0.16 
0.57 

0.92 
0.95 
1.01 

@15% 
.___ 

0.17 
0.29 
0.83 
1.36 

0.09 
0.19 
0.52 
0.84 

0.07 
0.13 
0.35 
0.59 

0.05 
0.10 
0.31 
0.51 

0.29 
0.52 
1.43 

0.20 
0.76 

1.15 
1.20 
1.27 
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@20% 

0.22 
0.38 
1.09 
1.78 

0.12 
0.24 
0.67 
1.08 

0.09 
0.17 
0.45 
0.76 

0.07 
0.13 
0.39 
0.65 

0.36 
0.66 
1.86 

0.24 
0.97 

1.42 
1.48 
1.58 

@25% - 

0.27 
0.48 
1.38 
2.25 

0.15 
0.30 
0.83 
1.35 

0.11 
0.21 
0.57 
0.96 

0.08 
0.16 
0.48 
0.80 

0.44 
0.81 
2.35 

0.29 
1.21 

1.72 
1.79 
1.92 

G a s  Cos, Based On 
Ut i l i ty  Financing 

2- ( $ m m  co 1 

@8% - 

0.13 
0.22 
0.61 
1.00 

0.07 
0.14 
0.39 
0.64 

0.05 
0.10 
0.26 
0.44 

0.04 
0.08 
0.24 
0.40 

0.23 
0.41 
1.05 

0.16 
0.57 

0.93 
0.96 
1.01 

@lo% 

0.14 
0.24 
0.69 
1.14 

0.08 
0.16 
0.44 
0.71 

0.06 
0.11 
0.29 
0.49 

0.05 
0.09 
0.27 
0.44 

0.25 
0.45 
1.19 

0.17 
0.64 

1.01 
1.05 
1.11 



flaw methcd, f m  which the C02 transportation cost was directly deter- 

mined. 
tion cost was determined for rates-of-return of 8% and 10%. 

campares the a2 transportation costs for the three candidate pipeline 

systems a t  50 MMSCFD C02 and 100 miles. 

that the liquid pipeline system is, by far,  the mrst system econdcally.  

The subcritical pipeline system is more e m n d c a l  than the liquid pipe- 

line system, but the supercritical pipeline systen is, in  turn, mre 

er=onanical than the subcritical pipeline system. 

Table  7.12, the CO; transportation costs  for both the supercritical 

and the subcritical pipeline systems are relatively close. But, a t  

longer pipeline transmission lengths (greater than 300 miles) the trans- 

portation cost differential between these t w  systems becognes signifi- 

similarly, using the u t i l i t y  financing method, a a2 transports- 

Table 7.12 

- 

It is evident, f m  t h i s  table, 

For the case shown i n  

cantly larger. 

Based on the data presented above, the obviuus conclusion - is that 

the supercritical pipeline system is the mst econanical d e  of C02 

transprtation, 

system should not be used for tr-rting C02. 

cases where the subcritical pipeline systm is mre e c o d c a l .  

for such specific cases, detailed engineering is required and does not 

f a l l  within the scope of this report. 

of this report w i l l  only consider the use of the supercritical pipeline 

system for C02 transmission. 

However, that is not to say that  a subcritical pipeline 

There may be specific 

However, 

Therefore, the raining sections 
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d3 TABLE 7.12 

CaMpARISON OF CO, TRANSpo#rATION Cosrs BASIS: Flat  Terrain 

FOR 50 WlSCE'D OF CO, @ 100 MILES 

Supercritical Subcritical Liquid 
Method of Analysis Transport Cost Wansport Cost Transport Cost 
And Rate-Of-Ret- (SPscF a,) ( S r n  a,) ( S r n C F  a:,) 

DISCOUNTED CASH FLOW 
@ 10% 

DISC- CASH FIxlw 
@ 15% 

DISCOUNTED CASH FICW 
@ 20% 

DISCOUNTED CASH FLOW 
@ 25% 

UTILITYFINANCING (FERC) 
@ 8% 

UTILITY FINANCING (FERC) 
@ 10% 

0.21 

0.29 

0.38 

0.43 

0.22 

0.24 

0.41 0.86 

0.52 1.07 

0.66 1.30 

0.81 1.57 

0.41 0.86 

0.45 0.94 
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7.3.3 CO Transportation COsts . -2 

In Section 7.3.2, the supercritical pipeline system was shown as 

the mst econCanica1 method for transporting c02. Figures 7.5a and 

7.5b shw the C02 transportation costs associated w i t h  transporting 

C02 a t  various flw rates and a t  various transmission lengths. 

curves are based on a f l a t  terrain pipeline system a t  an 8% and 10% 

These 

rate-of-return usiny the u t i l i t y  financing methcd and a t  a lo%, 15%, 

20% and 25% rate-of-return using the discounted cash flow method. 

Within t h i s  section are graphs which can estimate c02 transportation 

costs for any supercritical pipeline system, regardless of terrain and 

geographic affect. 

transportation costs and a general -lanation concerning the application 

The general procedure involved i n  e s t h t i n g  c02 

of estimating terrain adjustment factors folluws below. In P a r t  8 

of t h i s  report, these estimating terrain adjustment factors are used 

directly to determFne CO transportation costs for specific cases. 2 

Before any material in t h i s  section can be utilized, certain pipe- 

l ine  variables and parameters require definhg. 

parameters are listed below. 

These variables and 

1. 

2. Total pipeline transmission length (miles) 

3. 

c02 pipeline capac2ty (MMSCE'D c02) 

Elevation a t  c02 source site (feet) 
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4. Elevation a t  CO user site (feet) 

-5. 

2 

mtal pipeline transraission length in  rolling hi l l terrain 

6. Total pipeline transmission length in rugged terrain (miles) 

7. m-tal pipeline transnission length crossing r ivers  (miles) I 

‘.,-J 

The i n i t i a l  step in estimating C02 t r a x p r t a t i o n  costs is to de- 

termine a total  fixed capital investnxmt cost (base cost) for the p i p -  

l ine  sys’cem. Figures 7.6 and 7.7 show these investment costs. Figure 

7.6 shows the total pipeline inves.tr;lent cost as a function of cy>2 flow 

rate and transmission length. Figure 7.7 shows an average per mile invest-, 

mt mst as a function of C02 f l a r  rate. Since the investrent costs ob- 

tained fram Figure 7.7 are average costs per mile, these costs are not as 

accurate as those costs shown i n  Figure 7.6 where transmission length is a 

pararrrtter. IJonetneless, Figure 7.7 cloes provide a good bvestxent cost 

estimate and can be used i f  desired in deterrnining the pipeline’s base cost. 

Estinated terrain adjustment factors are added direct ly  to the base 

costs which, in turn, reestimates the total fixed capital invesbmnt 

costs used i n  deternhing the C02 transportation costs. 

below shows this relationship. 

Fkpation 7.1 

, \  w = Tbtal fixed capital i n v e s m t  cost w i t h  terrain adjustmnt 
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‘I‘ = mtal fixed capi ta l  invesbnent cost without terrain 
Fc,, 

L3 
adjustmnt  (See Figures 7.6 & 7.7) 

= Total miles of pipeline in rugged terrain %.T. 
$AR.T. = Flugged terrain adjustment factor (See Figure 7.10) 

= Total miles of pipeline in rolling hill terrain %H. 

$AR.H. = Rol l ing  hill terrain adjustment factor (See Fiwe  7.9) 

= Total miles of pipeline crossing rivers %.C. 
$hR.C, = River crossing adjusbwnt factor (See ‘Figure 7.11) 

$AH = Pipeline d i f fe ren t ia l  elevation cost factor (See Figures 

7.8a & 7.8b) 

The reminder of this section is devoted to detennhing 9 transporta- 

t ion costs using terrain adjustment factors and applying these terrain 

adjustment factors to Fquation 7.1. 

Figures 7,8a and 7.8b detennhe the pipeline di f fe ren t ia l  elevation 

Specifically, these two figures de-e the change cost factor  ($AH). 

i n  canpressor s ta t ion  costs i n  relat ion to the base cost. 

lined below detexmhe t h i s  p i p e l b e  a f f e r e n t i a l  elevation cost factor  

The steps out- 

($AH) 

U s e  of Figure 7.8a - 
1.. Based on a f low rate closest to the one in question, choose 

either the 50 MM, the 125 MM, the 250 PPI or the 500 MISCFD 

flow rate m e .  

Determine the di f fe ren t ia l  e l a t i o n  of the pipeline, 

&&Hh-HOut 

2. 

n 



where 

Hh= pipeline elevation @ C02 source site (feet) 

-pipeline elevation @ a2 user site (feet) Hout= 
3. m t e  the differential elevation of the pipeline 

on the "AH (Elevation Difference) 'I axis  and select the 

appropriate pipeline transmission length. 

parameters, the nmbr of required pipeline axpressors 

is found on the vertical axis (always go to the 

next higher nunher of required canpressors if a fraction). 

-le: 

F m  these 

Flw rate = 125 MMSCE'D C02 

AH = 3000 feet 

Pipeline Length = 300 m i l e s  

,',~ur&er of Rapired campressors = 3 

Use of Figure 7.8b - 

1. Locate the nmhr of required pipeline ccpnpressors 

on the horizontal axis and select the appropriate 

pipeline transmission length, 

the pipeline differential elevation cost factor 

 AH^ is found on the vertical axis. 

-le: Flow Rate = 125 W C F D  c02 

~urnber of Required Canpressors = 3 

Pipeline Length = 300 miles 

F r m  these parmtms, 

$AH = $4,000,000 
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Figures 7.9, 7.10 and 7.11 deterrmne the ro l l ing  h i l l  terrain cost 

factor (SI1R.H.) , the rugged t e r r a in  cost factor ($4R.T.) , and the river 

crossing terrain cost factor ($hR.C.), respectively. 

the three terrain cost factors is similar for each cost in detanumng 

factor. Therefore, the instruCtions described belaw, out l ine the pro- 

cedure used i n  detemunm * ' g each texrain cost factor. 

The mthod used 
. .  

U s e  of Figures 7.9, 

7.10, and 7.11 - 

1. 

2. 

3. 

~r>cate the known a2 pipeline flm rate (capacity) on the  

horizontal axis. 

*ate the intersection of the C02 pipeline capacity 

on the  average. pipeline transru 'ssion length l ine .  

The terrain mst factor is located on the vertical axis. 

-le: 20 miles of rolling h i l l  terrain 

Flaw rate = 125 MWCFD C02 

Pipeline length = 300 miles 

$AR.H. = $13,700 miles 

Once the terrain cost factors are determined and the total fixed 

capital investment is adjusted pee Equation 7.1) , representative c02 

transportation costs for a supercr i t ical  pipeline can be deternL-eJ fro1 

Figures 7.12a and 7.12b. 

portation cost Via supercritical pipeline and damnstrates the use of 

Eiquation 7.1 and Figures 7.6, 7.12a and 7.121. 

s 

T k  folloving exarple determines the C02 trans- 
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D e t e n n i E  the C02 t r ansp r t a t ion  cost a t  a rate-of- 

r e t h  of 10% using both discounted cash flaw and 

u t i l i t y  financing meWs for a 275 mile, 200 MMSCFD 

C02 supercritical pipeline. The following pipeline 

parameters alld terrain facbrs are given for 

mat ion  7.1: 

. $AH = $2,000,000 

. !bmT,.= 0 miles 

= 75 miles @ $AR.H. = $13,85O/mile 

= 15 miles @ $AR.C. = $226,00O/mile 
%.H. 

' %.c. 

Equation 7.1 is: 

Solution : 

- - + 75 miles ( $l3,850/mile ) + 15 miles ($226,0OO/mile) 

- $2,000,000 
'FCA 

- + $2,429,000 
T F q  T x B  
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From Figure 7.6 - 

T%= $55,000,000 

T = $55,000,000 + $2,429,000 
FcA 

= $57,429,000 

Using TFc = $57,429,000 and Figure 7.12a 
A 

. 'ibtal yearly C02 pipeline revenue = $22,000,000 @ 10% 

$22,000,000 x 1000 . C02 t raasprtat ion cost = 

200 MNXF'D :c 340 Day/YR 

= $0.32/1000 SCI" C02 

Using Tx = $57,429,000 and figure 7.12l.1 
A 

. 

. m2 transprtation cost = 

mtal yearly C02 pipeline revewe = $19,000,000 @ 8% 

$19,000,000 x 1000 

200 MMSCFD x 340 Day/YR 

= $0.28/1000 SCF C02 

Example 
Results: 

C02 transportation mst @ 8% 

using u t i l i t y  financing = $O.Jz/lOOO SCF C02 

Co2 transportatim cost @ 10% 

using di~counted cash f h . 7  = $0.28./1000 SCF c02 
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7.4 CONCLUSION 

In P a r t  7.0 of this reprt, we discussed pipeline systems used in 

transporting C02 for enhanced o i l  recovery. 

studied are: 

The three pipeline systems 

1. The supercritical pipeline system (operating pressure greater 

than 1400 psig) 

The subcritical pipeline system (operating pressure less than 

1000 psig) 

2. 

3 .  The liquid pipeline system 

Each system was studied and evaluated on fixed capital investments, on 

direct  and indirect operating costs, and on rates-of-return us- dis- 

counted cash flow and u t i l i t y  financing methods .  

tions, we conclude that the supercritical pipeline system is the mst 

e c o n d c a l  pipeline system available for transporting- C02 for enhanced 

Based on these evalua- 

o i l  recovery. 

c02 transportation costs incurred via the supercritical pipeline 

systepn vary considerably depending on f low rate,  tranSnission length and 

return on h e s t x e n t .  

and a rate-of-return on investment of 15%, the C02 transportation costs 

To i l lustrate ,  a t  a flow rate of 125 MMSCFD c02 

are $.09/MScF CO and $.84/%0' c02 for a 50 mile and 500 mile super- 

critical pipeline system, respectlkely. 
2 

In addition, a t  a flow ra te  
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, \  

I 

of 250 MMSCFD C02 and a rate-of-return on invesment of 15%, the a2 trans-. 

portation costs are $.07/MSCF c02 and $.59/MSCF C02 for a 50 mile and 500 

mile supercritical pipeline system, respectively. Therefore, the results 

dictate the difficulty i n  predicting generalized C02 transportation costs. 

However, the preceding results damnstrate that the greatex the C02 pipeline 

capacity and the shorter the pipeline t r a n d s s i o n  length, then the less 

expense involved i n  transporting C02. 

Therefore, we r e m e n d  using a supercritical pipeline systan and, when 

possible, transporting large c02 quantities a t  s b r t  distances. 

-2 55- 



SPECIFIC CASES 

PART 8 
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8.1 INTRODUCTION 

The o b j e c t i v e  of t h i s  s e c t i o n  i s  t o  demonstrate  t h e  

use  of t h e  informat ion  developed i n  t h e  preceding s e c t i o n s  

i n  e v a l u a t i n g  t h e  t o t a l  c o s t  of  C 0 2  f o r  EOR. 

i l l u s t r a t e d  by formula t ing  some s p e c i f i c  ( t y p i c a l )  cases 

This  i s  

of  CO 

EOR. The informat ion  used i n  such e v a l u a t i o n s  i n c l u d e  t h e  

survey of  C 0 2  sou rces  and, depending on t h e  type of  selected 

source ,  t h e  a s s o c i a t e d  c o s t s  o f  C 0 2  supply t o  t h e  cand ida te  

o i l  r e s e r v o i r .  

p roduct ion  and process ing  c o s t s ,  and t r a n s p o r t a t i o n  costs .  

The C 0 2  i n j e c t i o n  c o s t  i n  the o i l  f i e l d  i s  n o t  inc luded  and 

i s  n o t  w i t h i n  t h e  scope of  t h i s  r e p o r t .  

sou rces  and t h e  cand ida te  o i l  r e s e r v o i r s  f o r  p o t e n t i a l  2 

The costs may c o n s i s t  of purchase c o s t s ,  
) 

The t o t a l  cost  developed f o r  t h e  cases i n  t h i s  s e c t i o n  

i s  f o r  gene ra l  guidance. There  a r e  some undefined f a c t o r s  

so a c c u r a t e  a n a l y s i s  i s  n o t  p o s s i b l e  i n  t h e  scope of t h i s  

r e p o r t .  For example, t h e  cost  of purchase o f  C 0 2  from a ,  

p rocess  p l a n t  source  o r  power p l a n t  f l u e  gas  w i l l  depend on 

t h e  demand of C 0 2 .  

r e q u i r e  an a l t e r n a t e  p i p e l i n e  route s tudy  c o n s i s t e n t  w i th  

topography. 

follow, as much as p o s s i b l e ,  e x i s t i n g  product  p i p e l i n e  routes .  

I n  a d d i t i o n ,  p i p e l i n e  l e n g t h s  have been approximated based on 

The a c c u r a t e  cost  f o r  t r a n s p o r t i n g  C02 w i l l  

P i p e l i n e  r o u t e s  s e l e c t e d  f o r  t h e  s p e c i f i c  cases 
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a v a i l a b l e  geographica l  d a t a .  These p i p e l i n e  l e n g t h s ,  i n  

t u r n ,  are used i n  conjunct ion  wi th  t h e  va r ious  t e r r a i n  

f a c t o r s  inc luded  i n  t h i s  r e p o r t .  The cost  o f  t r a n s p o r t a t i o n .  

w i l l  a l so  depend on t h e  economic a n a l y s i s  procedure ( U t i l i t y  

Financing o r  DCFRR) used by a p i p e l i n e  company. 

The cases selected i n  t h i s  s e c t i o n  a r e  based on t h e  

informat ion  developed by GURC. GURC eva lua ted  cand ida te  o i l  

r e s e r v o i r s  i n  terms o f  e s t ima ted  EOR by C 0 2  mi sc ib l e  f lood ing  

and t h e  e s t ima ted  n e t  new C 0 2  requirement  pe r  b a r r e l  of  

recovered o i l .  I t  i s  a p p r o p r i a t e  t o  mention a t  t h i s  p o i n t  t h a t  

these are planning estimates of EOR and net C02 requirement 

and probably w i l l  change when c u r r e n t  r e s e a r c h  and f i e l d  

tests r e s o l v e  some o f  t h e  q u e s t i o n s  concerning t h e  process .  

Three cases, as desc r ibed  and eva lua ted  i n  Sec t ions  8 . 2 ,  

8 . 3 ?  and 8 . 4 ?  are s e l e c t e d  on t h e  b a s i s  o f  i n d u s t r y  i n t e r e s t .  

These cases are: 

1. 

2 .  CO supply t o  South M i s s i s s i p p i  o i l  r e s e r v o i r  

3.  

C 0 2  supply t o  West Texas o i l  r e s e r v o i r  

2 
C 0 2  supply t o  South Louis iana o i l  r e s e r v o i r  
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I 8 . 2  C02 SUPPLY TO WEST TEXAS O I L  RESERVOIR - 

l '  
O i l  f i e l d s  i n  Texas have 30% of t h e  U. S. o i l  r e s e r v e s .  

West Texas f i e l d s  hold t h e  m a j o r i t y  of  t h i s  o i l .  These 

f i e l d s  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 by C 0 2  m i s c i b l e  

f looding .  

i n  t h i s  area. GURC estimates t h a t  t h e r e  a r e  2 t o  8 b i l l i o n  

BBL of  o i l  t h a t  i s  p o t e n t i a l l y  r ecove rab le  by C02 f lood ing  

i n  West Texas. 

i n  p l a c e  i n  West Texas. 

f l ood ing  o f  t h e s e  f i e l d s  i s  e s t ima ted  t o  be  4 - 12 MSCF/BBL 

o f  recovered o i l .  

requirement  o f  8 - 96 TSCF of  p o t e n t i a l  n e t  new C02  r equ i r ed .  

There i s  s u b s t a n t i a l  i n d u s t r y  i n t e r e s t  f o r  EOR 

This  i s  about  5 - 20% of  t h e  o r i g i n a l  o i l  

N e t  new C 0 2  requirement* f o r  

2 This amounts t o  a p o t e n t i a l  new CO 

I n  o r d e r  t o  determine t h e  t o t a l  cos t  of C 0 2  t o  t h e s e  

f i e l d s ,  t h r e e  d i f f e r e n t  C02 sources  are  eva lua ted  s e p a r a t e l y  

i n  S e c t i o n s  8.2.1, 8 .2 .2  and 8 . 2 . 3 .  The d e l i v e r y  p o i n t  o f  

C02 from t h e  i n t e r s t a t e  p i p e l i n e  t o  t h e  cand ida te  r e s e r v o i r s  

i n  t h e  area, a s  shown i n  F i g u r e  8.1,  i s  assumed t o  be a t  t h e  

i n t e r s e c t i o n  of Yoakum, Terry and Gaines c o u n t i e s  i n  W e s t  

Texas. An average n e t  C02 requirement  of 8 MSCF/BBL of 

* N e t  new C02 = C 0 2  a c t u a l l y  i n j e c t e d  - C 0 2  recovered wi th  

product ion  and r ecyc led  

= C02 remaining i n  reservoir - C02  supp l i ed  

t o  f i e l d  
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r ecove red  

three C02 

o i l  w i l l  be 

s o u r c e s  are 

used  f o r  t h i s  e v a l u a t i o n .  

c o n s i d e r e d :  

The f o l l o w i n g  

1. C 0 2  from Southwest  Colorado 

2 .  C 0 2  from N o r t h e a s t  New Mexico 

3 .  C 0 2  from power p l a n t  f l u e  g a s ,  M i t c h e l l  County, 

West Texas 
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8.2.1. - C 0 2  From Southwest Colorado Source 

Source 

Na tu ra l  C 0 2  r e s e r v o i r s  i n  Southwest  Colorado are l o c a t e d  

i n  McElmo Dome area i n  Montezuma County and t h e  Doe Canyon- 

Dove Creek area i n  Dolores  County. For t h e  purpose of t h i s  

s p e c i f i c  case, t h e  d e l i v e r y  p o i n t  of t h e  

p i p e l i n e  i s  assumed t o  be i n  M c E l m o  D o m e  

County a t  37N - 18W. C 0 2  a v a i l a b l e  from 

h igh  p u r i t y  (96+% C 0 2 )  and w i l l  n o t  need 

w i t h  t h e  excep t ion  of dehydra t ion  of t h e  

B a s i s  

N e t  C 0 2  requi rement  

To ta l  n e t  C 0 2  requi rement  

Tota l  p i p e l i n e  l e n g t h  

P i p e l i n e  l e n g t h  i n  rugged t e r r a i n  

P i p e l i n e  l e n g t h  i n  r o l l i n g  h i l l  t e r r a i n  

Number of r i v e r  c r o s s i n g s  

T o t a l  l e n g t h  of r i v e r  c r o s s i n g s  

E leva t ion  d i f f e r e n c e  between C 0 2  sou rce  

and an o i l  f i e l d  

C 0 2  t o  an i n t e r s t a t e  

area i n  Montezuma 

t h i s  sou rce  is  of 

any p u r i f i c a t i o n  

gas. 

: 8 , 0 0 0  SCF/BBL 

: 300 MMSCFD 

: 500 m i l e s  

: 328 m i l e s  

: 1 6 5  m i l e s  

: 7  

: 7 m i l e s ,  approximate 

: 3 , 5 0 0  f e e t  
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C a p i t a l  Investment - Costs  

These investment  c o s t s  r e p r e s e n t  c a p i t a l  investment  by 

a producer of  n a t u r a l  C 0 2  i n  McElmo Dome a r e a  and by a 

p i p e l i n e  company t o  t r a n s p o r t  C 0 2  from McElmo D o m e  a r e a  

t o  a cand ida te  o i l  r e s e r v o i r  i n  West Texas. 

T h e  investment  costs a s s o c i a t e d  w i t h  t h e  product ion  of 

C 0 2  a r e  s u b j e c t  a t  t h i s  t i m e  t o  many u n c e r t a i n t i e s  which  

s i g n i f i c a n t l y  a f f e c t  t h e  va lue  o r  c o s t  of t h e  C 0 2  produced. 

Among t h e s e  u n c e r t a i n t i e s  are t h e  cost  o f  a c t u a l  d r i l l i n g ,  

expected d e l i v e r a b i l i t y ,  and expected l i f e  o f  t h e  f i e l d s .  

GURC has  provided a range of costs i n  S e c t i o n  5 t h a t  could 

be a n t i c i p a t e d  fo r  t h i s  a r e a .  

cases chosen w e  w i l l  assume a median C02 cost of $0.38/MSCF. 

For  a p p l i c a t i o n  t o  t h e  s p e c i f i c  

The p i p e l i n e  investment  cost i ncu r red  i n  t r a n s p o r t i n g  

n a t u r a l  C 0 2  from t h e  McElmo D o m e  a r e a  t o  West Texas 

F igure  8 . 1  for p i p e l i n e  r o u t e )  is de te rmined  from t h e  d a t a  

found i n  Sec t ion  7.3.3. 

p i p e l i n e  system, which i s  de f ined  and shown i n  P a r t  7 a s  

being t h e  most economical p i p e l i n e  system. 

(see 

Th i s  d a t a  i s  based on a s u p e r c r i t i c a l  

As shown i n  Sec t ion  7.3.3, Equation 7 . 1  (shown below 

for r e f e r e n c e )  i s  used t o  determine p i p e l i n e  investment  
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costs w i t h  a d j u s t m e n t s  f o r  geograph ic  t e r r a i n  and e l e v a t i o n  

a f f e c t s  . 

The d a t a  

found i n  

1. 

2 .  

3. 

4. 

5. 

6. 

7 .  

8. 

p r e s e n t e d  a-nd d e f i n e d  below comes from t h e  material  

S e c t i o n  7.3.3: 

Unadjusted p i p e l i n e  i n v e s t m e n t  c o s t  - 
( F i g u r e  7 .6 )  = $ 1 3 3 , 0 0 0 , 0 0 0  TFCB 

Length of p i p e l i n e  i n  rugged t e r r a i n  - 
= 328 miles M ~ . ~ .  

Rugged t e r r a i n  a d j u s t m e n t  f a c t o r  - 
$AR.T. ( F i g u r e  7 . 1 0 )  = $250,00O/mile 

Length o f  p i p e l i n e  i n  r o l l i n g  h i l l  t e r r a i n  - 
= 165 miles 

*R.H. 

R o l l i n g  h i l l  t e r r a i n  a d j u s t m e n t  f a c t o r  - 
$AR.H. ( F i g u r e  7 . 9 )  = $14,20O/mile 

Lengtn of p i p e l i n e  c r o s s i n g  r i v e r s  - 
MR. C .  

R ive r  c r o s s i n g  t e r r a i n  a d j u s t m e n t  f a c t o r  - 
$AR.C. ( F i g u r e  7 . 1 1 )  = $285,00O/mile 

P i p e l i n e  e l e v a t i o n  change a d j u s t m e n t  f a c t o r  - 
$AH ( F i g u r e s  7.8a and 7.8b) = $7,500,000 

= 7 m i l e s  
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9. Adjusted p i p e l i n e  investment  cost  - 
T = $ 2 1 2 , 0 0 0 , 0 0 0  

FCA 

Therefore ,  t h e  t o t a l  p i p e l i n e  investment  c o s t  i n  

t r a n s p o r t i n g  n a t u r a l  CO 

Texas i s  $ 2 1 2 , 0 0 0 , 0 0 0 .  

from t h e  McElmo D o m e  a r e a  t o  West 2 

To ta l  Cost of  C02 To a Candidate O i l  Reservoi r  Operator  

The t o t a l  c o s t  o f  C 0 2  t o  a cand ida te  o i l  r e s e r v o i r  

o p e r a t o r  who i s  us ing  C 0 2  from McElmo Dome area,  Southwest 

Colorado, is  t h e  sum of p r i c e s  demanded by a producer o f .  

C 0 2  and by a p i p e l i n e  company t r a n s p o r t i n g  C 0 2  t o  an o i l  

f i e l d .  

A s s u m e  t h a t  a producer of C 0 2  has  set  t h e  p r i c e  o f  

C02 a t  $0.38/MSCF, and d e l i v e r s  300 MMSCFD of  C 0 2  a t  2000  

p s i g  a t  p i p e l i n e  i n l e t .  

From Figure  7 . 1 2 a  - 

Based on a r a t e - o f - r e t u r n  of  8% us ing  t h e  U t i l i t y  

Financing Method and a t  a t o t a l  p i p e l i n e  investment  cost  

of $ 2 1 2 , 0 0 0 , 0 0 0 ,  t h e  t o t a l  y e a r l y  p i p e l i n e  revenue r ece ived  

i s  $ 6 9 , 0 0 0 , 0 0 0 .  Hence, t h e  t r a n s p o r t a t i o n  cost  f o r  a 
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300 MMSCFD C 0 2  p i p e l i n e  from t h e  McElmo Dome a r e a  t o  West 

Texas i s  $0.68/MSCF C 0 2 .  

Thus t h e  t o t a l  c o s t  of  C02  t o  a cand ida te  o i l  r e s e r v o i r  

o p e r a t o r  i n  West Texas, w i t h  C 0 2  sou rce  i n  McElmo D o m e  

a r e a ,  Southwest Colorado, is  a s  fol lows:  

cost 
Product ion 

Transpor t a t ion  

$/MSCF 

0.38 

0.68 

Tota l  1 . 0 6  

8 .2 .2  CO From Nor theas t  New Mexico -2 

As d i scussed  i n  Sec t ion  5.6, t h e  Nor theas t  N e w  Mexico 

area appears  t o  have substantial reserves of natural C02. 

cover  p o r t i o n s  of  Union, Hardincj and Quay Counties .  

t h e  purpose of t h i s  s p e c i f i c  case, t h e  d e l i v e r y  p o i n t  o f  C 0 2  

t o  a n ‘ i n t e r s t a t e  p i p e l i n e  i s  assumed to  be  i n  Harding County 

a t  20N - 32E. 

p u r i t y  (99+% C 0 2 )  and w i l l  n o t  need any p u r i f i c a t i o n  wi th  

t h e  excep t ion  of dehydra t ion  o f  t h e  gas .  

These reserves 

For  

C 0 2  a v a i l a b l e  from t h i s  source  i s  of high 
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N e t  C02 requirement  

Total  n e t  C02 requirement  

Total  p i p e l i n e  l e n g t h  

I 

P i p e l i n e  l e n g t h  i n  r o l l i n g  h i l l  terrain 

: 8,000 SCF/BBL 

: 5OO.MMSCFD 

: 320 miles 

316 miles 

Number of  r i v e r  c r o s s i n g s  : 4  

Total l e n g t h  o f  r i v e r  c r o s s i n g s  : 4 m i l e s ,  approximate 
E leva t ion  d i f f e r e n c e  between C02 source  

and an o i l  f i e l d  : 1,750 f ee t  

C a p i t a l  Investment Costs 

These investment  costs  r e p r e s e n t  c a p i t a l  investment  by 

a producer of n a t u r a l  C02 i n  Nor theas t  New Mexico and by a 

p i p e l i n e  company f o r  t r a n s p o r t i n g  C02 from t h e  product ion  s i te  

t o  a cand ida te  o i l  r e s e r v o i r  i n  West Texas. 

i n  Sec t ion  5.6.4, compression of  C02 i s  n o t  inc luded  i n  t h e  

production of CO 

of 1 4 0  p s i g .  Therefore ,  fo r  n a t u r a l  CO produced i n  Nor theas t  

New Mexico, i t  is  assumed t h a t  t h e  compression would be done 

by a p i p e l i n e  company. 

As d i scussed  

which i s  produced a t  an average p r e s s u r e  2 

2 

For reasons  o u t l i n e d  i n  Sec t ion  8 .2 .1  i t  i s  d i f f i c u l t  

a t  t h i s  t i m e  t o  e v a l u a t e  t h e  investment  costs t h a t  are 
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a s s o c i a t e d  w i t h  C02 product ion.  

a C 0 2  cost of  $0.5O/MSCF, which 

For New Mexico w e  w i l l  assume 

s t h e  upper va lue  analyzed 

by GURC and which spans a reasonable  range of  expected 

DCFRR va lues .  

The p i p e l i n e  investment  compression cost  i s  based on 

compressing 500 MMSCFD C 0 2  from 1 4 0  p s i g  t o  2000  p s i g .  

d i scussed  i n  Sec t ion  6.5 o f  t h i s  r e p o r t ,  compression 

c o s t s  can be determined us ing  Equation 6 . 1  (shown below f o r  

r e f e r e n c e )  i f  compressor i n l e t  p r e s s u r e s  are g r e a t e r  t han  

atmospheric ,  as  i n  t h i s  case .  

As 

2014 . 7 )  0. 18,1 1 
p1 

BHP = 2.6 X low4 Q { (  

The procedure o u t l i n e d  i n  Sec t ion  6.5.2, e s s e n t i a l l y  uses  

Equation 6 . 1  t o  determine a new compression flow rate,  which, 

i n  t u r n ,  can be  used t o  de te rmine  a p i p e l i n e  investment  

compression cost .  

e x p l a i n  t h i s  procedure: 

The b a s i c  s t e p s  and r e s u l t s  shown below 

1. C a l c u l a t e  t h e  a c t u a l  compressor horsepower (BHP) 

r equ i r ed  based on P1 = 1 4 0  p s i g  (155 psiall  and 

Q = 500 MMSCFD C 0 2  u s ing  Equation 6.1.  BHP = 76,300 

2. Using t h e  BHP determined above, c a l c u l a t e  a new 

CO flow rate  a t  P1 = 14.7 p s i a .  (This  s t e p  factors  2 
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the flow rate so that Figure 6 . 3 6  can be used to 

determine pipeline investment compression costs 

which are based on 14.7 psia,) 

Q = 206 MMSCFD C02 

3.  Determine the pipeline investment compression cost 

using Figure 6 . 3 6  and Q, = 206 MMSCFD C 0 2 .  

Pipeline compression cost = $23 ,000 ,000  

Hence, in going from a source pressure of 140 psig to 

pipeline pressure of 2000 psig, an initial pipeline investment 

compression cost of $23,000,000 is incurred at 500 WSCFD CO ~ 

2 '  

The pipeline investment cost incurred in transporting 

natural C02 from the Northeast New Mexico area to West Texas 

(see Figure 8.1 for pipeline route) is determined from the 

data found in Section 7 .3 .3 .  This data is based on a 

su2ercritical pipeline system, which is defined and shown 

in Part 7 as being the most economical pipeline system. 

As shown in Section 7 . 3 . 3 ,  Equation 7.1 (shown below 

for reference) is used to determine pipeline investment 

costs with adjustments for geographic terrain and elevation 

affects. 

- TFcB + MRVT ($AR.T.) + MReH, ($AR.H.) + %.c ($AR.C.) - $AH (7.1) . 
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The data 

found in 

1. 

2. 

3 .  

4. 

5. 

6. 

7. 

presented and defined below comes from the material 

Section 7.3.3: 

Unadjusted pipeline investment cost - 
T (Figure 7.6) = $118,000,000 

Length of pipeline in rolling hill terrain - 
FCB 

= 316 miles M ~ . ~ .  

Rolling hill terrain adjustment factor - 
$AR.H. (Figure 7.9) = $14,750/mile 

Length of pipeline crossing rivers - 
''*R.C. = 4 miles 

River crossing terrain adjustment factor - 
$AR.C. (Figure 7.11) = $390,00O/mile 

Pipeline elevation change adjustment factor - 
$AH (Figures 7.8a and 7.8b) = $5,000,000 

Adjusted pipeline investment cost - 
T = $119,000,000 
FCA 

Therefore, the estimated total pipeline investment cost 

in transporting 500 MMSCFD of natural C 0 2  from Northeast 

New Mexico to West Texas is $119,000,000. 
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Total  C o s t  of C 0 2  To A Cand ida te  O i l  R e s e r v o i r  O p e r a t o r  

The t o t a l  cost of C 0 2  t o  a n  o p e r a t o r  who i s  u s i n g  

C 0 2  from t h e  N o r t h e a s t  N e w  Mexico area, i s  t h e  sum of t h e  

p r i c e s  demanded by a producer  o f  C 0 2  and by a p i p e l i n e  

company t r a n s p o r t i n g  C 0 2  t o  an o i l  f i e l d  i n  West Texas.  

Assume t h a t  a producer  of C 0 2  h a s  set t h e  p r i c e  o f  C 0 2  

a t  $0.50/MSCF and del ivers  500 MMSCFD of C02 a t  1 4 0  p s i g  

t o  a p i p e l i n e  company. 

From F i g u r e  6.39 - 

Based 011 a r a t e - o f - r e t u r n  of 8 %  u s i n g  t h e  U t i l i t y  F i n a n c i n l ~  

Method and a f a c t o r e d  flow ra te  of 206 WISCFD C 0 2 ,  t h e  r e s u l t i n g  

t o t a l  p i p e l i n e  compression c o s t  i s  $0.33/MSCF C 0 2 .  

i n  go ing  from a s o u r c e  p r e s s u r e  o f  1 4 0  p s i g  t o  a s u p e r c r i t i c a l  

Hence, 

p i p e l i n e  p r e s s u r e  o f  2000  p s i g ,  an i n i t i a l  compression cost 

of $0.33/MSCF C02 is incurred at 500 MMSCFD C02. 

From F i g u r e  7.12a - 

Based on  a r a t e - o f - r e t u r n  o f  8 %  u s i n g  t h e  U t i l i t y  F inanc inq  

Method and a t  a t o t a l  p i p e l i n e 4 i n v e s t m e n t  cost  o f  $ 1 1 9 , 2 1 0 , 0 0 0 ,  

t h e  t o t a l  y e a r l y  p i p e l i n e  revenue  r e c e i v e d  i s  $ 4 0 , 5 0 0 , 0 0 0 .  

I 
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Hence, t h e  t r a n s p o r t a t i o n  cost  from a 500 MMSCFD C 0 2  

p i p e l i n e  from Nor theas t  New Mexico t o  West Texas i s  

$0.24/MSCF C 0 2 .  

Thus, t h e  t o t a l  c o s t  t o  a cand ida te  o i l  r e s e r v o i r  

o p e r a t o r  i n  West Texas, r e c e i v i n g  C 0 2  from Nor theas t  N e w  

Mexico, i s  as  fol lows:  

cost 

Production 

Compression 

Transpor t a t ion  

$/MSCF 

0 .50  

0 . 3 3  

0 . 2 4  

Total  1 . 0 7  

8 .2 .3  CO From Power P l a n t  F lue  Gas, Mi tche l l  County, West -2 

Texas 

Source 

The power p l a n t  i n  Mi tche l l  County, West Texas, i s  

owned by Texas Elec t r ic  S e r v i c e  and has  a gene ra t ion  c a p a c i t y  

of  827 MW. 

year  1 9 7 6 .  

a t  t he  o p e r a t i n g  c a p a c i t y  o f  54% amounts t o  about  1 1 2  MMSCFD. 

Concent ra t ion  of C 0 2  i n  t h e  f l u e  g a s  v a r i e s  from 8 t o  1 2 % .  

The p l a n t  ope ra t ed  a t  about  54% c a p a c i t y  i n  t h e  

Avai lab le  C 0 2  i n  t h e  f l u e  gas  from t h i s  p l a n t  
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Balance o f  t h e  f l u e  gas  c o n s i s t s  of n i t r o g e n ,  oxygen and 

water vapor.  Therefore ,  t h i s  source w i l l  r e q u i r e  p u r i f i c a t i o n  

t o  produce C 0 2  w i t h  98% p u r i t y .  

B a s i s  

N e t  C 0 2  requirement  

Total  n e t  C02  requirement 

T o t a l  p i p e l i n e  l e n g t h  

P i p e l i n e  l e n g t h  i n  r o l l i n g  h i l l  t e r r a i n  

P i p e l i n e  l e n g t h  i n  f l a t  t e r r a i n  

Number o f  r i v e r  c r o s s i n g s  

E leva t ion  d i f f e r e n c e  between t h e  source  

and a n  o i l  f i e l d  

: 8 , 0 0 0  SCF/BBL 

: 1 1 2  MMSCFD 

: 105 m i l e s  

: 75 m i l e s  

: 30 m i l e s  

: None 

: N o t  app rec i ab le  

C a p i t a l  Investment Costs 

These investment  costs r e p r e s e n t  c a p i t a l  investments  

by a company t h a t  b u i l d s  t h e  p u r i f i c a t i o n  p l a n t  f o r  recovery  

of C 0 2  f r o m  f l u e  g a s  and by a p i p e l i n e  company f o r  t r a n s -  

p o r t i n g  C 0 2  t o  a cand ida te  o i l  r e s e r v o i r .  

S e c t i o n  6 .2 ,  p u r i f i c a t i o n  of f l u e  gas  i s  accomplished by 

us ing  a r e g e n e r a t i v e  s o l u t i o n  o f  MEA. 

p u r i f i c a t i o n  i n c l u d e s  compression of  product  C02  t o  2000  p s ig .  

As d i scussed  i n  

Investment c o s t  f o r  
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For 1 1 2  MMSCFD of C 0 2  f o r  recovery ,  

P l a n t  investment  cost  (from Figure  6 . 5 ,  Sec t ion  6 . 2 . 4 )  = 

4 5  MM d o l l a r s .  

The p i p e l i n e  investment  cos t  i ncu r red  i n  t r a n s p o r t i n g  

C02 from t h e  power p l a n t  i n  Mi tche l l  County, West Texas 

(see Figure  8 . 1  f o r  p i p e l i n e  r o u t e )  i s  determined from t h e  

d a t a  found i n  Sec t ion  7 . 3 . 3 .  T h i s  d a t a  i s  based on a 

s u p e r c r i t i c a l  p i p e l i r e  system, which i s  de f ined  and shown 

i n  P a r t  7 as being t h e  most economical p i p e l i n e  system. 

A s  shown i n  Sec t ion  7 . 3 . 3 ,  Equation 7 . 1  (shown b e l o w  

for  r e f e r e n c e )  i s  used t o  determine p i p e l i n e  investment  

c o s t s  w i t h  ad jus tments  f o r  geographic  t e r r a i n  and e l e v a t i o n  

e f fec ts .  

($AR.T.) + ($AR.H.) + %ac ($AR.c.) - $AH (7.1) 
xA = 'E; %.T. .H. . 

The d a t a  presented  and d e f i n e d  below comes from t h e  m a t e r i a l  

found i n  Sec t ion  7 . 3 . 3 :  

1. Unadjusted p i p e l i n e  investment  c o s t  - 
T (F igure  7 . 6 )  = $ 1 5 , 0 0 0 , 0 0 0  

FCB 

2 .  Length of p i p e l i n e  i n  r o l l i n g  h i l l  t e r r a i n  - 
= 7 5  miles M ~ . ~ .  
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3. R o l l i n g  h i l l  t e r r a i n  a d j u s t m e n t  f a c t o r  - 
$AR.H. ( F i g u r e  7 . 9 )  = $13,70O/mile 

4 .  Adjus t ed  p i p e l i n e  i n v e s t m e n t  cost  - 
T = $16,000,000 

FCA 

T h e r e f o r e ,  t h e  t o t a l  p i p e l i n e  i n v e s t m e n t  cost  i n  t r a n s -  

p o r t i n g  n a t u r a l  C02 from t h e  power p l a n t  i s  $16,000,000. 

Tota l  C o s t  o f  C 0 2  T o  A Cand ida te  O i l  R e s e r v o i r  O p e r a t o r  

The t o t a l  cost  of C02  t o  a n  o i l  f i e l d  o p e r a t o r  who i s  

u s i n g  C 0 2  from a f l u e  g a s  p u r i f i c a t i o n  p l a n t  i n  M i t c h e l l  

County,  W e s t  Texas,  i s  t h e  sum o f  t h e  p r i c e s  demanded by t h e  

power p l a n t  for  sa le  of  f l u e  gas ,  by a p r o c e s s o r  of f l u e  

g a s  t o , r e c o v e r  C 0 2  and by a p i p e l i n e  company f o r  t r a n s p o r t i n g  

C02 t o  a n  o i l  f i e l d  i n  West Texas.  

As d i s c u s s e d  i n  S e c t i o n  4.1, p u r c h a s e  cost  of a C 0 2  

s o u r c e  w i l l  depend on t h e  demand of CO for EOR e f f o r t s .  2 

Table 4.1 shows t h a t  t h e  p u r c h a s e  c o s t  of f l u e  g a s  c a n  v a r y  

from $0.06 - $0 .12  p e r  MSCF of co2. 

For t h i s  case, assume f l u e  gas cost  = $O.Og/MSCF. 
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Assume t h a t  a processor  o f  f l u e  gas  sets  t h e  p r i c e  of 

C 0 2  based on 2 0 %  DCFRR and d e l i v e r s  1 1 2  MMSCFD of C 0 2  a t  

2000 p s i g .  

From Figure  6 . 6  - 

A t  20% DCFRR, cost of p u r i f i c a t i o n  = $0.88/MSCF of C 0 2  

From Figure  7.12a - 

Based on a r a t e -o f - r e tu rn  of 8% us ing  t h e  U t i l i t y  

Financing Method and a t  a t o t a l  p i p e l i n e  investment  cost  

of  $ 1 6 , 0 0 0 , 0 0 0 ,  t h e  t o t a l  y e a r l y  p i p e l i n e  revenue r ece ived  

i s  $ 4 , 0 0 0 , 0 0 0 .  Hence, t h e  t r a n s p o r t a t i o n  c o s t  f o r  t h e  

1 1 2  MMSCFD C 0 2  p i p e l i n e  from t h e  power p l a n t  i s  $O.ll/ 

MSCF C02 .  

Thus, t h e  t o t a l  c o s t  t o  a cand ida te  o i l  r e s e r v o i r  

o p e r a t o r  i n  West Texas, r e c e i v i n g  C02  recovered from t h e  f l u e  

gas  of a power p l a n t  l o c a t e d  i n  Mi tche l l  County, West Texas, 

i s  a s  follows: 

c o s t  $/MSCF - 
Flue  gas  purchase c o s t  0.09 

T ranspor t a t ion  c o s t  0 .11  

P u r i f i c a t i o n  c o s t  0.88 

Tota l  1.08 

-276- 



8 . 3  CO SUPPLY TO SOUTH MISSISSIPPI OIL  RESERVOIR -2 

GURC estimates t h a t  i n  Southern M i s s i s s i p p i  t h e r e  could  

be 1 0 0  m i l l i o n  barrels o f  o i l  p o t e n t i a l l y  r ecove rab le  by 

C02  f l ood ing .  

f i e l d s  i s  estimated t o  be abou t  1 0  MSCF/BBL of  recovered  o i l .  

This  amounts t o  a p o t e n t i a l  n e t  new C 0 2  requi rement  o f  up 

t o  1 TSCF. 

p i p e l i n e  t o  t h e  c a n d i d a t e  o i l  r e s e r v o i r  as shown i n  

N e t  new C02 requi rement  f o r  f l o o d i n g  o f  these 

The d e l i v e r y  p o i n t  of  t h e  C 0 2  from an i n t r a s t a t e  

F i g u r e  8.2, i s  assumed t o  be i n  Lincoln  County, located a t  

6 N  - 8E. 

u s i n g  t h e  n a t u r a l  C 0 2  from t h e  Jackson Dome area of Rankin 

County i n  M i s s i s s i p p i .  T h i s  e v a l u a t i o n  i s  d i s c u s s e d  i n  

The t o t a l  cost  of C 0 2  to  these f i e l d s  i s  determined 

S e c t i o n  8.3.1.  

8.3.1 

Source 

CO From M i s s i s s i p p i  -2 

The major h igh  p u r i t y  n a t u r a l  C 0 2  d e p o s i t s  i n  M i s s i s s i p p i  

are located i n  Rankin and Madison Count ies  i n  t h e  c e n t r a l  

p a r t  of t h e  s ta te .  The h i g h e r  p u r i t y  gas  l i es  i n  t h e  

n o r t h e r n  p o r t i o n  of t h e s e  d e p o s i t s .  The extreme s o u t h e r n  

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

and hydrocarbons.  Hydrogen s u l f i d e  c o n c e n t r a t i o n  v a r i e s  frora 

a few ppm t o  about  1 0 % .  
\ 
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For  t h i s  s p e c i f i c  case, i t  i s  assumed t h a t  a 

s o u r c e  w i t h  C02 c o n c e n t r a t i o n  of a b o u t  9 0 %  and w i t h  

hydrogen s u l f i d e  c o n c e n t r a t i o n  o f  2 %  w i l l  be used.  Thus, 

CO ava i lab le  from t h i s  s o u r c e  w i l l  need p u r i f i c a t i o n  t o  2 

produce C 0 2  w i t h  9 8 %  p u r i t y .  

t o  an i n t r a s t a t e  p i p e l i n e  i s  assumed t o  be  i n  Rankin 

D e l i v e r y  p o i n t  o f  t h e  C 0 2  

Coilnty, M i s s i s s i p p i ,  l o c a t e d  a t  7 N  - 4E.  

B a s i s  

N e t  C 0 2  r e q u i r e m e n t  : 1 0 , 0 0 0  SCF/BBL 

T o t a l  n e t  C 0 2  r equ i r emen t  

T o t a l  p i p e l i n e  l e n g t h  

: 117 MMSCFD 

: 80 m i l e s  

P i p e l i n e  l e n g t h  i n  r o l l i n g  h i l l  t e r r a i n  : 6 0  m i l e s  

P i p e l i n e  l e n g t h  i n  f l a t  t e r r a i n  : 1 9  m i l e s  

Number of  r i v e r  c r o s s i n g s  : one 

Length of r i v e r  c r o s s i n g s  : 1 m i l e  

E l e v a t i o n  d i f f e r e n c e  between t h e  s o u r c e  

and t h e  o i l  f i e l d  : n o t  a p p r e c i a b l e  

C a p i t a l  Inves tmen t  Costs 

These i n v e s t m e n t  c o s t s  r e p r e s e n t  c a p i t a l  i n v e s t m e n t s  

by a p roduce r  o f  n a t u r a l  C 0 2  i n  M i s s i s s i p p i r . b y  a company 

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

COz,  and by a p i p e l i n e  company f o r  t r a n s p o r t i n q  CO 

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

from a 2 
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Sou the rn  M i s s i s s i p p i .  A t  t h i s  time t h e  var iables  which most ,affect  

p r o d u c t i o n  costs ,  namely d r i l l i n g  c o s t s ,  e x p e c t e d  d e l i v e r a b i l i t y ,  

and e x p e c t e d  l i f e  o f  t h e  f i e l d s  have n o t  been  w e l l  enough d e f i n e d  

t o  g i v e  a most l i k e l y  c o s t  o f  C 0 2  produced. 

i n  S e c t i o n  5 . 7 . 4  t h e  c o n d i t i o n s  a s s o c i a t e d  w i t h  C 0 2  c o s t i n g  $ 0 . 2 5  

and $0.50/MSCF f o r  d e l i v e r y  a t  2000  p s i g .  

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

f o r  t h e  p roduce r  t o  a c h i e v e  a r e a s o n a b l e  DCFRR. So f o r  t h i s  

a n a l y s i s  w e  w i l l  u s e  $0.5O/IUISCF as t h e  c o s t  a s s o c i a t e d  w i t h  CO 

p r o d u c t i o n .  

- 
GURC has  analyze11 

I t  i s  f e l t  t h a t  C 0 2  

2 

A s  d i s c u s s e d  i n  S e c t i o n  6 . 3  p u r i f i c a t i o n  o f  H 2 S  l a d e n  na-zural  

Co2 i s  best accompl ished  by s e l e c t i v e  a b s o r p t i o n  w i t h  S e l e x o l , ,  

I nves tmen t  c o s t  f o r  t h e  p u r i f i c a t i o n  o f  a 9 0 %  C 0 2 ,  2 %  H 2 S  g a s  

a v a i l a b l e  a t  a minimum i n l e t  p r e s s u r e  o f  1 0 0 0  p s i g  i s  

For  1 1 7  MMSCFD of C 0 2  f o r  r e c o v e r y ,  

P l a n t  i n v e s t m e n t  c o s t  ( F i g u r e  6 . 3 2 )  = 5 0  MM d o l l a r s  

The p i p e l i n e  i n v e s t m e n t  c o s t  i n c u r r e d  i n  t r a n s p o r t i n g  n a t u r a l  

C 0 2  from M i s s i s s i p p i  (see F i g u r e  8 . 2  for  p i p e l i n e  r o u t e )  i s  de te r -  

mined from t h e  da ta  found i n  S e c t i o n  7 . 3 . 3 .  T h i s  d a t a  i s  based  on 

a s u p e r c r i t i c a l  p i p e l i n e  sys tem,  which i s  d e f i n e d  and shown i n  

P a r t  7 as b e i n g  the most economica l  p i p e l i n e  system. 

A s  shown i n  S e c t i o n  7 . 3 . 3 ,  Equa t ion  7 . 1  (shown below f o r  

r e f e r e n c e )  i s  used  t o  d e t e r m i n e  p i p e l i n e  i n v e s t m e n t  costs w i t h  

a d j u s t m e n t s  for  geograph ic  t e r r a i n  and e l e v a t i o n  a f f e c t s .  
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The da’ta presented and defined belw comes f r m  the material found i n  

Section -I ’ ’- 1 . a . ~ :  

1. 

2. 

3. 

4. 

S. 

6. 

Unadjusted pipeline invesbnent cost - 
(Figure 7.6) = $12,000,000 

b n g t l i  of pipeline i n  rolling hill terrain - 
= 60 miles %H. 

m l l i n g  h i l l  t e r r a i n  adjustment factor - 
$AR.H. (Figure 7.9) = $13,70O/mile 

Ungth of pipeline crossing rivers - 
$%,c = lmile 

River crossing t e r r a i n  adjustment factor - 
$AR.C. (Figure 7.11) = $195,00O/mile 

Adjusted pipeline investment cost - 
= $13,000,000 

Therefore, the total pipeline investment cost in  transportiiig 

natural C02 is $13,000,000. 

Total  Cost of a2 To A Candidate O i l  Reservoir Oper ator 

DE total cost of a2 to a candidate o i l  reservoir operator who 

is using C02 fm Jackson lbme, Mississippi is the sum of prices 

dgoanded. by a producer of C02,by a processor of the contaminated 
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gas t o  r e c o v e r  t h e  CO and by a p i p e l i n e  company t r a n s -  

p o r t i n g  C 0 2  t o  an  o i l  f i e l d  i n  South M i s s i s s i p p i .  
2 '  

Assume t n a t  t h e  c o s t  of C 0 2  produced and d e l i v e r e d  a t  

2 0 0 0  p s i g  t o  t h e  p i p e l i n e  i n l e t  i s  $0.5O/MSCF. 

Assume t h a t  a p r o c e s s o r  o f  n a t u r a l  g a s  sets t h e  c o s t  

of p u r i f y i n g  t h e  C 0 2  based  on 2 0 %  DCFRR and p r o c e s s e s  1 1 7  

W4SCFD of C 0 2  a t  1 0 0 0  p s i g .  

From F i g u r e  6 . 3 5  - 

A t  2 0 %  DCFRR, c o s t  o f  p u r i f i c a t i o n  = $0.97/MSCF of C 0 2  

From F i g u r e  7 . 1 2 a  - 

Based on a r a t e - o f - r e t u r n  o f  8 %  u s i n g  t h e  U t i l i t y  

F inancing  Method and a t  a t o t a l  p i p e l i n e  inves tmen t  c o s t  

o f  $ 1 3 , 0 0 0 , 0 0 0 ,  t h e  t o t a l  y e a r l y  p i p e l i n e  revenue r e c e i v e d  

i s  $ 4 , 0 0 0 , 0 0 0 .  Hence, t h e  t r a n s p o r t a t i o n  c o s t  f o r  a 1 1 7  

MMSCFD C 0 2  p i p e l i n e  from t h e  Jackson  Dome area t o  South 

M i s s i s s i p p i  i s  $O.lO/IrlSCF CO2: 

Thus, t h e  t o t a l  c o s t  o f  C 0 2  t o  a c a n d i d a t e  o i l  reser- 

v o i r  o p e r a t o r  i n  South M i s s i s s i p p i ,  r e c e i v i n g  C02 from 

Rankin County, M i s s i s s i p p i ,  i s  as fol lows:  
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cost 

Production 

Purification 

Transportation 

Total 

$/MSCF 

0.50 

0 .97  

0.10 

1 . 5 7  



c c 

I 



8 . 4  CO SUPPLY TO SOUTH L O U I S I A N A  O I L  RESERVOIR -2 

GURC estimates t h a t  i n  Sou the rn  L o u i s i a n a  t h e r e  c o u l d  

be 50 t o  300 m i l l i o n  b a r r e l s  of. o i l  t h a t  i s  p o t e n t i a l l y  

r e c o v e r a b l e  by C 0 2  f l o o d i n g .  N e t  new C 0 2  r equ i r emen t  for  

f l o o d i n g  of t h e s e  f i e l d s  i s  e s t i m a t e d  t o  be a b o u t  6 MSCF/ 

BBL of r e c o v e r e d  o i l .  T h i s  amounts t o  a p o t e n t i a l  n e t  

new C 0 2  r e q u i r e m e n t  o f  300 - 1 8 0 0  BSCF. 

D e l i v e r y  p o i n t  of t h e  C 0 2  from a n  i n t r a s t a t e  p ipe -  

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

case, as  shown i n  F i g u r e  8 . 2 ,  i s  assumed t o  be i n  Iberia 

P a r i s h  a t  14s-7E. 

f i e l d s  i n  S o u t h e r n  L o u i s i a n a  i s  h i g h  p u r i t y  C 0 2  a v a i l a b l e  

as a by-product  from ammonia p l a n t s ,  located a b o u t  50  m i l e s  

The most v iab le  s o u r c e  o f  C 0 2  f o r  these 

from t h e s e  f i e l d s .  

l o c a t e d  on a 70  m i l e  s t r e t ch  a l o n g  the  M i s s i s s i p p i  R i v e r  in 

Donaldsonvi l le -Geismar  and Luling-Taft-Avondale.  T o t a l  C 0 2  

avai lable  f r o m  t h e s e  ammonia p l a n t s  amounts t o  a b o u t  1 9 4  

MMSCFD. For  t h i s  s p e c i f i c  case, CO from ammonia p l a n t s  

located i n  L u l i n g  and D o n a l d s o n v i l l e  are c o n s i d e r e d  s i n c e  

p l a n t s  l o c a t e d  i n  these c i t i e s  produce  a b o u t  151  MMSCFD of 

t h e  t o t a l  1 9 4  MMSCFD. The d e s c r i p t i o n  o f  t h e s e  s o u r c e s  i s  

p r e s e n t e d  i n  S e c t i o n s  3.1.3 and  3 . 2 . 3  and i n  Appendix tables 

o f  C 0 2  s o u r c e s  f o r  Region 111. 

These ammonia p l a n t s  i n  L o u i s i a n a  are 

2 
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i 
8.4.1 C 0 2  From Ammonia P l a n t s  Vents  I n  Lu l inq  And D o n a l d s o n v i l l e  

Source  

Three  ammonia p l a n t s ,  l o c a t e d  i n  L u l i n g  ( S t .  C h a r l e s  

C o u n t y ) ,  a re  owned by t h e  Monsanto Company. These p l a n t s  

produce  53.5 MMSCFD by-product  C 0 2 .  

D o n a l d s o n v i l l e  ( S t .  James County) are owned by C . F .  Indus-  

t r i es  ( f o u r  p l a n t s )  p roduc ing  7 2 . 3  MMSCFD o f  C 0 2 ,  and by 

t h e  F i r s t  M i s s i s s i p p i  C o r p o r a t i o n ,  producing  2 4 . 7  MMSCFD. 

C02 from t h e s e  p l a n t s  i s  o f  9 8 %  p u r i t y  and i s  s a t u r a t e d  

w i t h  water a t  3.5 p s i g .  T h e r e f o r e ,  t h e s e  s o u r c e s  w i l l  n o t  

need p u r i f i c a t i o n  w i t h  t h e  e x c e p t i o n  o f  compress ion  and  

d e h y d r a t i o n .  

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

N e t  C 0 2  r e q u i r e m e n t  : 6,000 SCF/BBL 

Total n e t  C 0 2  r e q u i r e m e n t  

Tota l  l e n g t h  of p i p e l i n e  : 1 2 0  miles 

: 151 MMSCFD 

River c r o s s i n g s  : 4 0  miles ( t o  compensate  

f o r  marsh l a n d )  

Length of p i p e  i n  f l a t  t e r r a i n  : 80 miles 

E l e v a t i o n  d i f f e r e n c e  between t h e  C02 

s o u r c e s  and a n  o i l  f i e l d  : n o t  a p p r e c i a b l e  
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Capital Investment Costs 

These investment costs represent capital investment by 

a processor who installs compression and dehydration equip- 
J 

ment and by a pipeline company to transport C02 to an oil field 

in southern Louisiana. 

Investment cost for the compression stations will be for 

two stations. The capacity of the compression station in 

Luling is 60 MMSCFD and for Donaldsonville is 110 MMSCFD. 

From Figure 6.36 - 

In going from a source pressure of 0 psig to pipeline pressure 

of 2000  psig, an initial pipeline investment compression cost 

of $10,500,000 is incurred at 60 MMSCFD C02 for the Luling station. 

Additimally, the pipeline investment compression cost 

for the Donaldsonville station is based on compressing 110 MMSCFD 

C02 from 0 psig to 2000 psig. 
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From Figure  6.36 - i. 

Hence, i n  going from a source p r e s s u r e  o f  0 p s i g  t o  p i p e l i n e  

p r e s s u r e  of 2000  p s i g ,  an i n i t i a l  p i p e l i n e  investment  compression 

cost  o f  $ 1 5 , 0 0 0 , 0 0 0  i s  incu r red  a t  1 1 0  MMSCFD C 0 2 .  

The p i p e l i n e  investment  cost i n c u r r e d  i n  t r a n s p o r t i n g  C 0 2  from 

Luling and Donaldsonvi l le  (see F igure  8 . 2  f o r  p i p e l i n e  r o u t e )  i s  

determined from t h e  d a t a  found i n  Sec t ion  7 . 3 . 3 . -  This  d a t a  i s  

based on a s u p e r c r i t i c a l  p i p e l i n e  system, which i s  de f ined  and shown 

i n  P a r t  7 a s  being t h e  most economical p i p e l i n e  system. 

As shown i n  Sec t ion  7.3.3, Equation 7.1 (shown below f o r  

r e f e r e n c e )  i s  used t o  determine p i p e l i n e  investment  cost  wi th  

adjustments  f o r  geographic  t e r r a i n  and e l e v a t i o n  a f f e c t s .  

- ($AR.T. )  + &IFIeH (SAR.H.1 + ($AR.C.)  - $AH ( 7 . 1 )  T FCA - "FCB+ MR.T. - 

The d a t a  p re sen ted  and de f ined  below comes from t h e  m a t e r i a l  found 

i n  Sec t ion  7 . 3 . 3 :  

1. Unadjusted p i p e l i n e  investment  cost  - 
(F igure  7 .6 )  = $ 2 4 , 0 0 0 , 0 0 0  TFCU 

2.  Length of p i p e l i n e  c r o s s i n g  r i v e r s  - 
= 4 0  miles MR.C. 
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3. River c r o s s i n g  t e r r a i n  ad jus tment  f a c t o r  - 
$ A R . C .  (Figure 7 . 1 1 )  = $ 2 1 2 , 0 0 O / m i l e  

4 .  Adjusted p i p e l i n e  investment  c o s t  - 
T = $32,009,000 

FCA 

Therefore ,  t h e  t o t a l  p i p e l i n e  investment  c o s t  i n  t r a n s p o r t -  

i n g  the  vented ammonia p l a n t  C02 i s  $32,000,000. 

T o t a l  Cost  of  C02 t o  a Candidate O i l  Reservoir  Operator 

The t o t a l  cost of  C02 t o  an o i l  f i e l d  o p e r a t o r  who i s  us ing  

C 0 2  from ammonia p l a n t s  i n  Lul ing and Donaldsonvi l le ,  i s  t h e  sum 

of  t h e  p r i c e s  demanded by producers  o f  ammonia f o r  t h e  sale  of 

C 0 2  by-product, by a p rocesso r  f o r  compression of  C02 and by a 

p i p e l i n e  company f o r  t r a n s p o r t i n g  C02. 

A s  d i scussed  i n  Sec t ion  4.1, purchase c o s t  of high  p u r i t y  

C 0 2  from ammonia p l a n t s  w i l l  depend on t h e  demand of C 0 2  and on 

ammonia p roduce r ' s  inhouse f u t u r e  requirement of  C 0 2  for pro- 

duc t ion  of  urea  and f o r  o t h e r  u s e s ,  Table  4.1 shows t h e  purchase 

cost  o€ high  p u r i t y  process  v e n t  sources  between 25 - 50  c e n t s  

per  MSCF. 

For t h i s  case assume tile purchase cost  of C02 = $0.35/MSCF. 

-288- 

L ....... _ _  . . . .  ... .. . . . . . . . . . . . . . . . . . . . . .  . . . .  -. . . . . . . . . . . . . . . . . .  

~- 



Assume that a processor (it may be that  the m n i a  plant 

own= would i n s t a l l  ccgnpression equipent) who catpresses C02 

sets the price of C02 based on 20% E F R R  and delivers a to t a l  

of 151 MWCFD of C02 a t  2000 psig. 

F'rm Figure 6.38 - 

Based on a rate-of-return of 20% using the discounted cash 

flaw method and a flow rate  of 60 M"D C02 and 110 PmsCFD C02 

for the Luling and Ibmldsonville sites, respectively, the re- 

sulting to ta l  pipeline anpression cost is as  follms: 

1. $0. ~O/MSCF C02 (Luling) 

2. $0.43/MSCF C02 (Donaldsonville) 

Hence, in going f r m  the source sites a t  0 psig t o  a 

supercritical pipeline pressure of 2000 psig, an i n i t i a l  cow 

pression cost of $0.45/MscF C02 is incurred. 

0.50 x 60 + 0.43 x 110 = so.45mm 
17 0 

Frm Figure 7.12a 

Based on a rate-of-return of 8% using the U t i l i t y  Financing 

Method and a t  a total pipeline investment cost of $32,000,000; 

-289- 



t h e  t o t a l  y e a r l y  p i p e l i n e  revenue r ece ived  i s  $ 1 0 , 0 0 0 , 0 0 0 .  

Hence, t h e  t r a n s p o r t a t i o n  cost f o r  a 151 MMSCFD’C02 p i p e l i n e  

from t h e  Luling and Donaldsonvi l le  a r e a  i s  $0.2O/MSCF C 0 2 .  

Thus, t h e  t o t a l  cost  t o  a cand ida te  o i l  r e s e r v o i r  o p e r a t o r  

i n  Southern Louis iana ,  r e c e i v i n g  C 0 2  from ammonia p l a n t s  i n  

Luling and Donaldsonvi l le ,  i s  as follows: 

c o s t  - 
Purchase c o s t  of  C 0 2  from ammonia p l a n t  

Compression c o s t  

T ranspor t a t ion  cos t  

$/MSCF 

0.35 

0.45 

0 .20  

To t a l  1.00 

- 

n 
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8.5  CONCLUSIONS 
, \  

Invesbnmt costs for producing natural C02 i n  Southwest Colorado, 

Northeast New Mexico and in Mississippi can not be estimated with high 

degree of confidence because of the uncertain factors such as, w e l l  re- 

serve s i ze ,  flowing wll  head pressure, w e l l  deliverability, and actual 

dr i l l ing costs. 

ra te  of decline i n  flowing w e l l  head pressure. 

w e l l s  to  be dril led to produce a fixed m u n t  of C02 w i l l  depend on wll 

deliverability and w e l l  reserve size. 

Canpression investmat cost w i l l  depend on the expected 

?"ne scheduled n u h e r  of 

For o i l  f ields i n  West Texas, natural C02 sources i n  Southwest 

Colorado and Nortkast New IJleXico appear to be the economical choice 

because of law C02 cost and sufficient supply. 

sources i n  the vicinity of the o i l  f ields could be used as  supplementary 

sources t o  the natural sources, but a single pier plant source probably 

can not supply sufficient C02 for a ccanplete MIR project. 

Ibwr plant stack gas 

Total cost of natural CO contaminated w i t h  3 s  is high because of 2 

the high purification cost. If o i l  fields i n  Southern Mississippi use high 

purity C02 fran Madison County deposits, purificatian costs can be redmed 

substantially. 

Although C02 fm aTtpM)nia plant vents is of high purity, ccanpression 

costs and purchase costs can be substantial. 

section indicate that the cost difference betwsen o02 f m  power plants and 

Specific cases studied in this 

i 
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ananonia plants is marginal due primarily t o  the high purchase cost for 

C02 fram m o r i a  plants. Were this purchase mst to drop scmswhat 

then ammnia plant sources would enjoy a substantial econmic advantage 

over p e r  plant sources. 

n 
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9. CONCLUSIONS AND REC@SPENDATIONS - 

This study on carbon dioxide for enhanced o i l  recovery originally 

had a tm-fold purpose, (1) to mnduct a survey of a l l  h w n  carbon 

dioxide sources w i t h i n  regions believed to have oi l  reservoirs menable 

to C02 miscible flood enhanced o i l  recovery and (2)  to describe a gen- 

eralized procedure applicable to all sources for determing the costs 

associated w i t h  delivering C02 to a reservoir. 

objectives have been m e t .  

?b a large extent these 

W e  believe the data collected on carbon dioxide availability to  

be the most cqrehens ive  survey taken to date. 

tually a l l  knmn significant sources of C02. 

geological deposits, powr plant and c m t  plant stacks, process plant 

and gas treating plant vents, refineries, proposed SNG plants and other 

industrial sources. 

pected capacity and C02 production rate, & quality of source gas. 

Information as to  proprietor or operator and location of each source as 

w e l l  as any known unusual feature i s  noted. This information is mapped 

and tabulated to fac i l i t a te  the location of potential C02 supplies for 

a given prospective C02 EOR project. 

W= have included vir- 

&mng these are natural 

Each source is characterized as to type, ex- 

Although not i n  the original scope of this report we feel it 

necessary t o  include an analysis of potential d m d  for C02 as  an en- 

hanced o i l  recovery agent. 

to get a good perspective for the relative m u n t  of C02 available and 

We believe t h i s  is necessary i n  order for one 

-294- 



also to help pinpoint areas that night develop potential shortages of 

C02. W e  are not i n  a position to give an independent estimate of 

potential demand, haever,  we have consolidated estimates made by four 

other investigators and we feel t h a t  the range of C02 demand reported here 

spans the mre likely values. One of the mre significant conclusions 

drawn f r m  these projections is the potential for a shortage of C02 

that might develop i n  the West lkxas oilfields. A t  best it seems that 

there is an even mtch betwen C02 supplies and potential demand 

for the area. 

The original concept developed for determining a C02 delivery cost 

was to describe graphically and in general the various cost associated 

with processing and transporting C02 so that a p r son  w i t h  a known car- 

bon dioxide source a d  destination could determine a delivered cost of 

the carbon dioxide t o  the o i l  resmir .  

the oost of o02 production, purchase, purification, ccknpression and 

transportation. Conversely, a person with a known candidate o i l  reser- 

voir and ceiling price for the delivered C02 would be able to  establish 

the geographic area wherein the carbon dioxide could be found. 

large extent the f i r s t  concept has been successfully developed. 

These costs were to include 

To a 

W e  becm aware early in the study, though, that  due to the 

limited n-r of emmnically potential CD2 EOR projects industry and 

the governrent would be better served by developing cost data applicable 

to these projects that  have a reasonable chance to reach fruitionJrather 

than developing data for hypothetical cases. Fbr t h i s  reason the develop- 

mt of the converse objective stated above muld not be of real value. 
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Early i n  the study GURC characterized the naturally occurring 

sources i n  Colorado, New Mexico and Mississippi. This infarmation was 

necessary i n  order t o  allaw developanent of purification and transpor- 

t a t ion  systems tailored to these characteristics. 

considered in system developnent were quality of source including known 

Amng these variables 

contaminants, available pressure, flow rates, and certain e n v i r m t a l  

considerations. 

taken into consideration in the developent of the system cost data. 

Conditions applicable to industrial sources were also 

W e  have investigated various carbon dioxide rerrpval systems for 

each characteristic s o m e .  

eration are a chemically reactive MEA system and physical solvent 

Selexol system. 

econamical for most natural c02 sources whereas an MEA system is more 

econanical for low concentration industrial sources such as power plant 

stacks. 

The two systems that mrit the mst consid- 

We have determined that the Selexol system is mre 

For those natural sources containing H2S a tm stage Selexol 

system w i t h  a Stretford sulfur m v a l  plant has been considered. 

The transportatian systems evaluated are supercritical, subcritical 

and liquid pipelines. 

operating within the range of 1400-2000 psig to be the most econdca l .  

Graphs have been developed to  detemine the costs for transporting var- 

ious quantities of C02 over tlle range of 50-500 M K F D  and for distance 

spanning 50-500 miles inclusive of t e r r a in  and elevation effects. 

delivery pressure for the C02 is set a t  2000 psig. 

In a l l  cases FR find the supercritical pipeline 

Final 
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Three specific cases are developed to damnstrate the application 

of data contained within th i s  report. These are (1) C02 supply to a 

West %xas o i l  reservoir using co f m  the MCEM  ne a E a  of southem 

Colorado and the Bravo Ixrme area of Northeast New Mexico, supplemented 

w i t h  CO frcan a power plant i n  Ititchell County,, Exas, (2) C02 supply to 

a South Mississippi o i l  reservoir using CO from tbe Jackson &me area 2 
i n  Rankin County, Mississippi and (3)  CO supp1.y to a South Louisiana 

o i l  reservoir using CO frm amnonia plants i n  Idling and Donaldsonville. 

2 

2 

2 

2 
We have conclded that tk i n v e s m t  costs for: producing natural C02 

can not be determined with a high enough degree of confidence because of 

uncertain factors such as w e l l  reserve, deliverability, flowing w e l l  head 

pressure, and dr i l l ing costs. 

natural CO laden w i t h  H2S is high because of high purification costs. 

Additionally, the total cost of purified 

2 

Surprisingly CO frm certain l aw purity, law pressure power plant 2 
stacks could be ccPnpetitive w i t h  higher purity, higher pressure sources 

because of the general proximity of s a w  p e r  plants to  the candidate 

o i l  fields. In other mrds the expense of purification and carpression 

of p e r  plant stack gas is alnost equivalent to the transportation and 

purchase costs borne by distant high purity sources. 

It is diff icul t  to  draw general conclusions about the merits of one 

source of C02 supply over another. 

operator is faced with a unique c h i n a t i o n  of oonditions which might 

Each C02 FOR candidate oil reservoir 

direct him to consider using a variety of W2 sources. We cannot state 
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which Co source is best in a given situation. The f inal  cost for C02 2 
t o  

significant influence on the final total. We hope and feel hawever that 

sufficient information is contained w i t h i n  this report to enable s m n e  

to make a reasonable detennination of the f ina l  delivered cost of c02 

aperator is the sum of several terms, any of which can have a 

fran any given source. 

We highly recarrmend that i f  serious consideration be given to any 

particular C02 source l is ted i n  th i s  report that  the Owner of that source 

be personally contacted befare any preliminary work begins. 

ditions are constantly changing vhich could affect the availability of 

the source under consideration. 

characteristics which could make the C02 diff icul t  to purify or collect. 

Scme owners might not be Willing to enter into such a sale arrangesnent. 

The incentives for doing a l i t t le prelimiraary investigation are numerous. 

Market con- 

Additionally scme sources might haw 

For sources of C02 under consideration other than high purity ones 

v.e recoarmend a ccmplete analysis for con taminants. 

ponents which can have deleterious effects on the operation of a purifi- 

cation system and s m  others might becaw sufficiently enough concentxa- 

ted to present potential health hazards. We do not intend to alarm any- 

one but w a n t  rather to point out that there could be potential prablems, 

however r a t e .  

There are s m  can- 

W e  feel that th is  report w i l l  be of significant value to  those 

w b  are involved i n  C02 enhanced oi l  recovery efforts, both industry and 
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go- t. We have taken every reasonable care to ensure accurate, 

realistic, and current data and evaluations. W= feel the range of 

conditions investigated span most of those andi t ions expected to be 

encountered in C02 EDR projects. 

for detemcining C02 delivery costs. 

the econmics of recovering o i l  by C02 miscible flooding. 

factors such as  reservoir properties, C02 injection requirements, o i l  

pricing, and tax structures. In addition extensive f ie ld  testing for 

This report is  quite catprehensive 

We have not attempted to evaluate 

?his involves 

each reservoir is usually undertaken to determine the ultimate feasi- 

b i l i t y  of a full scale C02 MIR project. 

t h i s  t i m e  to  make such evaluations, which w i l l  ultimately determine the 

We are not i n  a position a t  

future of C02 enhanced o i l  recovery. 
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c 
KEY TO CARBON DIOXIDE SOURCE HAP 

Region I 

WY 014 I t4G 

Capacity/ 
Company Type o f  F a c i l i t y  Reserve 

Trj -State  GenhTrans. Power P1 ant-Coal 3 x 500 M!d 
Mono1 i t h  Cement 200000 TPY 

Montana-Dakota Uti1 . Power Plant-Coal 8 IilW 

Black H i  11 s P&L Power Plant-Coal 2 7 MN 

County 

A1 bany 

C i ty/Area 

La rami e 

3 Quali ty% 

15.3 
19 

Co:, MMSCFD Comments Ref - 
325 on 1950,83 2 
27.2 Average 1 

1.6 20% cap. 2 

12.4 63% cap. 2 

Big Horn 

Campbell 

Sheridan 15.2 

Wyodak i5.2 

& Converse 
0 
w 

I 

Glen Rock 
Converse Co. 

Paci f ic  P&L 
Panhandle Eastern SI4G-Coal 275 MMSCFD 

Power P1 ant-Coal / O i  1 750 rllJ 15.2 
85.5 

291.1 60% cap. . 2 
314 Proposed 11 

Larami e Cheyenne Wycon Chem. Co. Ammonia Plant 457 STPD 99 6.5 Average 4 

L i  ncol n Kemmerer 

Sweetwater 

Utah P&L Power Plant-Coal 707 t4ll 

Paci f ic  P&L Power P1 ant-Coal/Oil 1525 EIW 

15.4 239.6 68% cap. 2 

Sweet- 
water 

15.3 383.5 47% cap. 2 

508 M'd 
Pacif ic  P&L Power Plant-Oil/Gas 15 Mkl 
Colo. I n t e r s t a t e  Gas N.G. Processing 60 ITISCFD 
Church Buttes Natural Deposit 3.9 TSCF 

I? 931 
recovery 

Black Hills PStL Power Plant-Coal 34 111.1 

15.3 

40 
83.38 

- 127.4 on 1979 2 
2.5 45% cap. 2 
6.0 Estimate 7 
15xlfl.5 ea. 2.03% ti  S 43 

15 ps i  &MI? 
Specu 1 a t i  ve 

20.2 83% cap. 2 

Green River 
Rock S p r i n g s  

U i  n t a  

Wes ton Osage 15.2 

I 



KEY TO CARBON DIOXIDE SOURCE MAP 

Region I 

UTAH - 
Capacity/ 
Reserve 

1.27 !l" 

County 

Carbon 

city /Area 

Gordon Cr. 
Area 

Company 

Paci f i c-Nestern 

Type o f  F a c i l i t y  

Natural Deposits 

CO Quality% C02MMSCFD Comments Ref 3 
98.3 8.5-8.$/well3500 psig 10,12 

91.6 6 . Y w l l  3500 psig 10,12 
- 45.8 2 

98.6 2.8-12/Wll 1000-1500 10,12 
Psi 9 

Skel l y  
Utah P&L 
Equity Oil 

Natural Deposits 
Power P1 an t-Coal 
Natural Deposit 

130 BSCF 
415 Mw 
200 BSCF 

Price 
Farnum Dome 

Area 

8500 BPD I Cuchesne 
w 
0- n 

Roosevel t Plateau, Inc. Refinery-FCCU - 

91.2 
94.7 
15.1 
15.1 - 

- 
- 

14.6 - 
- 
- 

1.07 

1. vw1 
49.3 
50.1 
4 x 45.8 

- 

1.6 

15.0 

40.0 
14.1 

3.7 

3.7 

5200 BPD 6,41 
tom 

I 

Emery 0.76 BSCF 
1.0 BSCF 
446 MW 
188 f44 
4 x 415 M l  

S. E.  Hounds 
Cedar Mtn. 
H u n t i  ng ton 
Cast le  Gate 
Emery 

Carter  O i l  
E l  Paso H.G. 
Utah P&L 
Utah PPiL 
Utah P&L 

Natural Deposit 
Natural Deposit 
Power P1 an t-Coal 
Power P1 ant-Coal 
Power P1 ant-Coal 

925 psig 12 
610 psig 12 
25% cap. 2 
57% cap. 2 
on 1978,80 2 

a3 3 5  

8000 BPD 6,41 
to m. 
Estimated 3.1 

blorgan P h i l l i p s  Pet. 

Ideal Indus t r i e s  

24210 EPD GIoods Cross Refi nery-FCCU 

Devils S1 ide Cement P l  ant  360000 TPY 

S a l t  Lake S a l t  Lake City Utah P&L 
Port1 and 

Amoco Oil 
Cement of  UT 

Power P1 ant-Coal 
Cement Plant  

251 M W  
350000 TPY 

38% cap. 2 
Calculated 1 

40400 EPD 18000 BlPD 6,41 

18000 BPD 6,41 
tmFI3Cu 

tom2u 
# 

Refi nery-FCCU 

Ref i nery-FCCU 47368 EPD Chevron 



I 

c 

County .city/Area Company 

S a l t  Lake N. S a l t  Lake Husky Oil 

Utah Orem Utah P&L 

c 

KEY TO CARBON DIOXIDE SOURCE MAP 

Region I 

UTAH 

Capacity/ 
CO qual i ty% C02MHSCFD Comments Ref Type of  Facil i t y  Reserve - 

Refi nery-FCCU 24000 EPD - 0.9 4400 BPD 6,41 
to FCCU 

34% cap. 2 Power P1 ant-Coal /Gas 59 FIW 14.6 9.6 

w 
0 
Ln 

I 



County 

Adam 

Boulder 

I g Denver 
m 

Jackson 

L a r i  mer 

Mesa 

Mof fa t  

Rout t  

C i  ty/Area Company 

Denver Pub l ic  Service 

Boulder Publ i c Servi  ce 

Lyons Mar t i n  Mar ie t ta  

Denver Publ i c Service 

Continental O i l  Co. 

McCallm Area Continental O i l  
G u l f  O i l  

Boettcher Idea l  Basic Ind. 

Cameo 
F r u i  t a  Gary Operating Co. 

Cra ig  Colo-UTE Elec. Assn. 

Publ i c Servi  ce 

Hayden Colo-UTE Elec. Assn. 

KEY TO CARBON D I O X I D E  SOURCE MAP 

Region I 

COLORADO 

Capacity/ 
Type o f  F a c i l i t y  Reserve CO Q u a l i t y %  

Power P1 ant-Coal 801 Mlil 15.3 

Power Plant-Coal/Gas 281 MW 15.3 

Cement P1 a n t  400000 TPY 13.7 

Power Plant-Coal/Gas 250 I I W  15.3 
Power Plant-Oil/Gas 115 MIJ  - 
Refinery-FCCU 33500 SrPD - 

Natural  Deposits .IO0 BSCF 
Natural  Deposits - - 

- 

Cement P1 ant 235000 TPY - 
Power Plant-Coal/Gas 75 MW 14.6 
Hydrogen P1 an t  - 98.0 

Power P1 ant-Coal 2 x 380 Y;J 14.6 
Power P1 an t-Coal 2 x 190 MU 14.6 

Power P1 an t-Coal 465 Mkl 15.3 

CO MMSCFD -2 

206.4 

56.4 

14.2 

83.0 
30.4 
3.1 

5.2 /we11 
5/\e11 

11.5 

25.3 
0.2 

305.4 
152.7 

92.6 

Comments - Ref 

116% cap. 2 

57% cap. 2 

1249 ppm 1 

68% cap. 2 
67% cap. 2 

s02 

15000 BPD 6 ,41  
to Fccu 

36 
South Can- 9 
yon u n i t  

Revamping 3, l  

79% cap. 2 
5 

on 1979 2 
on 1981,82 2 

43% cap. 2 

6 



KEY TO CARBON D I O X I D E  SOURCE MAP 

Region I1 

County 

Garf  i e l  d 

, I r o n  
w 
0 

San Juan 

S i  ever 

-/mea Company 

Esca 1 ante P h i l  1 i p s  
A n t i c l i n e  

Cedar Ci ty C a l i f - P a c i f i c  U t i l .  

East land lrlestern N.G. 

Deadman Canyon Pan Am Pet. 
White Mesa P h i l  1 i p s  
B1 u f f  She1 1 
Tank Mesa Carter O i l  
Lime Ridge Utah Southern 

Emery F i e l d  S k e l l y  

UTAH - 
Capaci t y l  

Type o f  F a c i l i t y  Reserve- 

Natural  Deposit 1.13 ESCF 

Power P1 an t-Coal 7 r4w 

Natural Deposit 14.3 BSCF 

Natural Deposit 13.1 BSCF 

Natural  Deposit 16.0 BSCF 
Natural  Deposit 9.5 BSCF 
Natural  Deposit 14.3 RSCF 

Natural Deposit 18.0 BSCF 

Natural Deposit 7.5 BSCF 

CO, 1 Qual i ty% CO, MMSCFD Comments Ref 

92.75 13.1-24 - 8/wii 44-138 12 

- 0.4 5% cap. 2 

92 - Rept'd 12 

95 2.0/well 2580 p s i g  12 
97 l . O / V d l  12 
92 2.2-8.7/wll 2670 p s i g  12 
93 o . i / d l  1883 p s i g  12 
97 - unreliable 12 

92 - low f l ow  12 

L - 

p s i g  SIP 

Strong Blow 

data 

Washington St. George LA Dept. Water & Power P1 ant-Coal 2 x 250 l4W 15.2 2 x 27.3 on 1984,85 2 
Power 

I 



KEY TO CARBON DIOXIDE SOURCE MAP 

Region I 1  

C 0 L ORA DO 

Capacity/ 
Reserve ' Type o f  Fac i l  i ty 

Power Plant-Oil/Gas 18 MI4 

County 

A1 amosa 

Dolores 

Company 

Pub1 i c  Serv ice  

She l l  O i l  

CO MMSCFD 3- 
4.3 

C i  ty/Area 

A1 amosa 

Dove Creek/ 

Colorado 

Doe Canyon 

Springs 

CO Q u a l i t y %  3 Comments Ref 
43% cap. 2 

Natural  Deposit - 99 600-800 10 
p s i g  FwHP 

E l  Paso Colo. spgs. 
Dept. Pub. U t i l .  

Power Plant-Oil /Gas 62 t4N 15.3 2.6 12% cap. 2 

Power P1 ant-Coal/Gas 282 M W  
Power P1 ant-Coal 200 MI4 

15.3 
15.3 

80.6 
49.2 

64% cap. 2 
on 1979 2 I 

w 
0 

?' Fremont Canon City 
Pueblo 
Port1 and 

Wal senburg 
Sheep Mtn. 

Range 

Central  Tel . & U t i l  . 
Central  Tel. & U t i l .  
I dea l  Basic Ind. 

Power P1 ant-Coal /Gas 313 MW 
Power Plant-Oil/Gas 30 MW 

885000 TPY Cement P1 an t 

14.6 - 16.4 
5.9 
31.4 

13% cap. 2 
15% cap. 2 
Revamping 3,l 

Huerfano Mal senburg U t i  1 . 
Arc0 

Power P1 ant-Coal 11 MW 
Natural Deposits 1.3-2.5 

TSCF 

14.6 
!37-99.6 

6.1 
250 f i e ld  

total 

9% cap. 2 

p s i g  FwHp 

25% cap. 2 

400-600 10,17 

Las Animas T r in idad  
Grande Area 
Model Done 

T r i n i d a d  EPL 

U.S. Dept. I n t e r i o r  
- Power P1 ant-Gas 11 MI4 

Natural Deposit - Natural  Deposit 1-2 TSCF 
0.8 - 

98.2 - low 150 psis :SIB" 1r) 
0.6 9 

Montezuma McElmo Dome She1 l /Mob i l  Natural  Deposit 2.6-3.4 TSCF 36-99 300 f ie ld  600-850 10,17 
total p s i g m  

Western Colo. R3cIRr 
oOlo-U!tz Elec. Assn. 

PaJer Plant-cml 1 0  Mw 14.9 
pnwer Plant-coal 34 Mw 14.6 

3.9 ' 53% cap. 2 
10.2 48% cap. 2 



C 

County C i  ty/Area Company 

KEY TO CARBON DIOXIDE SOURCE MAP 

Region I 1  

COLORADO 

Capacity/ 
CO, Qua l i t y% C02MMSCFD Comments Ref Reserve - L 

Type o f  Faci 1 i ty 

Otero Rocky Ford Central Tel. & U t i l .  Power Plant-Oil/Gas 7 - 2.1 55% cap. 2 

,   rowers Lamar Lamar U t i l  i t i e s  Board Power Plant-Gas 34 MIJ - 
W 0 Haxton Un i t  Lotus O i l  Co. Natural Deposit - - 
9 

3.7 33% cap. 2 
0.5/well insignificant 9 

Pueblo Pueblo Pub1 i c  Service Power P1 an t-Coal 778 Mw 15.2 207.7 59% cap. 2 ~ 

Rio Blanco White River Texaco Natural Deposit - - 0.25/well insicpif icant 9 
F ron t ie r  Refiners Natural Deposit - - 0.4 /wau insignificant 9 

Note: Publ ic Service o f  Colorado has 2-500 Mw power p lants  planned f o r  S.E. Colorado t o  come on stream 1984, 86 



KEY TO CARBON DIOXIDE SOURCE MAP 

Region I 1  

NEW MEXICO 

Capacity/ 
Reserve CO Q u a l i t y %  

330 M1.J - 
114 MW 10.2 
35 MW 10.2 
175 MU 10.2 
500000 TPY 15 

Corn pa ny 

P la ins  Elec 
Pub l i c  Serv 

Type o f  F a c i l i t y  

Power P1 ant-Coal 
Power Plant-Gas 
Power P1 ant-Gas 
Power Plant-Gas 
Cement P1 an t  

County C i  ty/Area 

Bernal i 11 o A1 burquerque 

CO MMSCFD Comments - Ref 3 

109 on 1982 2 
13.0 50% cap. 2 
0.8 5% cap. 2 
35.0 71% cap. 2 
38.0 Revamping 1,3 

6.8 78% cap. 2 

& Trans. 
ce IJM 

Idea l  Basic Ind. 

Chaves Ruswel 1 S.W. Pub. Serv. Power P1 ant-Gas 24 MW 10.2 

Col fax  

I 

0 
2 

Raton 
Maxwell F i e l d  
J a r i t o s  Dome 

Raton Pub. Serv. 
York Denton 
C a l i f .  Florsheim 

Power Plant-Coal 
Depos i t 
Deposit 

12 E l w  14.7 - 99.8 
- 67.2 

2.0 27% cap. 2 
1 . 5 3 h ~ l l  shut i n  13,14 
0.25/=11 Balance 13 

Natural  
Natural  

Natural  

Power P 

N*/02 
0,9-1.O/well zpecul a- 10 S.E. Colfax Am0 co Deposit 

ant-Gas/Oi 1 

99 - 
t i v e  

Dona Ana 

Eddy 

nr. E l  Paso 

Carl  sbad 

E l  Paso Elec. 335 MI1 10.2 34.4 28% cap. 2 

S.W. Pub. Serv. 
Baker I n d .  
N-Ren 
Amoco 

Power P1 ant-Gas 
Ammonia P lan t  
Anmnia P lan t  
14. G . Process i ng 

44 f l w  10.2 

100 STPD 98 
40 HMSCFD 31 

530(+4?3) SJPO 93 
11.4 74% cap. 2 
13.2(+8.G) (by 1930) 4,6,18 
2.2 4,6 
0.6 F r a i l e y  7 

1.1 5200 BPD 6,41 
Engr. 

tD m u  

Eddy Co. 

Artesia Navajo Ref inery  31474 BPD - Re f i  nery-FCCU 

650 reported >140 p s i g  10,13,17 
maximum field FWHP 
prod. 

0.3-1.2/~ell 

7.3-10.6 TSCF 99.1-100 Harding Harding Co., 
Union cb., 
Quay m., 

Amoco Natural  Deposits 



County 

H i d a l g o  

Lea 

I 
w 
--I 
A 

I 

f4o r a  

C i  t y /A rea  

Lo r d s b u r g  

!J. L o v i  t igton 

tiobbs 

Mal jamar 

Lea Co. 

Turkey ;.lt. 

Wagon Mound 
F i e l d  

Company 

Community Pub. Serv. 

Lea Co. E lec .  Coop 
T i  ppe ra ry  Corp. 
N.M. Elec.  Serv. 
IJort!iern Nat. Gas 
S.1.J. Pub. Serv. 
Conoco 

G e t t y  

C i t i e s  Serv. 

Flobi l  O i l  

Arkansan Fuel & 
I r o n  Co. 

c 

KEY TO CARBON D I O X I D E  SOURCE HAP 

Region 11 

HECJ f.IEXIC0 

Type of Fac i  1 i ty 

Power P1 an t - O i  1 /Gas 

Power Plant-Gas 
Amlioni a PI a n t  
Power Platit-Gas 
I4.G. P rocess ing  
Power Plant-Gas 
I4.G. P rocess ing  

I4.G. P rocess ing  

N a t u r a l  Deposi ts  

N a t u r a l  Depos i t s  

N a t u r a l  Depos i t s  

Capaci ty /  
Reserve CO;, Q u a l i t y %  

41 MW 10.2 

49 F I N  10.2 
300 STPD 98 
100 fl!:! 10.2 
220 FlMSCFD - 
265 “IH 10.2 
20 f1HSCFD 81 

2 x 0.5 75 
IBlSCF D 

- 99 

- 99 

- 92.2 

COPf4MSC FD 

6.7 

12.9 
6.6 
17.7 
2.3 
55.8 
0.3 

0.75 

l.O/well 

l . O / W e l l  

12-25 

Comments Ref  

42% cap. 2 

-- - 

851 cap. 2 

71% cap. 2 
0.4% H2S 1 
83% cap. 2 
F r a i l e y  7 

12-20% 112s 1 

18 

Engr. 

100:150 10 
PSI CJ 

100-150 10 
P s i g  

possibly 13,14 

reported 
incorreCtly 



County City/- Company 

R i  o Abi qui u Lowry e t  a l .  
A r r i b a  

San Juan Southern  Union Ref. 
Basin 

Roosevel t Hi 1 nesand Cities Serv. 

Sandoval A1 godones Plains Electric 

San Juan Farmington Arizona Pub. Serv. 
Farmington Elec. 

F ru i  tl and Pub. Serv. H.19. 

Four Corners E l  Paso N.G. 
Texas Eastern/ 

Paci f i c L i  ghti ng 

San Juan Bash southern Union R?f. 
C i t g o  

KEY TO CARBON DIOXIDE SOURCE tI\P 

Region I1 

NEW MEXICO 

Capacity/ 

Natural Deposits - 96.5 - 
Type o f  Faci l i ty  Reserve CO, Qual i ty% COEfMSCFD 

L 

N.G. Processing 80 MMSCFD - 0.5 

N.G. Processing 37 HtMSCFD 67 1.7 

Power P1 an t-Gas 5 1  Mi 10.2 8.2 

Power P1 ant-Coal 2269 Mw 15.1 670 
Power P1 an t-Gas 28 I# - 2.9 
Power Plant-Coal 2 x 338 W 14.6 100 

2 x 468 t.lW 14.6 418 
SHG- Coa 1 72 WSCFD 85.5 32 
SHG- Co a 1 275 FWSCFD 35.5 314 

0.9 
5.8 

1.yWel1 ~ a t u r a l  Deposit - 

R W e r  Pldnt-Gas 12  Mw 10.2 0.5 

Natural Deposits - 97.9 2.25/viell 

Natural Deposits - 97.9 2 . 3 5 h d . l  

Comments Ref 
690 psig 13 

1 

1.5% H2S 1 

46% cap. 2 

53% cap. 2 
41% cap. 2 
29% cap, 2 
on 1979,31 2 
Proposed 11 
Proposed 11 

9 
1 

9 

10% cap, 2 

P lqqed  14 

14 



KEY TO CARBON DIOXIDE SOURCE MAP 

Region I 1  

NEW MEXICO 

County city/- Company Type o f  Facil i ty Reserve CO Qual i ty% C02MMSCFD Comments Ref 
Capacity/ 

Union Des !bines Amoco Natural Deposits - 98.4 1 . O/well 10,14 t13 Field 
Sierra Grande Sierra Grande Oil Co. Natural Deposits - 98.6 1-2/~11 Plugged 14 

I 

2 
W 
I 



County C i - m  

Andrews Inez F i e l d  

Atascosa Fashi ng F i  e l  d 

Bai ley Muleshoe 

I 

W, Bexar San Antonio 
P 

Elmendorf 

Castro Dimni tt 

Coke Bron t e  

Coma 1 New Braunfel s 

Company 

Amoco 

Warren' Pet. 

S.W. Pub. Serv. 

S.A. Port1 and 
Texas Indus. 

Capi ta l  Cement 
Kai ser Cement 
S.A. Pub. Serv. 

Board 

S.A. Pub. Serv. 
Board 

Good Pasture Inc. 

West Texas U t i l .  

General Port land 

KEY TO CARBON DIOXIDE SOURCE HAP 

Region I 1  

TEXAS 

Type o f  F a c i l i t y  

N. G. Processi ng 

N . G . Processing 
N.G. Processing 

Power P1 an t-Coal 

Cement Plant  
Cement P1 ant  

Cement P1 ant  
Cement P1 ant  
Power P1 ant-Gas 

Power P1 ant-Coal 

Amnonia Plant  

Power P1 ant-Gas 

Cement P1 ant  

Capacity/ 
Reserve CO, Qual i ty% C0,nMSCFD 

L L 

1.1 tlMSCFD 21.68 0.167 

7.6 Mf4SCFD 51.36 4.0 - - 3.1 

530 MW 14.9 132 

470000 TPY 10-20 26 
500000 TPY 10-20 27 

338400 TPY 10-20 20 
490000 TPY 10-20 27 
894 MU 8-12 86.6 

263 M!d 8-12 9.9 
163 MW 8-12 6.4 
892 I114 8-12 76.2 
494 MW 8-12 7.4 
836 MW 14-9 269.7 

- 98 0.7 

81  MW 8-12 13.3 

800000 TPY 10-20 45 

Comments - Ref 

1.2% H2S, 1 
2.5% SO2 

3.6% H2S 1 
0.4% H2S 1 

on 1985 @ 2 
50% cap. 

Uncertain 
Startup 

35% cap. 

11% cap. 
14% cap. 
35% cap. 
5% cap. 

65% cap. 

on 1930 
I 

3 
3 

3 
3 
2 

2 
2 
2 
2 
2 

5 

2 

3 



c 
KEY TO CARBON DIOXIDE SOURCE MAP 

Region I 1  

TEXAS 

Capaci t y l  
Reserve 

1.6 kU.1SCFD - 
132 NW 
15 MMSCFD 

County 

Crane 

Company 

Arco 

Type of F a c i l i t y  

H.G. Processing 
N . G . Processi ng 
Power P1 ant-Gas 
N.G. Processing 

1J.G. Processing 

Natural  3eposi t 
Natural  Deposit 
Armonia P lan t  
Re f i  nery-FCCU 
Cement P1 an t  
Ref i nery-FCCU 
Power Plant-Gas 
Cement P1 a n t  
Ref i  nery-FCCU 
Power P1 an t-Gas 
Ammonia P lan t  
Power Plant-Gas 
Cement P1 a n t  
Power Plant-Gas 
Ammonia P lan t  
Amioni a P1 an t  

CO Q u a l i t y %  -2 CO MMSCFD Comments Ref 3- 

1.5 1 
1.3 1.8% H2S 1 
26.6 76% cap. 2 
0.12 by Tulsa 7 

0.2 by Stearns 7 

4.7/well 
2.9/1ell 
6.3 5 

Pro. Quip 

Rogers 

91 

8- 12 
95 

- 
G i  r v i n  - West Tex. U t i l  - 

C r o c  ke t t Ozona 13 MMSCFD 90 

Sun O i l  
Texaco 
E l  Paso N.G. 
Shel l  O i l  
S.11. Por t land 
Chevron 
E l  Paso Elec. 
S.W. Por t land 
Texaco 
Medina Elec. Coop 
Farmers N a t ’ l  Chern. 
W. Texas U t i l .  
Cen tex 
Central  PAL 
WR Grace 
Camex 

- - 
Odessa 

I 

3 Ector 
Ln 

I 

- 
350 STPD 
35000 BPD 
250000 TPY 
74737 BPD 
265 MI4 
285000 TPY 

- 
98 
3- 15 
10-20 
3-15 
3-12 
10-20 
8-15 
8-12 
3c 
8-12 
10-20 
3-12 
33 
93 

10500 BPDfiCUU 6,41 2.1 
14.0 3 

E l  Paso E l  Paso (1.5 
38.9 
25.0 
1.4 
17.3 
1.3 
5.5 
25 
17.9 
5.5 
13.9 

22000 BPD/FCCU 6,41 
54$ cap. 2 

1 
7000 BPD/Fccu 6,41 

71% cap. 2 

33% cap. 2 
on 1978 3 
33% cap. 2 

5 
5 

18 

17895 BPD 
75 r lw F r i  o 

Hal e 
Hardeman 
Hays 
Hidalgo 
Howard 
Hu t c  h i  n - 
son 

Pearsal 1 
Plainview 
Quanati 
Buda 
Mission 
B i g  Springs 
Borger 

60 MllSCFD 
44 M W  
470000 TPY 
138 MW 
300 STPD 
1000 STPD 

Phi 11 i p s  
S.I-J. Pub. Serv. 

Ref i  nery-FCCU 
PowerP1 ant-Gas 

8-15 
8-12 

11.5 56000 BPD/Fccu 6,41 
4.6 61% cap. 2 

105263 BPD 
34 1.111 



KEY TO CARBON DIOXIDE SOURCE MAP 

Region I 1  

TEXAS 

County wz.wea 

Jones Stamford 

Lamb Earth 

L1 ano 

Lubbock Lubbock 

& Mi t che l l  0 1 0 .  City 
m Moore Dumas 

Sunray 

t b l a n  Maryneal 

Pal o Gordon 

Pecos .Toyah Field 
Pinto 

Company 

W. Texas U t i l  . 
S.W. Pub. Serv. 

Lower Colo. 
River Author i ty  

Lubbock PbL 
S.14. Pub. Serv. 
Texas E l  ec. Serv. 
Diamond Shamrock 
Diamond Shamrock 

S . # .  Pub. Serv. 
Lone Star  Ind. 

Brazos Elec. 

Lone Star  Gas 
F o i t  Stockton Coastal States 

Trans Uest. P i  pel  i ne 

S.N. Pub. Serv. 
Texaco 

Pot ter  Amari l lo S.W. Port land 

Taylor Abi 1 i ne W. Texas U t i l .  
T e r r e l l  - E l  Paso N.G. 

T e r r e l l  E l  Paso N.G. 

Type o f  Fac i l  i ty  

Power P1 an t-Gas 

Power P1 ant-Gas 

Power P1 ant-Gas 

Power P1 ant-Gas 
Power P1 an t-Gas 
Power Plant-Gas 
Ammni a P1 ant  
Ref i ner-y-FCCU 

Power P1 an t-Gas 
Cement P1 an t 

Power P1 an t-Ga s 

Hatural Deposit 
Hatural Deposit 
N. G. Processing 
Cement P1 ant 
Power Plant-Gas 
Refinery- FCCU 
Power P1 an t-Gas 
N.G. Deposit 
N.G. Deposit 

Capacity1 
Reserve CO, L Q u a l i t y %  

241 MW 8-12 

434 Mw 8-12 

408 HN 8-12 

103 MN 3-12 
512 MW 8-12 
327 tl\f 3-12 
450 STPD 93 

53500 BPD 3-15 

68 ;4J 3- 12 
545000 TPY 10-20 

404 t%/ 8-12 

600+ BSCF 

180 HMSCFD 
225000 TPY 
483 MW 

21053 BPD 
146 MI/ 
2CO IIMSCFD 

- 

- 

- 
- 

99 
10-20 
3-12 
3-15 
8-12 - 
- 

C0,MMSCFD L Comments - Ref 

33.4 50% cap. 2 

46.4 40% cap. 2 

39.6 35% cap. 2 

15.2 60% cap. 2 
57.9 43% cap. 2 
111.9 54% cap. 2 
3.2 5 
4.7 23000 BPD 6,41 

to Fccu 
17.7 84% cap. 2 
31 not  feas i -  3,l 

42.0 40% cap. 2 
b l  e 

15ototal oomnitted 
4.5/well cor!mitted 

Vetrocoke 49.3 
13 

65% cap. 78.1 
1.6 8000 BPD/kCU 
22.8 75% cap. 
106 112s 
5.2 

7 
5 
7 
3 
2 
6,41 
2 
8 
5 



c c 

KEY TO CARBOH DIOXIDE SOURCE MAP 

Region I1 

TEXAS 

Capacity/ 
Type o f  Faci l i ty  Reserve 

Power Plant-Gas io8 r-rd 
Power P1 ant-Gas 52 Mw 

Company County -/Ana 

Tom Green San Angelo 

CO WISCFD 3- 

15.7 
2.1 

75.9 

0.1 

IS. 7 

0.18 

5.2 
42.7 
13.0 
140 

70.3 

CO:, Quality% 

3-12 
8-12 

8-12 

19.44 

Comments - Ref 

76% cap. 2 
11% cap. 2 

43% cap. 2 

1 

W. Texas Util. 

Ward Honahans Texas Elec. Serv. Power P1 an t-Gas 700 MI4 

Uard- S. Wink 
I Wink le r  OBrian 
w 

N.G. Process-ing - 
--I 

? Webb Laredo 

- 
Central P&L Power P1 ant-Gas 187 fW 8- 12 

99 

34% cap. 2 

Tulsa Pro. 7 
Quip. 

23% cap. 2 
on 1978,80 2 
573 cap. 2 
Stearns- 7 

45% cap. 2 

Rogers 

Wheeler N.G. Processing 6 MMSCFD 

Yoakum Harri ngton 
Ha rr i ng ton 
Denver City 

S.W. Pub. Serv. 
S.W. Pub. Serv. 
S.W. Pub. Serv. - 

Power Plant-Coal& Gas 343 W4 
Power. P1 ant-Coal 700 tllJ 
Power Plant-Gas 80 w4 
N.G. Processing 168 ttMSCFD 

15.2 
15.2 
15.2 
83 

Young Texas Elec. Serv. Power Plant-Gas 634 f f l i  8-12 

I 



KEY TO CARBON D I O X I D E  SOURCE MAP 

Region I11 

TEXAS 
i 

Capacity/ 
Reserve 

375 MI4 
565 !4l1 

mtywea 

- 
Bas t r o p  

County 

Bast rop 

B r a z o r i a  

Brazos 

Cal houn 

Cameron 

Company 

S.A. Pub. Serv. Board 
Lower Colo. R i v e r  

A u t h o r i t y  

Ref Type o f  F a c i l i t y  

Power P1 ant-Gas 
Power P1 ant-Gas 

C03 Quality:; - Comments 

3-12 120 on 1988 2 
8-12 50.7 36% cap. 2 

Texas City Amo co Ammonia P l a n t  
Ref inery-FCCU 

2 x 1000 
370000 BPD 

33 4 
34.2 

6.1 

5.5 27000 EPD 8,41 

167000 BPD 8,41 
30,000 to m u  BPD 8,41 

to Fccu 

to FCCU 
3.5 5 
7.7 18 
7.0 34000 BPD 8,41 

to FCCU 

Marathon O i l  R e f i  nery-FCCU 68000 BPD 

80000 BPD 
I 

w, 
s" 

Texas Ci ty Ref: Co. 

Dow Chemical 

Ref inery -  FCCU 

E t h y l  ene Oxide 
Ammonia' P1 a n t  
Refinery-FCCU 

F r e e p o r t  

Sweeny 

Bryan 

- 
350 STPD 

109474 BPD P h i l  1 i p s  

Texas Power Pool Power Plant-Coal 3 x 400 MW 15.2 409.1 on 1980,82,2 

8-12 2.9 40% cap. 2 
8-12 17.5 44% cap. 2 

84 
S.N. Pub. Serv. 
Bryan Fluni c i  p a l  E l  ec. 

Sys tems 

Power P1 ant-Gas 
Power P1 an t-Gas 

2 1  MW 
125 1111 

Seadri f t 
PT. Comfort 

E thy l  ene Oxide 
Power P1 ant-Gas 

- 15.0 5 
44% cap. 2 8-12 29.1 

Union Carb ide 
Cent ra l  PAL 

- 
261 1114 

219 MI4 
53 r1l.1 

La Paloma 
Brownsvi 1 1 e 

Cent ra l  P&L 
B r o w n s v i l l e  Pub. U t i l .  

Board 

Power Plant-Gas 
Power P1 an t-Gas 

8-12 26.2 46% cap. 2 
8- 12 7.3 41% cap. 2 

i 



KEY TO CARBON DIOXIDE SOURCE MAP 

Region I11 

TEXAS 

Capacity/ 
Company Type of  F a c i l i t y  Reserve CO Qual i ty% 

S.W. Elec. Power Power P1 ant-Gas 58 M U  3-12 

County w k w  

Camp Lone S t a r  

CO MMSCFD 3- 
0.1 

Ref - Comments 

1% cap. 2 

Cass - Shell Oil N.G.  Processing - 12 

Texas P&L Power P1 ant-Gas 703 rm 8-12 

2.9 1% H2S 

50% cap. 

1 

Cherokee - 85.6 2 

Col 1 i n  Fri sco 
I 

w, - 
ID 

Colorado - 

Texas P&L Power P1 ant-Gas 156 Mil 8-12 
Garland Elec. Dept. Power Plant-Gas 347 MW 3-12 

9.2 
27.5 

20% cap. 
291 cap. 

2 
2 

Shell O i l  N.G. Processing - 30 

Dallas P&L Power P1 ant-Gas 223 tlW 8- 12 
927 MW 3-12 
990 I l l  8-12 
708 111 3-12 
340 FIN 3-12 

General Portland Cement Plant 425000 TPY - 
Garland Elec. Dept. Power Plant-Gas 96 !IN 3-12 

2.5 1 

Dallas Dallas 4.1 
35.0 
62.4 
72.7 
7.3 
0.34 
4.5 

3% cap. 
34% cap. 
24% cap. 
394: cap. 
7% cap. 

Gar1 and 

Den ton Den ton 

E l l i s  M i  dl othian 

14% cap. 

Denton Municipal Util.  Power Plant-Gas 189 MW 3- 12 17.3 31% cap. 2 

Gifford Hill Cement Plant 346000 TPY - 
Texas Industr ies  Cement P1 an t  1128000 TPY - 

47 
63 

3 
3 

Fannin Savoy Texas P&L Power P1 ant-Gas 1175 MW 8-12 75.7 23% cap. 2 



YXY TO CARBO14 DIOXIDE SOURCE MAP 

Region I11 

TEXAS 

County C i  ty/Area 

Fayette La Grange 

Fort Bend R i  c h n d  

Franklin New Hope 

Freestone - 
Go1 i ad Fanni n 

Grew Cherokee 
Longvi e w  

Hal e - 

s 
W 
Iu 

.a k e  

Pl a i  nvi e w  

Harris Bacliff 
Baytown 

Clear Lake 
Dear Park 

Houston 

Company 

Lower Colo. River 
Authority 

Houston P&L 

Getty O i l  

Texas P&L 

Central P&L 

S.W. Elec. Power 
Eastman Kodak 

Amoco 

Occidental Petrol e m  

Houston L&P 
Exxon 

Cel anese 
RohmMaas 
Shell O i l  

ARC0 

Type o f  Facil i t y  

Power P1 an t-Coal 

Power P1 ant-Coal 

I4.G. Processing 

Power P1 ant-Coal 

Power P1 ant-Coal 

Power Plant-Gas/O 
Ethylene Oxide 

N.G. Processing 

Ammonia Plant 

Power P1 an t-Gas 
Refi nery-FCCU 

1 

Ethyl ene Oxide 
Ammonia Plant 
Refinery- Hydrogen 
RefiIlery-rn 
Ref i nery-FCCU 

Ca pac i ty/ 
Reserve CO Quality% C02blMSCFD Comments Ref 

600 MW 3- 12 

600 !4U 8-12 

1225 ilkf 3-12 
3 x 640 MI 3-12 

2 x 550 Mw 15.1 

186 HW 3-12 - - 
10 MISCFD 93 

150 STPD 93 

2 3 14 t-1W 3-12 
405000 BPD - 

- - 
100 STPD 98 
71 HI-ISCFD 98 
WOO00 BPD - 

324500 BPD - 

136.2 

136.2 

185.6 
3 x 176 

2.0 

445.4 

2 x 225 

89 
0.9 

0.4 

3.4 

330.1 
27.7 

6.0 
1.6 
17.7 
14.3 
14.1 

50% cap. 2 

on 1979 2 

60% cap. 2 
on 1978,80 2 
81 

0.6% H2S 

71% cap. 

165% cap. 

Frai 1 ey 
Engrg. 

59% cap. 
135000 BPD 
tom 

70000BpD/F(xu 
‘69000 BPD 
tom 

1 

2 

2 

2 
5 

7 

5 

2 
8,41 

5 
5 
18 
6,18,41 
8,41 



e c 
KEY TO CARBON DIOXIDE SOURCE MAP 

Region I11 

TEXAS 

Type o f  F a c i l i t y  
Capacity/ 
Reserve 

70000 BPD 

County 

Har r i  s Houston 

Company 

Charter O i l  

CO Qua l i t y% C02MMSCFD -2 Comments - Ref 

Ref i  nery-FCCU 

Ref i  nery-FCCU 

Cement P1 an t 
Cement Plant  
Power P1 an t-Gas 

- 7.4 36090 BPD 8,41 

43000 BPD 8 ~ 4 1  
to FCCU 

to Fccu 
3 
3 

59% cap. 2 
10% cap. 2 
32% cap. 2 
36% cap. 2 
34% cap. 2 

3 
1 

Benf ie ld 7 
5 

57% cap. 2 
5 

24000 BPD 6,41 
toFccu 

50% cap. 2 

Crown Cent. Pet. 103000 BPD - 3.3 

Gulf  Coast Port land 
General Port1 and 
Houston L&P 

600000 TPY 
452000 TPY 
2295 MW 
2 10 Mb1 
353 111.1 
821 MW 

620000 TPY 
526000 TPY 

600 STPD 
826 Mw 
660 STPD 

548 rm 

- 

68421 BPD 

- 
- 

3-12 
3-12 
3-12 
8-12 
8-12 - 

- 
- 

98 

98 
8- 12 

- 

34 
20 
334.1 
7.5 
30.6 
78.3 
48.4 
35 
28.3 
0.6 
12.9 
119.3 
11.4 
4.9 

I 
W 

3 
I 

- _  Cement P1 ant  
Cement P1 ant 
Chemical s 
I\lrcnonia Plant  
Power Plant-Gas 
Amnonia Plant  
Ref i  nery-FCCU 

Power Plant-Gas 

Ideal  Bas c 
Lone Star Ind. 
Hat. D i s t  l l e r s  
Tenneco 
Houston L&P 
Phi 11 i p s  
Cosden O i l  & Chem. 

Houston L&P 

Texas P&L 

Texas P&L 

Greenvi 1 1 e Municipal 
L&P 

Texaco 

La Por t  
Pasadena 
Spring 

Webs t e r  614 MIi 8-12 80.2 

Henderson Henderson Power P1 an t-Gas 412 M W  3-12 17.1 15% cap. 2 

Hood Decordova 

Hunt Greenvi 1 1 e 

Power P1 ant-Gas 775 MI.! 8- 12 37.8 19% cap. 2 

59% cap. 2 Power P1 ant-Gas 39 M W  3- 12 6.1 

135000 BPD r41 
tD FCCU 

Jefferson Por t  Arthur Ref i nery-FCCU 27.6 427368 BPD 

i 



capacity/ 
Rresenre 

23 MYSCFD 
319000 BPD 
115789 BPD 

- 
1000 SPPD 
152 MW 
60IWSCFD 

850 SI'PD 

900 SrPD 
126316 E!PD 

- 
- 

881 M!4 
523 IIN 
1056 ?lW 

315 MW 
1379 f44 
225600 TPY 

545 tw 

542 MW 

m e  
Jefferson For t  Arthur 

cO,Quality% , oomnents canpany 
calf oil 

Tvpe of Facility 

Ftefinery-Hydmgen 
Refinery-m 
Refhery-EmJ 

Ethylene oxide 
€unmnia Plant 
pawer Plant-Gas 
Fk2fheI.y- 
Ftefinery-FmJ 
ArmMLia P l a n t  
Ethylene Oxide 
Armpnia Plant 
Refinery-FmJ 

18 
1200OOBPD/FYXXJ 6,41 
32OOOBPD/Fccu 6,41 

98 

- 
- 
98 - 
98 - 
98 

98 
- 
- 

8-12 
15.1 
15.1 

8- 12 
8-12 - 
15.1 

3-12 

7.6 
24.6 
6.6 

10.3 
18.1 
72.8 
20.0 
23.3 
13.7 
1.7 
14.7 
8.0 

133.5 
214.5 
429 

36.3 
115.0 
13 

147 

83.5 

American petrofina 

5 
5 

mrt Neches 
m m n t  

Jefferson Chemical 
DuRmt 
m f  states -1. 
W i l  Oil 

56% cap. 2 
18 
6 
18 
5 
5 

39OOOBPD/ECCU 6,41 

I 
w 
nJ 
nJ 

I 
I 
I '  

PIG 
swift ult?nlical 
Union O i l  California 

Marion Jefferson S.W. Elec. Power Power Plant-Gas 
Power Plant-Coal 
Power P1 an t-Coal 

63% cap. 2 
2 

on 1980,84 2 I '  

McLennon R i  esel 
Wac0 

Texas P&L 
Texas P&L 
Uni versa1 A t 1  as 

Power Plant-Gas 
Power P1 an t-Gas 
Cement P1 an t 

43% cap. 2 
34% cap. 2 

3 

M i  1 am Rockdal e Texas P&L Power P1 ant-Coal 50% cap. 2 

!Ion tf -Men tgomery 
gomery 

Gul f  States U t i l .  Power P1 ant-Coal 59% cap. 2 
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KEY TO CARBON DIOXIDE SOURCE NAP 

Region 111 

TEXAS 

Capacity/ 
Reserve Type of Facil i ty 

Cement P1 ant 263200 TPY 
Power P1 ant-Gas 703 HW 

574 MI4 
595 Mw 

Ref i nery-FCCU 131500 BPD 

County citJI/w~ Company 

Nueces Corpus Christi Centex 
Central P&L 

Comments Ref 4 CO Quality% CO MMSCFD 4 
15 
53.4 
40.0 
52.8 
11.0 

3 
2 
2 
2 
6,41 

- 
3- 12 
8-12 
8-12 

23% cap. 
28% cap. 
36% cap. 
54000 BPD 
tom 
19000 BPD 
to FKTJ 
12000 BPD 
tom 
20000 BPD 
to Fccu 

Champ1 i n  

Coastal States 

S.W. Refining 

Ref i nery-FCCU 134737 Bm) 3.9 6,41 
I 
w 
N 
w 

Refinery-FCCU 122450 BPD 2.5 6,41 

Sun Petroleum Ref i nery-FCCU 60000 BPD 4.1 6,41 

Orange Bridge City Gulf States Util. 
Orange A1 1 ied Chemical 

A1 pha Por t l  and 

Parker Wetherford Brazis Elec. Power 

Power P1 ant-Gas 1543 MW 

Cement P1 a n t  338400 
Ethylene Oxide - 8-12 - 227.7 57% cap. 2 

1.0 5 
20 3 

Power Plant-Gas 75 t.lu 8-12 1.2 5% cap. ' 2 

Red River Bogota Texas P&L 

Smith Tyler L a  Gloria 

Power P1 ant-Gas 112 r u  8- 12 5.0 16% cap. 2 

2.0 10000 BPD 6,41 
toJ?ccLJ 

Ref i nery-FCCU 29700 BPD 

Tarrent Fort North General Portl and 
Texas E l e c .  Serv. 

Cement P1 a n t  731000 TPY 
Power P1 ant-Gas 978 f44 

116 Mbl 
706 lilw 

Refi nery-FCCU 20500 BPD 

41 3 
72.9 30% cap. 2 
2.3 6% cap. 2 

12% cap. 2 26.7 
0.7 '3400 BPD 6,41 

toFccu 

- 
8-12 
3-12 
8-12 

Wi nstm Refining 



- 
, 

! 

~ 

~ 

I 
! 

, 

! 
! 
I 
I 

j 

! 

I 

I 

, 
! 
I 

i 

~ 

County C i ty  /Area Company 

T i t u s  Mount P1 easant American Pe t ro f i na  

I Trav i s  Aus t i n  Aus t i n  Elec. Dept. 
W 
N 
P 
I 

V i c t o r i a  Nursey S .  Texas Elec. Coop 

V i c t o r i a  Central  P&L 
DuPont 

Wood W. Yant is h o c 0  

KEY TO CARBON DIOXIDE SOURCE MAP 

Region I11 

TEXAS 

Type o f  F a c i l i t y  

Ref inery- FCCU 

Power Plant-Gas 

Power P1 ant-Gas 
Power P1 ant-Coal 
Power P1 an t-Gas 
Ammonia P lan t  

N.G. Processing 

Capacity/ 
Reserve 3 Q u a l i t y %  

27368 BPD - 

730 MI 8-12 
120 MW 8-12 
555 Mw  8- 12 

25 M!4 8- 12 
400 MI4 15 
553 Mbl 8-12 
300 STPD 98 

CO MMSCFD 3- 

2.0 

31.4 
10.1 
42.6 

5.4 
287 
41.5 
6.5 

1.6 

Comments 

9600 EPD 
to m u  

38% cap. 
24% cap. 
30% cap. 

7022 cap. 
on 1980 
30% cap. 

116 pprn 

H2S 

- Ref 

6,41 

2 
2 
2 

1 



c e 
KEY TO CARBON DIOXIDE SOURCE MAP 

Region I11 

Capacity/ 
Reserve CO Quality% 

1000 STPD 98 
425 STPD - 
1000 STPD 93 
410 STPD - 

County Ci ty/kea 

Ascension Geismar 

Company Ref 

5 
5 
18 
5 

- Type of  Facility CO MMSCFD Comnents 4- 
Allied Chemical Ammonia Plant 
BAS F Ethylene Oxide 
Bordon Ammonia Plant 
Shell Oil Ethylene Oxide 

10.5 
9.6 Shel 1,02 
22.0 
6.0 Shel 1,02 

FxxDn Refinery-Fa3J 
Gulf  Sta% u t i l .  Rmer Plant-Gas 

528000 BPD - 
253 MW 8u12 

34.6 1 6 9 0 0 0 E P D ~  
20.6 55% cap. 

6,41 
2 

175 MW 8-12 35.5 77% cap. 2 

S.W. Elec. Fewer mher Plant-Gas 277 MW 8-12 18.4 29% cap. 

12.5 29% cap. 

2 

170 I%7 8-12 2 

calcasieu Lake Charles Calcasieu Chemical Mliylene oxide 
carp. 

C i t i e s  service R e f i n q - r n  
Conoco Refinery-rn 
Olin AmrPnia P lan t  

315 STPD 8.7 shell, 
oxY9= 

25.6 1 2 5 O O O B P D ~  
5.5 27000BpD/Facu 

23.3 

5 

280000 BPD 
85000 BPD 
2 x 700 S F D  98 

6,41 
6,41 
4 

Wst  W e  
c a l m  vixen 

Gulf sl3tes u t i l .  pawer Plant-Gas 
l 2 a m W e l l  Drilling Natural  Deposit 
shell oil Natural -sit 
Central IA. EL=. Co. Fower Plmt-Gas 

F d a n d  Ind. Amnonia P lan t  

982 MW 8-12 - - 
- - 
483 LW 8-12 

85.7 42% cap. 

39.6 35% cap. 

0.7/w€?ll 
0.4-1 

22.4 
26.5 
26.6 

E;mnge- st. Iandry 
line 

Grant €blluck 1000 S r P D  98 
1000 S r P D  98 
1000 SrPD 98 

4 ,8  
4,8 
4,8 



I I 

County c i t y / ~ r e a  

Ibe rv i l l e  Plaquemine 
S t .  Gabriel 

Jefferson Avondal e 
Mi choud 
Wes twego 

La faye t t e  La f aye t t e  
I 

Lincoln Ruston 

Natchi do- Natchi doches 
ches 

orleans mtaire 
New Orleans 

M i  c houd 
Hew Or1 eans 

Norco 

Company 

Dow Chemical Co. 
Gulf S ta tes  Util .  

American Cynami d 
Air Products 
LA Power & L i g h t  

Central LA Elec. Co. 

KEY TO CARBON DIOXIDE SOURCE RAP 

Region I11 

LOU IS I ANA 

Type o f  Faci 1 i t y  

Ethyl ene Oxide 
Power P1 an t-Gas 

Ammoni a P1 an t  
Ammonia Plant 
Power P1 ant-Gas 

Power P1 an t-Gas 
Lafayette Util . System Power Plant-Gas 

Ruston Hater & L i g h t  Power Plant-Gas 

Natchidoches Municipal Power Plant-Gas 

Placid Oil Co. t1.G. Processing 
N.G.  Processing 

Water & L i g h t  

Good Hope Refineries e ,ner FCCU 
Air Products ffyJkogeXP1 ant 
New Orleans Pub. Serv. Power Plant-Gas 
New Orleans Pub. Serv. Power Plant-Gas 
New Orleans Pub. Serv. Power Plant-Gas 
New Orleans Sewer Power P1 ant-Gas 

Shell Oil [{ydroqen Plant, 
& Water 

Refi nery-FCCU 

Capacity/ 
Reserve CO Quality% CO2IIMSCFD Comments - Ref 

678 STPD - 3.1 5 
2117 HW 8-12 178.9 31% cap. 2 

1000 STPO 98 14.5 4 
600(+300) STPD 98 7.8 (+6.6) ( b y  1380) 4,18 

1917 F1W 8-12 

445 M W  a- 12 
143 MI.1 8-12 
42 !Ill 8- 12 

3 1  MW 8- 12 

42 MW 8-12 

- 98 
20 HF.1SCFD 98 

70000 BPD 
12.5 MIISCFD 98 
224 MN 3-12 
959 Mw 8- 12 
96 t4i 8-12 
47 !Ill 3-12 

51 HNSCFD 98 
250000 BPD 

232.1 

42.2 
17.8 
4.7 

4.4 

3.7 

3.0 
0.76 

3.3 
4.1 
18.8 
75.2 
0.5 
4.4 

16.8 
20.5 

57% cap. 2 

40% cap. 2 
51% cap. 2 
33% cap. 2 

19% cap. 2 

29% cap. 2 

1 
Tulsa Pro. 7 

Q u i p .  
16000 BPD/FCCU 6 

4 
21% cap. 2 
24% cap. 2 
1% cap. 2 
22% cap. 2 

18 
100000BPD/ FCCU 6 



County citu/A.lr.a 
Ouachi t a  Monroe 

S te r l i ng ton  

Point  New Roads 
Coupe 

Rapides A1 exander 

St .  Belle Chase 
Bernard chalmette 

Meram 

St. Luling 
Charles 

bbntz 

waterford 

St. JamesConvent 

c 
KEY TO CARBON DIOXIDE SOURCE MAP 

Region I11 

LOU1 S I  ANA 

Corn pa ny 

Monroe U t i l .  Comnis- Power Plant-Gas 
sion 

I MC A m n i a  Plant  

Type o f  F a c i l i t y  

LA. PSL 
LA. P&L 

Power Plant-Gas 
Power P1 ant-Gas 

Cajun Elec. Power Co. Power Plant-Coal 

Alexander Elec. Power Power Plant-Gas 

Gulf O i l  Refinery-FCCU 
TennecQ Hydmgen P l a n t  

Refinery-Fccu 
Murphy O i l  Q. Refinery-FCCU 

mnsanto Amnonia P l a n t  

m. P&L Panler Plant-Gas 
Occidental  Amrpnia P l a n t  
Union Carbide Ethylene Oxide 

IA. P&L RJWET Plant-Oil/Gas 

flexam Refinery-m 

Capacity/ 
Reserve 

166 MW 

1000 STPD 

1150 STPD 
523 rn.1 

540 MU 

540 MW 

230 MW 

175 Mi 

202000 BPD 
22 MSmD 
90000 BPD 
95400 BPD 

700 S r P D  

600 
1150 SrPD 
1250 FW 
330 STPD 
1370 S r P D  

892 MW 

147368 BPD 

CO Qua l i t y% CO,MMSCFD Comments Ref -2 - 
8-12 16.2 33% cap. 2 

98 21.5 7.5-11 MMSCFD 5 

33 24: 7 
f o r  EOR 

5 
8- 12 61.6 53% cap. 2 

3- 12 130 50% cap. 2 

8-12 130 50% cap. 2 

8- 12 31 53% cap. 2 

on 1979 

on 1979 

8- 12 15.0 20% cap. 2 

16.0 78000 BPD/RXtJ 6,41 
98 6.4 EiClaneyer 7,18 

4.5 22OOOBPD/F(xu 6,41 
2.2 10500 BPD/FccU 6,41 

98 15.3 4 

98 13.1 4 
98 25.1 4 
8-12 171.4 62% cap. 2 
98 6.5 4,18 
- 18.6 Carbide , 5 

8-12 118.2 39% cap. 2 
air 

14.4 70000 BPD/F"U 6,41 
Donaldsonville Agrico m n i a -  P l a n t  1000 STPD 98 4.5 5,8 



KEY TO CARBON DIOXIDE SOURCE MAP 

Region I11 

LOU I S I ANA 

I 

Capacity/ 
CO Q u a l i t y %  CO2tMSCFD County city/kea Company Type o f  F a c i l i t y  Reserve 

S t .  James Donaldsonvi l le CF I n d u s t r i e s  Ammonia P lan t  4 x 1000 93 72.3 

F i r s t  Miss. Corp. Amnonia P lan t  1150 STPD 98 24.7 
STPD 

S t .  Ope1 ousas Opelousas Elec. & Power P1 ant-Gas 26 MW 8-12 0.8 
I Landry Mater 
w 
Po 9" S t .  Baldwin Central  LA. Elec. Co. Power Plant-Gas 427 t1W 8-12 41.0 

Mary 
Morgan City City o f  Morgan Power P1 ant-Gas 33 mi 8-12 5.1 

I 

Terra Houma Houma L 
Bonne 

Uebs t e r  M i  nden City o f  

ght & Water Power Plant-Gas 94 Mw 8-12 4.5 

M i  nden Power P1 ant-Gas 25 MW 8-12 0.8 

Comments 

38% cap. 

43% cap. 

50% cap. 

39% cap. 

10% cap. 

Ref 

5 38 

5 8  

2 

- 

2 

2 

2 

2 

! 



KEY TO CARBON D I O X I D E  SOURCE MAP 

Region 111 

M I S S I S S I P P I  

County 

Adams 

B o l i v a r  

, Coahoma 
w 
N 
Ul 

For res t  

Hancock 

Harr ison 

Hinds 

Jackson 

i 

city/Area 

Na t c  he z 
Cran f ie ld  

Wright 

C1 eve1 and 

Clarksdal  e 

H a t t i  sburg 

- 

G u l f  Po r t  
H inderson 

Jackson 

Pascagoul a 

Company Type o f  F a c i l i t y  

Miss. PPlL Power P1 an t - O i  1 
CA. Company Natural  Deposits 

Greenwood U t i l .  

Hiss. P&L Power P1 an t -0 i  1 

Power P1 ant-Coal / 
O i l  /Gas 

C1 arksdale Pub. U t i l  . Power P1 ant-Gas/Oi 1 
Power P1 an t-Gas/Oil 

Miss. Power Co. 

Unknown 

Miss. Power Co. 
Greenwood U t i l  . 
Miss. Power & L igh t  
She l l  O i l  
cyso 
Chevron Chem. 

Std. O i l  -Kentucky 
F i r s t  Chem. Co. 

Power P1 an t - O i  1 

N.G. Processing 

Power P1 ant-Coa 
Power P1 an t-Coa 

Power P1 ant-Gas 
Natural Deposit 
Anmonia P lan t  
Armoni a P1 an t  
Ref i nery-FCCU 
Hydrogen P1 an t  
Hydrogen P1 an t  

Capacity/ 
Reserve 

66 MY 

23 PlbJ 

220 MW 

12 MW 
11 MI4 

77 r1w 

- 

/ O i l  1173 MN 
32 MW 

CO Q u a l i t y %  3 
3-12 

3-12 

3- 12 

3-12 
3-12 

3-12 

99 

15 
15 

333 MW - 
- 

1150 STPD 
294737 BPD 
109 MHSCFD 93 

98 - 

8-12 
77.16 
93 
38 

CO MMSCFD Comments Ref -2- - 
8.6 29% cap. 
0.34/m11 w/?S 

4.6 

23.9 

0.5 
0.5 

10.2 

1.9 

220.1 
9.0 

15.3 

13.9 
37.6 
11.5 
>27.2 
2.0 

- 

44% cap. 

27% cap. 

11% cap. 
13% cap. 

25% cap. 

Tulsa Pro. 
Quip. 

45% cap. 
44% cap. 

42% cap. 
White 81 

5600fBPD(KJJU t lapt a ee 

2 

2 

2 

2 
2 

2 

7 

2 
2 

2 
10 
7 
4 

18 
5 

3,41 



KEY TO CARBON DIOXIDE SOURCE !1AP 

Region I11 

l l I S S I S S I P P I  

Capacity/ 
Reserve 

177 MW 

30000 BPD 

95 MU 

38 111.1 

415000 TPY 

280000 TPY - 
- 
- 

238000 TPY 
- 
- 
- 

- 
- 
- 

Loun t y  

Jones 

Lamar 

Lauder- 
da le  

Lowndes 

Nadi son 

Rankin 

=Area 

Mosel 1 e 

Purv i  s 

Mer i d i an 

Jackson 

A r t e s i a  

Redwood 
Yazoo Ci ty  
V i r1  e l  i a - 
Brandon 

Company 

S. Miss. Power Co. 

&F1MSCFD Comments Ref - 

12.3 31% cap. 2 

3.0  145OOBPD/FKU 8,41 

Type o f  F a c i l  i t y  

Power P1 ant-Gas/Oi 1 

Q Q u a l i t y %  

8- 12  

Amerado-Hess Ref i  ncry-FCCU 

8.8 26% cap. 2 Miss. Power Co. 

Miss. P&L 

Power Plant-Oil/!% 8-12 

n- 12 Power P1 an t-Gas 13.5 42% cap. 2 

Texas I n d u s t r i e s  Cement P1 an t 85.0 3 

Cemn t P1 an t  
Chem. P lan t  
Ratural Deposit 
f latural  Deposit 

59.0 
3.4 
2.8/wdl  
12 /mil 

47.0 

10.0 /well 

6.0/&1 

- 

3 
9 
9 
10 

Niss. Va l ley  Por t la l id  
M i  scoa 
Conoco 
Texas Paci f i c 

3 
10 
10 

Marque t t e Cement 
Aurora Pet. 
Car te r  O i l  

Cement P1 an t  
Natural Deposit 
Natural Deposit 

t latural  Deposit 

- 
- 

99.2 
Busick #1 
2000 ppm HzS, 

Kersh #1 
1500 ppm HzS, 
cox #1 

99.2 9,lO Chevron 

12.0 2000 ppm H2S, 10 

6.0 3000 ppm HzS, 10 

20.0 1.5 ppm HzS, 10 

JA. Spann #1 

Denkman 62 

' Hauber #1 - 9.4% Hp 2 , 10 
Mashburn I1 

General Crude Natural Deposit 

Natural Deposit 

99.2 

95.2-98.0 

99. E 

65.3 

L ion  O i l  

She l l  O i l  Natural Deposit 



County 

Warren 

Washing- 
ton  

Yazoo 

city/m- Company 

KEY TO CARBON DIOXIDE SOURCE MAP 

Region 111 

M I S S I S S I P P I  

Capacity/ 
Res e r ve Type o f  F a c i l i t y  

V i  cksburg Miss. P&L Power Plant-Oil/Gas 1327 MI./ 

Greensvi 1 1 e Miss. P&L Power Plant-Oi 

Yazoo City bliss. Chem. Corp. Ammonia P lan t  
Yazoo City. Pub. Serv. Power Plant-Oi 

75 1 F4.J 

- 
/Gas 13 HI4 

I 
W 

I 
2 

3 CO Q u a l i t y %  

8-12 

3- 12 

- 
8-12 

3- CO MMSCFD 

80.0 

133.2 

11.1 
2.0 

Comments 

20% cap. 

54% cap. 

32% cap. 

Ref 

2 

2 

- 

8 
2 



County 

Barvour 

Fayet te  

Grant 
Hancock 

& Harrison 
W 
Iu 

Kanawha 

Wt3r/Area 

Mai dsvi 11 e 

- 
A1 loy 

M t .  Storm 
Newel 1 
Haywood 

- 
Bel 1 e 
Cabin Creek 
Charleston 

G l  asgow 

mdian Creek 
I n s t i t u t e  
Ma rme t 
Nitro 
St .  A1 bans 
S .  Charleston 

KEY TO CARBON DIOXIDE SOURCE MAP 

Region IV 

WEST VIRGINIA 

Capacity/ 
Company Type o f  Faci 1 i t y  Reserve CO, Qual i ty% 

L 

Monongahel a Power Plant-Coal 1152 MW 14.5 

Ashland Oil Natural Deposit 83 
Union Carbi de Ferro Alloy - 

Virginia Elec. & Power Power Plant-Coal/Oil 1662 t4W 14.5 

Monongahel a Power P1 ant-Coal / O i  l /  1363 14.5 
Quaker S t a t e  Hydrogen Plant  1.2 tWlSCFD 93 

Power Gas 

Cabot Corp. Natural Deposit - 51.8 
Cities Service Natural Deposit - 59.6 
Columbia Nat. Gas Natural Deposit - 68 
DuPon t Ammonia Plant 1200 STPD 98 
Appalachia Power Power P1 ant-Coal /Gas 170 HW 14.5 

t4.G. Processing - - 
Appalachia Power 
Col uinbia Gas 
Columbia Gas 
Union Carbide 
Liquid Air 
FMC Corp. 
Appal achi a Power 
FMC Corp. 
Union Carbide 

Power P1 ant-Coal / O i  1 
Natural Deposit 
Natural Deposit 
P l a s t i c s  
2 Ammonia Plants 
Industr ia l  
Power Plant-Coal/Oil 
Ammonia Plant 
Chemical s 

439 HI4 

130BscF 
- 14.5 

68 
66 

98 

14.5 
93 

- 
- 

CO MMSCFD 3- 

313 

2.8 
38 

459 
0.3 
66 5 

0.3 
0.4 
3.4 
22.8 
27.6 
20 

117 
3.4 
20 total 
19 
2 x 240 
33 
82 3 
48 
25 

Comments Ref 
61% cap. 2 

15tI-9 
Coa 1 16,6 

Fired 

56% cap. 2 
18 

112% cap. 2 

15 
15 
15 
5 

26% cap. 2 
Stearns 7 

572 cap. 2 

Coal Fired 16,6 

Rogers 

15 
10 

Coal Fired 16,6 
62% cap. 2 
Coal Fired 16,6 
Coal Fired 16,6 



C c 

KEY TO CARBOf4 DIOXIDE SOURCE MAP 

Region I V  

County city/Area Company 

!JEST V I R G I N I A  

Capacity/ 
Reserve Type o f  Fac i l  i ty 

Marion Graham Central Operating Co. Power Plant-Coal/Oil 1105 Mw 
R i  vesvi 11 e blonongahel a Power P1 an t-Coal / O i  1 / 109 

I Power Gas 
&I 
&I y~ Marshall Captina Ohio Power Power Plant-Coal/Oil 712 fJ 

Moundsv i 1 1 e A1 1 i ed Chemical Hydrogen P l  ant  1.8 W'lSCFD 

Natrium PPG Ammonia Plant - 
Ohio Power Power P1 ant-Coal / O i  1 1632 tlW 

Mason New Haven Appal achia Power Power P1 an t-Coal 1300 Mw 

P1 esants P1 esants Monongahel a Power Power P1 ant-Coal 2 x 626 MN 
S t .  f lary 's Monongahela Power Power P1 an t-Coal / O i  1 215 f1N 
Willow Is land Am. Cyanamid I n d u s t r i a l  

Preston A1 b r i g h t  Mononga he1 a Power Power Plant-Coal/Oil 287 MW 

Wetzel New Mart ins- Mobay Chemical Hydrogen P1 a n t  60 M-ISCFD 
v i l l e  

3 Qua l i t y% 

14.5 
14.5 

14.5 
98 
14.5 
98 

14.5 

14.5 

14.5 

98 

CO, - MMSCFD Comments Ref 
259 65% cap. 2 
41.5 65% cap. 2 

219 
0.6 
46 1 
76 

63 
10 

108.7 

20.9 

65% cap. 2 

59% cap. 2 
Coal F i red 16,15,6 

596 

on 1980 2 

on 1979,80 2 
56% cap. 2 
Coal F i red 16,6 

73% cap. 2 

Lunanus 5 96 



KEY To POTEWTIAI; co2 soUm3s n 
IN THE ms ANGELFS BASIN 

a3 MMSm -2 
Available CarPnitted Quality % c02 Major O i l  Re f ine r i e s  

1. Chevron #1 
chevron #2 
chevron #3 

-- 13.5 
7.9 

12.2 

99+ 
93+ 
7% 

2. mbil 5.2 

3. union 5.2 

4. Shell (No H2 plant) 

5. Shell (No H2 plant) 

6. A r c 0  3.9 

-- 
--- 

-- 7. Texaco 

8. Gulf -- 
81 

99e 

m n i a  P l a n t  

collier (Union Oil) 5.2 

19.5 57.9 

Potential co2 
MMSCFD 

No. of 
Pow3 Plants Large B o i l e r s  Megawatts 

667 75.9 

1 ,020 

1 , 310 

162.1 B. Edison, E l  Segundo 4 

C. Edison, Redondo 4 

D. TAMPr  H a r b o r  None I 

1,950 

1 I 599 

835 

312.2 

303.5 

150.0 G. Edison, Huntington Beach 4 

7 I 381 
-334- 
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INTRODUCTION 

Pul lman Kel logg , under Contract EX-76-C-01-2515, 

has agreed to study for the Department of Energy 

the use o f  Carbon Dioxide as an agent for enhanced 

o i l  recovery. 

sources of natural ly occurr ing carbon dioxide w i  I I 

be identif ied. 

As one of the tasks in this study, 

National Cryo-Chemics, Inc. possesses extensive 

background in the production and marketing of 

carbon dioxide by v i r tue of the experience of 

Mr.  John M. McNeiII in these areas. Thus National 

Cryo-Chemics, Inc. can assist Pullman Kellogg w i th  

identification of natural sources of carbon dioxide. 

-339- 



OBJECTIVES 

The overal l  objective of the work to be  performed by 

National Cryo-Chemics, Inc. i s  to provide Pullman Kellogg pro- 

fessional assistance wi th  the identification and quantification of 

natural sources of carbon dioxide. 

Geographical Regions in which the natural sources of car- 

bon dioxide are to be identif ied w i l l  include the following four 

reg ions : 

1.  

II. 

111. 

JV . 

Wyoming, Northern half Utah, Northern half Colorado. 

Southern half Utah, Southern half Colorado, New 

Mexico, Western half Texas. 

Eastern Texas, Louisiana and Mississippi. 

Kentucky, Ohio, Pennsylvania, Virginia and West 

Virginia.  

In addition to source location, information to be furnished 

for each source should include: 

1 .  A qualitative descript ion of the source including the approx- 

imate content of: carbon dioxide, methane and other hydro- 

carbons, sulfur compounds -- including hydrogen sulfide, 

iner t  materials such as nitrogen, and water content. The 

average values of components reported for a source should 



\ 

be a weighted average in accordance wi th  expected flow rates 

and analysis from individual wells, whenever this information 

Is available. 

2. The flow rate expected from the source and an estimate of 

possible reserves. 

3 .  The pressure of the gas at  the source and any information 

relat ing to its expected decline. 

4. Depth of the source (average). 

5. Number of wells per source, and estimated miles of collection 

piping. 

-341- 



MAIN OBSERVATIONS AND FINDINGS 

0 The information presented in this report  is  based upon 

data gathered from drilling experience, geological, engineering 

and production estimates of reservoir size and production rates. 

Because most of  the information i s  based on paper calculations of 

exploratory drilling and geologic interpretations, it i s  subject to 

question. 
1 

e Within many of  the concerns contacted there i s  a disagree- 

ment as to how the i r  properties should be produced. Th is  w i l l  

have a definite effect on the economics o f  the project(s) . 

0 In some cases, in the areas studied, mention i s  made of  

fields which do not meet the selection cr i ter ia  but which might 

hold interest as a source for a small localized EQR project. 

e The concern of the time lag and the cost of same between 

inception of the project and init iation of cash flow from produced 

oi l  (7 years) was universal ly voiced. 

0 No consideration has been publ ical ly g iven to the market 

value of the carbon dioxide co-produced w i th  natural gas. 
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0 In areas of high purity (98% min.) carbon dioxide, w i th  

the exception of  Mississippi, the only surface treatment necessary 

w i l l  be the dehydration of the gas produced. 

0 No attempt was made to estimate the amount of  surface col- 

lection pipe needed at the various areas covered since the spacing 

and del iverabi l i ty  of the wells has not yet  been determined. 

0 Some of the structures under pi lots in West Texas are not 

taking the carbon dioxide as rap id ly  as designed. If th is becomes 

an established fact, the dai ly requirements w i l l  have to be down- 

scaled. 

0 New Mexico i th on11 state that ha established ani minimum 

spacing for C02 production, Th is  i s  160 acres. A l l  of the other 

states seem to be leaving It up to the developers of  the resource to 

establish their own minimums. 

0 There i s  concern on the behalf of those companies that could 

be on the eastern pipeline as to the supply of  power for compression 

purposes. 
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REGION I: - Wyoming, the northern hal f  of Utah, and the northern n 

half of Colorado, The southern boundary for this region was arbi- 

t ra r i l y  selected as latitude 39' north. 

WYOM I NC 

This  state has only one large reserve of natural carbon 

dioxide which would be suitable for oil recovery purposes. That 

i s  the Church Buttes Uni t  located near the center of the Green 

River Basin in Unita and Sweetwater counties in the southwestern 

part  of  the state, The gas analysis as presented below indicates 

that this Unit  represents an  interesting Helium prospect. 

The part iculars on this area are as follows: 

Estimated Reserves 

Gas Composition: 

Carbon Dioxide 

Nitrogen 

H yd roca r bons 

Hydrogen Sulfide 

Helium 

We1 I Flow Rates 

Well Flow Pressure 

7.2 Tr i l l i on  SCF 

P3 
8 8 . 3 8 %  

5.61% 

8.68% 

2.09% 

0.24% 

10.5 MMCFD 

15 psig 

The production was from the Madison structure. Well costs 

were $3,050,000 in 1975 dollars. 
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Two additional areas of the state were investigated and 

both have no carbon dioxide of significant quantity to be con- 

sidered as source potentials. They are the Hamilton Dome Area 

in Hot Springs county and The B ig  Piney Field in Sublette county. 

NORTHERN UTAH 
~~ 

The northern par t  of the state has tested high purity carbon 

dioxide in several locations. There are two tha t  would meet the 

selection cri teria. 

The Gordon Creek Area of Carbon county i s  the largest in 

the area. Estimated reserves are,thought to be in the 1.3 t r i l l i on  

to 2 t r i l l i on  cubic feet range, This  area i s  one that, as yet, has not 

been dr i l led  in order to delineate and define the exact size and loca- 

tion of the reservoir.  The gas tested to date has analyzed: 

Carbon Dioxide 99.5% 

Oxygen 0.1% 

Hydrocarbons 0.4% 

Hydrogen Sulfide - 0- 

The expected flow rates and pressures by producing the 

Sinbad and Coconino zones would be 16 MMCFD at pressures in 

excess of  3500 psig. The wel l  depths would have to be greater than 

12,000 feet and would cost in the range of $1,250,000 (1978) each. 
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FARNUM DOME AREA 

The Farnum Dome Area located approximately 25 miles 

due east of Gordon Creek in Carbon county has gas wi th  the 

following analysis: 

Carbon Dioxide 98.6% 

Nitrogen 0.8% 

Hydrocarbons 0.6% 

Hydrogen Sulfide - 0- 

The wells which were tested flowed at rates of  between 

10 and 50 MMCFD. The i r  depths are in the 3000 to 5000 foot 

range. No information was available regarding their flow pres- 

sures. Thei r  shut-in pressures va ry  between 1000 and 1500 psig.  

The reservoir size, based upon available information, i s  

estimated to be 200 b i l l i on  cubic feet. The structures tested 

were the Navajo, Sinbad, Kaibab and Coconino. 

NORTHERN COLORADO 

There has been much speculation about th’e carbon dioxide 

at the McCallum Unit  in the North Park Field in Jackson county. 

It has been estimated that there might be as much as 200 b i l l ion 

cubic feet of gas in the Unit. The operators deny any such size 

reservoir and state unequivocally that their  maximum production 

would be in the 10 to 12 MMCFD range wi th  reserves totaling no 

more than 50 bi l l ion cubic feet. 

n 
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When first dri l led in the late twenties, the gas analyzed: 

Carbon Dioxide 92.0% 

Nitrogen 3.0% 

Hydrocarbons 5.0% 

Hydrogen Sulfide -0- 
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REGION 11: - The southern half of  Utah and Colorado. The state 

of New Mexico and the western half of  Texas. The boundary used 

to separate Utah and New Mexico was latitude 39' north. 

SOUTHERN UTAH 
~~~ ~ 

The Paradox Basin Area in San Juan county has tested 

gas w i th  a carbon dioxide content ranging between 92 and 97%. 

This  information was generated during the drilling o f  s i x  wells 

in the 1950's. Because of the lack of  interest in carbon dioxide 

at that time, the test data is  not complete. However, it does 

give an indication of  the presence and size -- 1 t r i l l i on  cubic feet - 
of the carbon dioxide reservoir.  The average gas analysis of 

the wells d r i l l ed  was: 

Carbon Dioxide 93.6% 

Nitrogen, Oxygen 5.3% 

Hydrocarbons 2.1% 

Hydrogen Sulfide -0- 
! 

The wells were dr i l led  to depths of 6900 to 8100 feet. Flow 

rates var ied from 2 MMCFD to 40 MMCFD. The wells were d r i l l ed  

to the Leadvil le formation 

The Escalante Area, Garfield county, has been mentioned 
\ 

as a possible major source of  high purity carbon dioxide. The 

n 
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average analysis of two wells d r i l l ed  in the area is: 

Carbon Dioxide 94.6% 

Nitrogen, Oxygen 3.9% 

Hydrocarbons 1.3% 

Helium 0.2% 

Hydrogen Sulfide - 0- 

The flow rates ranged from 1 MMCFD to 24 MMCFD, 

SOUTHERN COLORADO - SOUTHWEST 

The McElmo Dome Area in Montezuma county and the Dove 

Creek-Doe Canyon Area In Dolores county are the two areas of 

greatest potential in Southwestern Colorado. Montezuma county 

has experienced the greatest amount of act ivi ty to date. Significant 

f inds of high qual i ty carbon dioxide have been reported by the two 

majors - Shell and Mob11 - who have been drilling there. Shell's 

drilling efforts have been less successful on a well-for-well 

b k i s  since they have been doing more delineation drilling. To 

date, MobiI has dr i l led  only in Montezuma county while Shell has 

also gone into Dolores county. 

The area seems to be very  r i c h  in hlgh purity carbon dioxide. 

It i s  impossible to accurately estimate the size o f  the reserve due to 
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the confidentiality placed on this information by the companies 

operating in the area. We believe it to contain 3 - 5 t r i l l i on  cubic 

feet of a 99% carbon dioxide, 1% nitrogen. There was no hydrogen 

sulfide in the stream. 

The wel l  depths have been between 8,000 and 9,000 feet. 

They have flowed at rates between 6 MMCFD and 37 MMCFD, 

with flow pressures in the 600 to 800 ps ig  range from the 

Missippian. There has been no decision as to what the eventual 

production rate of these wells w i l l  be but many feel that i t  w i l l  

be in the 5 MMCFD to 10 MMCFD range. Both companies are 

leaning to 640 acre spacings. The Federal Government has es- 

tablished 25,000 acres as a unit size. The estimated wel l  cost 

in the area i s  $750,000 (1977). 

SOUTHERN COLORADO - SOUTH CENTRAL 

The Sheep Mountain Range Area located in Huerfano county 

has been the center of the carbon dioxide play in this par t  of the 

state. Arc0 has dr i l led 21 wells to date and feel that they have 

delineated their  reserves, which are estimated to be 1 to 2 t r i l l i on  

cubic feet. Thei r  drilling has followed 160 acre spacings. The i r  

well  cost i s  estimated at $600,000 (1977). 



The gas composition i s  98% Carbon dioxide w i th  the bal- 

ance being made up of Nitrogen and Methane. As in the western 

part  of the state, the gas is  free of hydrogen sulfide. Well head 

pressures are in the 400-600 ps lg  range. They w i l l  produce 

from the Dakota and Entrada sands at 3500 to 6500 feet. The well  

del iverabi l i ty i s  expected to be in the 5 MMCFD to 8 MMCFD range 

wi th  640 acre spacings. 

SOUTHERN COLORADO - SOUTHEAST 
). 

The Grande Area in Las Animas county east of Sheep Mountain 

i s  thought to contain significant quantities of  natural carbon dioxide. 

The area was or ig inal ly d r i l l ed  in the 1940's and has been semi- 

active since then. Gas analyses, run during 1974 drilling into the 

Glorietta sand indicated the following composition: 

Carbon Dioxide 98.2% 

Nitrogen , Oxygen 1.4% 

? e:, Hydrocarbons 0.4% 

Hydrogen Sulfide -0- 

Flow rates and pressures were not measured but  are thought 

to be low. There i s  an estimated 1-2 t r i l l i on  cubic feet of gas in the 

formation. The del iverabi I 

low. The wells d r i l l ed  are 

in the 150 ps ig  range. 

ty and wel l  head pressures seem to be 

1800 feet deep with bottom hole pressures 
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INEW MEXICO 
I 

The Northeast Area i s  the only part  of the state known to 

have large quantities of natural ly occurr ing carbon dioxide, These 

deposits are belleved to be located fn Union, Colfax, Harding, Mora 

and San Miguel counties. 

Three majors have dr i l led  in the area wi th  Amoco being the 

only one to achieve success. Mobil has given up on the Wagon 

Mound Area and Cities seems very  disenchanted wi th  their two wells 

at Turkey Mountain. t 

The only data available regarding the area would be Amoco's 

findings, some of which are  st i l l  held confidential. They have 

dr i l led  32 wells in Union and Harding counties and have completed 

21 of them as producers. The gas analysis (average) was: 

Carbon Dioxide 99.0% 

N I trogen 1.0% 

Hydrogen Sulfide - 0- 

Flow rates were in the 0.9 MMCFD to 1 . O  MMCFD range at  

well  head pressures of 100-150 psig. The wells were dr i l led  to 

depths of  2400 to 2900 feet. The estimated cost of each well  i s  

$1 75,000 completed. 

New Mexico i s  the only  state studied that has established a 

minimum wel l  spacing which i s  160 acres. From a production point 

of view, It most l ikely w i l l  be 320 acres. 



! u  

The acreage under lease in this area, pr imar i ly  for carbon 

dioxide production, i s  about 2 mi l l ion acres. Estimates of  the size 

of the reserve have var ied since there i s  so l i t t le known of  the vast 

area. The quantities mentioned most frequently are between 3 and 

10 t r i l l i on  cubic feet. We believe it to be in the 6 to 10 t r i l l i on  range. 

A l l  of the f irms that purchased leases in the area are of the 

belief that commercial (pressure-volume) quantities of  carbon 

dioxide can be produced on the East and West side of the Sangre 

de Cristo Arch. T o  date, the East appears to be the better position. 

The production in the area i s  from the Triassic Santa Rosa sandstones, 

the Permian Glorietta sandstone, and the Permian AB0  (Tubb) Arkoslc 

sandstones. 

WEST TEXAS 

The only large quantities of  natural carbon dioxide in th is  area 

are already committed to the SACROC Project. Th is  gas is  a by-product 

of the production of natural gas in the Val Verde Basin. 

The Elslnore Field in Pecos county presently i s  producing 

40-50 MMCFD of C02 from a natural gas stream. The l i fe o f  the f ie ld 

is  not expected to be more than 8 to 10 years which precludes i t  from 

consideration as a source. The carbon dioxide represents 47% o f  the 

gas in the reservoir which i s  estimated at 70 b i l l i on  cubic feet. 

There i s  some co-produced carbon dioxide in the Panhandle bu't 

it i s  too small a quanti ty for o i l  recovery uses. It also would be v e r y  

expensive to cot iect . 
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REGION 111: - Eastern Texas, Louisiana and Mississippi. 
n 

EAST TEXAS 

Based upon the cr i ter ia established for this study, there 

are no candidate wells, f ields o r  areas of natural carbon dioxide 

in this area. There i s  some produced wi th  and vented from gas 

operations in the Ki lgore Area. However, the quantity i s  too small 

to warrant any further study. 

Any natural carbon dioxide required for Enhanced Oi l  

Recovery activit ies in this area w i l l  have to be brought in from 

Mississippi. 

LOUISIANA 

Unfortunately, Louisiana does not have any significant 

natural carbon dioxide. Within the state there are many fields 

which might be candidates for C02 injection. However, as in the 

case of East Texas, the natural carbon dioxide would have to be 

piped in from Mississippi. Most of the flood candidates are located 

along the Gulf  Coast so a common carr ier  pipel ine could supply 

both areas w i th  the gas. 

M ISSl SS I PPI 

The major high purity natural carbon dioxide deposits in 

Mississippi are located in Rankin and Madison counties in the 

central par t  of  the state. There have been some f inds in Hinds 
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county but they are lower in carbon dioxide content. 

The reservoir  i s  in the shape of  an elongated peanut lying 

northwest to southeast. The higher purity gas l ies In the northern 

port ion of the reservoir.  The extreme southern port ion contains 

high concentrations of hydrogen sulfide and hydrocarbons. 

The information presented in this study w i l l  be based upon 

the northern sector since the lower qual i ty gas to the south requires 

an economic justif ication for the separation and sale or disposition 

of the gases other than carbon dioxide. The average gas analysis 

of several wells dr i l led is: 

Carbon Dioxide 99.0% 

H yd rOca r bons 0.4% 

Nitroden, Oxygen 0.6% 

Hydrogen Sulfide Less than 2OOLppm 

The flow rates of the wells tested var ied from 12 MMCFD to 

21 MMCFD, at pressures ranging from 2200 ps ig to 3600 ps ig  . The 

wells' depth ranged from 15,000 to 17,000 feet. Production was from 

the Norphlet and Smackover formations. 

The estimated cost to drill and complete a wel l  for CO2 pro- 

duction i s  $2,600,000 (1978). Production from such wel l  would be 

12 to 15 MMCFD at flow pressures in the 2500-3500 ps lg range. 
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A conservative estimate of the reservoir size i s  a minimum 

of 3 t r i l l i on  cubic feet of  the higher qual i ty gas. No attempt was 

made to estimate the amount of carbon dioxide that could be co- 

produced w i th  hydrogen sulfide and methane. The feeling in the 

Colony" i s  that there w i l l  be an ample supply o f  this high 

purity gas and that the operators w i l l  not have to go to the additional 

expense of producing and separating the lower qual i ty carbon dioxide. 

Shell Is about to drill their second C02 wel l  in an effort to 

delineate the southern boundary o f  the structure under their leases. 

Thei r  f i r s t  "Carbon Dioxide Well" d r i l l ed  in May, 1978, flowed 20.5 

MMCFD at 3566 psig. The gas composition was: 

Carbon Dioxide 99.1% 

Nitrogen 0.5% 

Methane 0.4% 

Hydrogen Sulfide 1.5 ppm 
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REGION IV: - Kentucky, Ohio, Pennsylvania, Virginia and West 

V i ig in ia ,  

WEST VIRGINIA 

The two counties in the state that have natural carbon dioxide 

are Kanawha and Fayette. 

The Indian Creek Field located in Kanawah county has large 

deposits of a carbon dioxide-natural gas mix. Columbia Gas Is  de- 

veloping this property for both the C02 and natural gas. They 

expect to produce 200 b i l l ion cubic feet of gas over the next 20 years. 

The composition of this gas Is: 

Carbon Dioxide 66% 

Nitrogen 4% 

H yd roca rbon s 

Hydrogen Sulfide Trace 

30% 

The ease of handling the co-produced natural gas in their 

d istr ibut ion system makes this a ve ry  attractive project. 

They plan to produce 30 MMCFD of gas to net them 20 MMCFD 

of carbon dioxide for their recovery project at Granny Creek. They 

hope to maintain this level of production for  a minimum of 14 years. 

These 

be from 

The well  costs are estimated at $450,000 (1978) each. 

wl l l  be dr i l led  to depths of 6600 to 7000 feet. Production w i I  
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the Tuscarora formation at the rate o f  2 MMCFD per well. Using the 

gas analysis this would resul t  in a producible reserve f igure of 130 

bi l l ion cubic feet of carbon dioxide. 

The commercialization of  the carbon dioxide (83%) , nitrogen 

(2%), and natural gas (15%) in Fayette county is  rel iant upon the 

regional needs for carbon dioxide. This  most l ikely w i l l  not be de- 

veloped until the Indian Creek Field's C02 production i s  totally 

committed . 

KENTUCKY, OHIO, PENNSYLVANIA & VIRGINIA 

Al l  of these states do not have any significant quantities of  

natural ly occurring carbon dioxide. 
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cs OTHER AREAS: - Oklahoma, Arkansas. 

Nothing was found of any significance in these two states. 

Again, the 50 MMCFD requirement was used in evaluating the areas. 
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APPENDIX A3. AREAS REPFUYI'ED To HAW SIGNIFICANT C02 DEPOSITS 
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I 
W m 
I 

S T A T E  F I E L D /  
LOCAT I O N  

c 
AREAS R E P O R T E D  T O  HAVE S I C R f P f C A l T  C 0 2  D E P O S I T S *  

E X P E C T E D  EXPECTED** E X P U C T E D  CAS P R O D U C T I V E  RANGE 0 1  EXPECTED** 
COMPOS I T  I O N  S T R A T  I G R A P H I C  I N I T I A L  S U S T A I N E D  RANGE OF RANGE OF WELL 
MOLE PERCENT U N I T S  P O T E N T I A L 5  D E L I V E R A B I L L T Y  S H U T  I N  

M S C F D  MXSCFD WELLHEAD FLOWING FEET 
I N  I T  I AL D E P T U S  

P R E S S U R E S  WELLHEAD 
P S I G  P R E S S U R E S  

P S I G  

2200-2000 600-050  6000-0000  COLORADO UCELMO DOME AREA,  >96% CQ L E A D V I L L E ,  5-37 3-12 
( S O U T H W E S T )  DOVE C R E E K ;  BAL AN c ~2 E L B E R T  

2 
MONTEZUMA AND N 
DOLORES C O ' S .  

COLORADO S H E E P  MOUNTAIN 96-99% C 0 2  DAKOTA, 3-44 3-12 
(SOUTH C E N T R A L )  AREA; HUEKFANO BALANCE ENTRADA 

co. '42 .  CHq 

SMACKOVER, 5-20 4-16 M I S S I S S I P P I  J A C K S O N  DOME AREA 70-99% CO 
( C E N T R A L )  RANKIN 6 MADISON UANY WELLS NORPHLET 

cos. ,98X CO 
NAY C O N ~ A I N  
FROM TRACE T O  
10% H2S 

700-1100  200-700 3400-  1000 

4000-6500  2000-4000  12000-17000 

.1500-2000 NEW MEXICO H A R D I N G ,  U N I O N ,  92-99 .73  COz T R I A S S I C -  .5-6 . l-2.0 2 50-700 50-500 
( N O R T H E A S T )  MORA, COLFAX C O S .  BALANCE N 2  SANTA ROSA 

P ERXLAN- 
C L O R L E T A ,  TUBB 

UTAH GORDON CREEK AREA;  91-9932: C o g  S I N B A D ,  5-16 NA 
( C E N T R A L )  CARBON CO. BALANCE 

N 2 .  CH4 
COCON I N  0 

NA UTAH FARNHAH DOME AREA;  98:: CO2 NAVAJO,  2.0-16 
(SOUTH WEST ) CAHHON CO. S I N B A D ,  

K A I B A B  

WEST VIPG!NIA F A Y E T T E  & 20-60% C 0 2  TUSCARORA . 5 - 5  .l-2 
(SOUTR C E N T R A L )  KANAWHA C O S .  BALANCE N2. C B 4  

WYOMl NC CHUHCH J U T T E S  83-86% CQ2 MAD I SON 2-10 ' 2-6 
( S OUT11 WES T ) AREA;  V I N T A  6 2 %  H S 

SWCETWATER C O S .  BALABCE u 2 ,  cuq 

* ::AT:. FRESEWTFG ~ , r ~ i ( t l R  15 I N S U F F L C I E N T  FOR RBSEHVE E S T I H A T I O N  
** t l I G l l L Y  S P E C U L A T L V E ;  REQULRES S U S T A I N E D  PRODUCTION H I S T O R Y  FOR C O N F l R l U T I O N  

11000-12000 3900-4200  NA 

1000-1500  NA 2000-5000 

800-2900  NA 6000-9000 

NA . LOW 10000-19000 



n 

APPENDIX B. 

THE ASSOCIATED COSTS FOR 

C02 RECOVERY AND TRANSPORTATION 

n 
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APPENDIX B 1 .  

BASIS O F  ESTIMATES FOR INVESTMENT COSTS 

TYPE OF ESTIMATE 

A n a l y t i c a l  es t imate  of t o t a l  investment  costs,  w i t h i n  
Process U n i t  B a t t e r y  L i m i t s ,  (U.S. Gulf Coast L o c a t i o n ) .  

DATE OF ESTIMATE 

The t o t a l  i nves tmen t  c o s t s  r e f l e c t  a 4 t h  Q u a r t e r ,  
p r i c e  l e v e l .  

1978 

GENERAL BASIS OF ESTIMATES 

A number of base case estimates th roughou t  t h e  r a n g e  o f  
s t u d y  w i t h  b a l a n c e  of estimates c a p a c i t y  p r o r a t e d .  

BASIS OF BASE CASE ESTIMATES 

EQUIPMENT (Direct) 

Budget Q u o t a t i o n s  Obtained by Eng inee r ing :  

Pumps, compressors  and d r ive r s  
( e x c l u d i n g  small  motor d r i v e r s )  
S p e c i a l  Equipment 

Inhouse  E s t i m a t e s :  

Exchangers  
Towers  
Drums 

BULK MATERIALS (Direct) 

F a c t o r e d  by C l a s s  

FREIGHT 

F a c t o r e d  

I N  PLACE SUBCONTRACT 

Equipment: As Direct E,quipment Above 
Bulk Materials: F a c t o r e d  by Class  
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EXCLUSIONS FROM ESTIMATES 
n 

.Sa l e s  & Use Tax 
Impor t  D u t i e s  
Ocean F r e i g h t ,  Marine I n s u r a n c e  
Othe r  Costs (License Fees ,  R o y a l t i e s )  
I n t e r e s t  During C o n s t r u c t i o n  
Forward E s c a l a t i o n  
Land Costs 
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APPENDIX B2. 

BASIS OF OPERATING EXPENSES 

UTILITY COSTS 

Electric Power @ $. 035/KWHR 

Cooling Water @ $O.O2O/MGAL 

Fuel Gas @ $2.OO/MMBTU 

Selexol @ $1.00/~~ 

Steam 900 psig & 900°F @ $2.80/MLBS 

175 psig & 600°F @ $2.74/MLBS 

75 psig & 500°F @ $2.38/MLBS 

900 psig ti 900°F @ $3.80/MLBS 

INDIRECT COSTS 

Operating Labor - 1 Man Per Shift @ $9.00/HR ( 3 )  

Operating Supplies - 30% of Operating Labor 
Supervision and Overhead - 100% of Operating Labor 
Maintenance and Labor - 3.5% of Total Plant Investment Cost 
State and Local Taxes - 3.0% of Total Plant Investment 

Cost and Insurance 

Total Operating Cost = Utility Cost + Indirect Cost 

(l’Steam cost based on coal fired steam boiler, and coal price 

(*)Steam cos t  based on gas fired steam boiler, and gas price 

(3)8160 hours of operation (340 days) per year are assumed. 

Of 50  $/MM BTU LHV. 

of $Z.OO/MCF delivered. 
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APPENDIX B3.1 

COST OF CARBON D I O X I D E  BY THE 

DISCOUNTED CASH FLOW RATE OF RETURN METHOD 

The de termina t ion  of  annual revenues ( i .e.  costs)  by t h e  

method of a f i x e d  d iscounted  cash flow ra te  of r e t u r n  (DCFRR) 

i s  d i scussed  below. 

throughout  t h e  p r o j e c t ' s  l i f e  and a d j u s t s  t h e i r  t ime-value t o  

one f i x e d  t i m e .  The f i x e d  r e f e r e n c e  p o i n t  used i n  all t h e  

DCFRR c a l c u l a t i o n s  below i s  t h e  i n i t i a l  t i m e  a t  which f u l l  

p roduct ion  i s  achieved ( a f t e r  s t a r t - u p ) .  

economic a n a l y s i s ,  fou r  DCFRR's of  lo%, 15%, 20% and 25% are 

c a l c u l a t e d .  

BASIS FOR CALCULATIONS 

1. 

2. 

3. 4 8 %  f e d e r a l  income t ax  r a t e  

4. 1 0 0 %  e q u i t y  c a p i t a l  (no d e b t )  

5. 

This  method inc ludes  a l l  cash  f lows 

For a complete 

20 yea r  p r o j e c t  l i f e  ( a f t e r  s t a r t - u p )  

20 yea r  s t r a i g h t  l i n e  d e p r e c i a t i o n  

Yearly s ta te  and loca l  t a x  p l u s  insurance  i s  equal  t o  

3% of c a p i t a l  investment  

6. Discrete i n t e r e s t  

7. The sa lvage  v a l u e  i s  zero  

8 .  340 days of ope ra t ing  t i m e  per  year  

-366- 



, 

I 

DEFINITION OF TERMS 

>i = Yearly Revenue ($/YR) 

0 = Yearly Operat ing Costs ($/YR) 

S = S t a r t - u p  Costs ( $ 1  

I = T o t a l  P l a n t  Inves tmen t  ( $ )  

W = Idorking Capital ($)  

F = Yearly G a s  Flow R a t e  (MMSCF/YR) 

G = G a s  C o s t  ($/MMSCF) 

D e r i v a t i o n s  of t h e  lo%, 1 5 % ,  20% and 25% DCFRR e q u a t i o n s  

are shown i n  T a b l e s  B3.1 - B3.4. From these t ab le s ,  t h e  equa- 

t i o n  f o r  t h e  cost  of C 0 2  ($/MMSCF) a t  t h e  specif ied DCFRR 

are  t h e  f o l l o w i n g :  

0 + 0.18371 + 0.1175s -t 0.1922W 
F a t  1 0 %  DCFRR, G = 

0 + 0.30721 + 0.1598s + 0.2884W 
F a t  15% DCFRR, G = 

0 + 0.42771 + 0.20548 + 0.3847W 

0 .t 0.56201 + 0.25306 + 0.4810W 
F 

F 

a t  2 0 %  DCFRR, G = 

and a t  25% DCFRR, G = 

-367- 
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1 7  
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Tot n l  E 

( A )  

yx~~4u 
CAS 

-- 
X 

X 

X 
X 
X 
X 

X 

X 

X 

X 

X 
X 

x 
X 
X 

X 
X 

X 

X 

X - 

20x 

S 

N 
N 
N 

N 
N 

N 
N 

N 

N 

N 
N 

N 
N 

N 
N 
N 

N 
N 

N 

N 

20NiS 

UEPRECI AT1 ON 

--- 
0.051 
0.051 

0.051 
0.051 
0.051 
0.051 
0.051 
0.051 

0.051 
0.051 
0.051 
0.051 
0.051 
0.051 

0. 051  
0.051 
0.051 
0.051 
0.051 

0.091 

1 .VI  

APPENDIX 83.1 

TABLE 83.1 

DISCOUNTED CA2Il FLOW FOR RATE OF RETURN AT 10L 

(D) (E) (F) (C) 
NET INCOME 

TAXA8I.E INCOME AFI'ER F . I . T .  CASH FLOW 
= A-9-C t . 5 2 )  x D INVEBI'HENT = C + E - F 

- S  

X-N-0.051 

X-N-0.051 
X-N-0.051 

X-N-0.051 
X-N-0.051 

X-N-0.051 

X-N-0.051 

X-N-0. 051 
X-N-0.051 
X-N-0.051 

X- N- 0.0 5 I 
X-N-O.O51 
X-N-0. 051 
X-N-0.051 
X-N-0.051 
X-N-0.051 

X-N-0.051 
X-N-0. 051 

X-N-0.051 

-0.52s 

.52X-.52N-0.0261 

.52X-. 521-0.0261 

.52X-. 52N-0.0261 

.52X-. 52N-0.0261 

.52X-.52N-0.0261 

.52X-.52W-O.0261 

.52X-.52N-0.0261 

.52X-.52N-0.0261 

.52X-.52N-O.O2bI 

.52X-.SZN-O.OZbI 

.52X-. 52N-0.0261 

.52X-. 5213-0.0261 

.52X-. 52N-0.0261 

.52X-. 52N-0.0261 

.52X-.52N-0.0261 

.5ZX-.52N-0.0261 

.52X-. 52N-0.0261 

.52X-. 52N-0.O261 

.52X-.52N-0.0261 

-0.52S-( 1+0-1)1-W 

0.52(X-N)+0.0241 

0.52(X-N) b0.0241 

0.52(X-N)+0.0241 
0.52(X-N)+0.0241 
0.52(X-N)+0.0241 

0.52(X-N)t0.0241 

0.52(X-N)+O.U241 

0.52(X-N)+0-0241 

0.52(X-N)+O-0241 
0.52( X-N)+0-0241 
0. 52(X-N)+Om 0241 

0.32 (X-N) +0. 0241 
0.52( X-N)t0.0211 

0.52 ( X-N) t 0  - 0241 
0.52(X-N)rO.O241 
0.52(X-N)+0.0241 

0.52(X-N)t0.0241 
0.52(X-N)+0.0241 

0.52(X-N)t0.0241 

X-N-0.051 -5225:. 52N-0.0261 -W 0.52(X-N)tV.0241+W 

(I4IFF) I 10.4(X-N)-(0. 5240. ? ) I  2OX-20N 10.4X-10.4N 
-0.521-0.528 -0.52s -I-s 

1.oM)o 
0.90909 
0.8265 

0.7513 
0.61330 
0.6209 

0.5b45 

0.51 32 
0.4665 

0.4261 
0.3855 
0.3505 
0.3186 

0.2897 

0.2633 
0.2 394 

0.2176' 
0.1978 
0.1799 

0.1635 
0.1486 

- ( I  .1)1-0.52S-W 

0.4727(X-N)+0.02181 

0.430(X-N)+0.019RI 

0.391 (X-N) b0.01801 

0.355(X-N)+0.01b41 
0.323(X-N) b0.01491 

0.294(X-H)+0.0135l 
0.2b7(X-N)r0.01231 
0.243(X-N)+0.01121 

0.221 (X-N)+~.IJIOZI 
0.200(X-N)+0.00921 
0.182(X-N)tU.WRIII 

0.16b(X-N)+U.007bI 
0.1 51 (X-N)+O. 00701 
0. I37(X-N)+~.00631 

0. 124( X-N)+O. W 5 1 1  
0. 113(X-N)tO. W 5 2 1  
o.lq3(X-N)tb.00471 

0.094( X-N) 40.00421 

0.08S(X-N)+0.00391 
0.077(X-N)40.W3oI+O. 148611 

4.4287( X-N) +0.89601-0.52S 
-0.851W 
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INC CO.ST - 

S 

N 
N 

N 

N 
N 

N 

N 
N 

N 
N 

N 

N 

N 

N 

N 

N 

N 
N 

N 

20N I S 

APPENDIX 63 .1  

TABLE 63.2 

DISCOUNTED CASU FLOW FOR RATE OF RETURN AT 15% ___- 

( C )  ( D) (E)  (F) (C) (11) (1)  

DEPRECIATICN = A-R-C 1.52) x D INVESTMENT = C 4 E - F 1 CC) x (11) 

NET INCOME 
TAXAB1.E INCOME AFTER F. I . T .  CASH F1.W DISCOUNT FACTOR DISCOUNTED CAS11 FIAY 

----- 
0.051 
0.051 
0.051 
0.051 
0.051 
0.051 
0.051 

0.051 
0.051 
0.051 
0.051 
0.051 
0.051 
0.051 
0.051 
0.051 
0.051 
0.051 
0.051 
0.051 ___ 

-S 

X-N-0.051 
X-N-0.051 

X- N-0 .05 I 
X-N-0.05 I 
X-N-0.05 I 
X-N-0.051 

X-N-0.051 

X-N-0.051 
X-N-0.051 

X-N-0.051 
X-N-0.051 

X-N-0.051 

X-N-0.051 

X-N-0 .05 I  

X-N-0.051 
X-N-0.051 
X-N-0.051 

X-N-0.051 

X-N-0.051 

X-N-0.05 __ 1 

-0.52 (1+0.15)I+W 
.52X-.52N-0.0261 -- 
.52X-.52N-0.0261 -- 
.52X-. 52N-0.0261 -- 
.52X-.52N-0.0261 -- 
.52X-.52N-0.0261 -- 
.52X-. 52N-0.0261 -- 
.52X-.52N-0.0261 -- 
.52X-.52N-0.0261 -- 
.52X-. 521-0.0261 -- 
.52X-. 52N-0.0261 -- 
. WX-. 521-0.0261 -- 
.52X-. 521-0.0261 -- 
.52X-.52N-0.0261 -- 
.52X-.52N-0.0261 -- 
.52X-. 5211-0.0261 -- 
.52X-.52N-0.0261 -- 
.52X-.52N-0.0261 -- 
.52X-. 521-0.0261 -- 
.52X-. 52N-0.0261 -- 
- .52X-. 52N-0.0261 -U 

-0.52S-( 1+0.15)I-U 
0.52(X-N)+O.0241 
0.52(X-N)+0.0241 
0.52(X-N)+O.0241 

0.52(X-N)+0.0241 
0.52(X-N)+0.0241 

0.52(X-N)c0.0241 

0.52( X-N)+V. 0 2 4 t  

0.52(X-N)+0.0241 
0.52(X-N)40.0241 
0.52(X-N)+0.0241 

0.52 ( X-N) +O. 0241 
0.52( X-N)+0.0241 

0.52(X-N)+0.0241 
0.52(X-N)+0.0241 

0.52(X-N)+0.0241 

0.52(X-N)+0.0241 
0.52(X-N)+O.O241 

0.52 (X-N) +O.  0241 
0.52 ( X-N) 4 0. 0241+W 

0.52(X-N)+0.0241 

I . v i  20X-20N-1 -S I 0.4X- 10. 4N-0.52 I ( I 4 0 . 1  5) I 10.4( X-N)- (0.52-0.15) 1 
- 0.52s -0.52s 

1.OOO 
0.8696 
0.7562 

0.6575 
0.5718 
0.4972 
0.4323 

0.3759 
0.3269 

0.2843 
0.2472 

0.2149 
0.1869 

0.1625 

0.1413 

0.1229 
0.1069 

0.09293 
0.0808I 
0.0702 7 
0.06110 

- I .  151  -0.52s-U 
0.4522(x-N)+0.02091 

0.3932~X-N)tO.0181 I 
0.3419(X-N)t0.01581 

0.2973( X-N) 40.01 371 
0.2585(X-N)t0.01191 
0.2248(X-N)tO.O104I 

0.17W(X-N)+0.007111 

0.1478(X-N)t0.00681 
0.12R5(X-N)+O.W591 

0.1117(X-N)tO.U0521 
0.09719( X-N)tO.a)451 

0.0845(X-N)+O.W391 

0.07348( X-N)tO.W341 

0.06391 (X-N)t0.00291 
0.05559(X-W)+0.0026I 

O.O4832(X-N) 40.W221 
0.04202 (X-W) 40 .001  91 

0.03654(X-N)+O.W171 
0.031 77( X-N)+O. W1 5I+O.O61Y 

0.1955(X-N)+O-W9W 

3.255( X-N)-O. 99981-0.52S-O-939U 



, 

1 
w 
v 
? 

i) 

I 
2 

3 
4 
, 
h 

7 

R 
9 

I 0 
I I  
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14 
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( A )  

CAS 
REVENUE 

_- 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 

'I ( H A L  OI'ERAl'- 
COST DEPRECIAlION ______-__- 

-- S 

N 0.051 
N 0.051 
N 0.051 
N 0.051 

N 0.051 

N 0.051 
N 0.051 

N 0.051 

N 0.051 
N 0.051 

N 0.051 
N 0.051 

N 0.051 
N 0.051 

N 0.051 
N 0.051 
N 0.051 
N 0.051 

N 0.051 

- N 0.051 

2 ox ZIlNkS 1 .0I 

- APPENOlX B 3 . 1  

TABLE 83.3 

DISCOUNTED CASH FLOW FOR m m  OF RETURN AT 20.1. 

1AXA RLE J NCVME 
=A-B-C --__ 

-S 
X-N-0.051 
X-N-0.051 
X-N-0.051 
X-N-0.051 
X-N-0. 051 
X-N-0.051 
X-N-0.051 
X-N-0.051 
X-N-0.051 
X-N-0.051 
X-N-0. 051 

X-N-0.051 
X-N-O.05L 
X-N-0.051 
X-N-0.051 
X-N-0. 051 
X-N-0 .05 I 
X-N-0.051 
X- N-0.05 1 

X-N-0.051 

2OX-20N- I-S 

( E )  (0 (G)  
NE1' INCOME 
AFTER F.I.T. CASH FLOW 
L S 2 )  x D _____ INVESTMENT ___- = C t E - F 

-0.52 (lt.02O)ItW -0.52S-( 1 to. 2O)I-W 
.52X-. 521-0.0261 
.52X-. 52N-0.0261 
.52X-. 52N-0.0261 
.57X-.52N-0.0261 
. 52X-. 52N-0.0261 
.52X-.52N-0.0261 
.52X-.52N-0.0261 
.52X-. 52N-0.0261 
.52X-. 52N-0.0261 
.52X-. 52N-0.0261 
.52X-. 5ZN-0.0261 
.52X-. 52N-0.0261 
.52X-.5ZN-0.0261 
.52X-.52N-0.0261 
.52X-. 52N-0.0261 
.52X-. 52N-0.0261 
.52X-. 521-0.0261 
.52X-.52N-0.0261 
.52X-. 521-0.0261 

0 . 5 2  ( X-N) t 0.02 41 
0.52(X-N)t0.0241 
0 . 5 2  ( X-N) to. 0241 
0.52(X-N)t0.0241 
0.52  (X-N) to. 0241 
0.52(X-N)t0.0241 
0.52  (X-N) to. 0241 

0.52(X-N)+0.0241 
0.52(X-N)t0.0241 
0.52(X-N)t0.0241 
0.52(X-N)+O.O24I 
0 . 5 2  (X-N) to. 0241 
0.52 (X-N) t0.0241 
0.52(X-N)+0.0241 
0 . 5 2  ( X-N) i 0.0241 
0.52(X-N)t0.0241 
0.52(X-N)t0.0241 
0.52(X-N)t0.0241 
0.5 2 ( X- N i 0.02 4 I 

.52X-.52N-0.0261 -W 0.52(X-N)tO.O24ItW 

(HI 

DISCOUNT FACTOR 

(1+0.20)1 10.4(X-N)-(0.52tO.20)1 10.4X- IO. 4N 
-0.521-0.52s -0.52s 

1.000 

0.8333 
0.6944 
0.5784 
0 .4823  

0.4019 
0.3349 
0.2791 
0.2326 
0.1938 
0.1615 
0.1346 
0.1122 
0.0935 
0.07789 
0.06491 
0.05409 
O.Oi507 
0.03756 
0.031 30 
0.02608 

(1)  

DISCOUNTED CASH FLOW 
-: (C) x (H) 

-1.2OI-0.52s-W 
0.4333(X-N)i0.0201 
0.3611(X-N)t0.0171 
0.30OR( X-N) r 0.01 4 I 
0.250R(X-N)+O.OlZI 
0.2090( X-N)+O.OIOI 
0.1741(X-N)tO.OORI 
0.145(X-N)rO.aO7I 
0 . 1 2 1  (X-N)t0.0061 
0.10I(X-N)+0.005I 
0.084 ( X-N) + O .  004 1 
0.070( X-N)+O. 0031 
0.058( X-N) to. 0031 
0.049(X-N)+0.0021 
0.041 (X-N)+O. 0 0 2 1  

0.02R(X-N)rO.~lI 
0.02 3( X-N) t 0.001 1 
0.020( X- N) t 0.001 I 
0.016(X-N)+0.001 I 

0.034(X-N)+0.0021 

O~OL4(X-N)+0.00l~t.o261W 

2.532(X-N)-1.0831-0.525 
-0.974w 



c e 

END OF YPAR - . - . . . -. . 

10L:II 9 

( A )  

GAS 
REVENUE _. - .. . 

-- 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X -_-_ 

20x 

( a )  
TOTAL VPERAT- 

INC COST 

S 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N -__ 

2VN+S 

-- 
0.051 
0.051 
0.051 
0.051 
0.051 
0.051 
0.051 
0.051 
0.05i 
0.051 
0.051 
0.051 
0.051 
0.051 
0.051 
0.051 
0.051 
0.051 
0.051 
0.051 

1 .VI 

APPENDIX 83.1 

TABLE 83.4 

DISCOUNTED CASH FLOW FOR RATE OF RETURN AT 25Z 

(D) (E) (F) (C)  (H) (I) 
NET INCOME 

TAXAIILE INCOME AFTER F.I.T. CASH FLOW DISCOUNT FACTOR DlSCOUHrED CAS11 FLOW 
=A-B-C (.52) x 1) INVESTMENT 5 C + E - F = (C) )I (11) 

-S 
X-N-0.051 
X-N-0. 051 
X-N-0.05 1 

X-N-0. 051 
X-N-0. 0 5 I 
X-N-0.051 
X-N-0. 051 
X-N-0. 051 
X-N-0.051 
X-N-0.051 
X- N-0. 051 
X-N-0.051 
X-N-O. 0 5 1  
X-N-0.051 
X-N4.051 
X-N-0.051 
X-N-0.051 
X-N-0.051 
X-N-0.051 
X-N-0.05 I 

20X-20N-I-S 

-0.52s ( 1 t 0.2 5) I t W  -0.52S-( 1 t 0. 2 5) I-W 
.52X-.52U-0.0261 -- 0.52(X-N)t0.0241 
.52X-.52N-0.0261 -- 0.52(X-N)t0.0241 
.52X-.52N-O.O261 -- 0.52(X-N)t0.0241 
.52X-. 52N-0.0261 -- 0.52(X-N)+0.0241 
,52X-.52N-0.0261 -- 0.52(X-N)t0.0241 
.52X-. 52N-0.0261 -- 0.52 ( X-N) i 0.0241 
.52X-. 52N-0.0261 -- 0.52 (X-N) r 0 .  0241 
.52X-.52N-0.0261 -- 0.52(X-N)+0.241 
.52X-.52N-O.O26I -- 0.52(X-N)t0.241 
.52X-.52N-0.0261 -- 0.52(X-N)tO.241 
.52X-.52N-0.0261 -- 0.52(X-N)t0.241 
.52X-.52N-0.0261 -- 0.52(X-N)+0.241 
.52X-.52N-0.0261 -- 0.52( X-N) to. 241 
.52X-.52N-0.0261 -- 0.52(X-N)t0.241 
.52~-.52~-0.0261 -- 0.52(X-N)rO. 241 
.52X-.52N-0.0261 -- 0.52(X-N) r 0.241 
.52X-.52N-0.0261 -- 0.52(X-N)+O.241 
.52X-.52N-0.0261 -- 0.52(X-N) ~0.241 
.52X-.52N-O.0261 -- 0.52 ( X-N) t 0.24 I 
.52X-. 521-0.0261 -W 0.52(X-N)+O. 241 4 

10.4X-10.4N-0.521 (1t0.25)I lO.C(X-N)-(0.52+0.25)I 
-0.52s -. 52s 

1.000 
0.8000 
0.6400 
0.5120 
0.4096 
0.3277 
0.2621 
0.2097 
0.1678 
0.1342 
0.1074 
0.08590 
0.06872 
0.0550 
0.04398 
0.03518 
0.02815 
0.02252 
0.01801 
0.01441 
0.01 153 

-1.251-.52S-W 
0.4lb(X-N)+0.01921 
0.333(X-N)r0.01541 
0.266( X-N) r0.01231 

0.170(X-N)+0.00791 
0.1 36(X-N)t0.0063t 

0.0873( X-N) cO.OO401 
0.0698( X-N) cO.Oo32l 
0.0558( X-N) rO.oO261 
0.0447( X-N) to. 002 I I 
0.0357(X-N)rV.OO16I 
0.0286(X-N)+U.00131 
0.0229(X-N)+O.OOLlI 
0. V183( X-N) r V . O C ~ 8 1  
0.0146( X-N)rO.w071 
0.0117(X-N)*0.00051 
0.0094( X-N) r 0.  0 ~ 4 1  
0.0075(X-N) tO.OOO31 
0.0060( X-N)+O.00031tO.Oll5W 

0.213(X-N)+0.00981 

0.109(X-N)+0.00501 

2.055(X-N)+l.15511-0.52S 
0.9885W 



APPENDIX B3.2 

CARBON D I O X I D E  TRANSPORTATION COST 

FROM THE UTILITY F I N A N C I N G  METHOD 

Out l ined  below i s  one method fo r  c a l c u l a t i n g  C 0 2  t r a n s -  

p o r t a t i o n  costs (annual  g a s  r evenue ) .  T h i s  method i s  more 

commonly known as  t h e  " U t i l i t y  Financing" method a s  p r e s c r i b e d  

by t h e  Federal Energy Regulatory Commission ( F E R C ) .  

BASIS FOR CALCULATIONS 

1. 

2. 

3. 

4. 

5. 

6. 

7.  

20 yea r  p r o j e c t  l i f e  

S t r a i g h t  l i n e  d e p r e c i a t i o n  on t o t a l  c a p i t a l  requirement  

excluding working c a p i t a l  

48 p e r c e n t  f e d e r a l  income t a x  ra te  

1 0 0  p e r c e n t  e q u i t y  c a p i t a l  (no debt)  

New p i p e l i n e  system 

340 days pe r  yea r  o p e r a t i n g  t i m e  

3% of  investment/yr  s t a t e  and loca l  t a x e s  and in su rance  

D E F I N I T I O N  O F  TERMS 

C = Total  C a p i t a l  Requirement ( $ 1  

W = Working C a p i t a l  ( $ )  

N = T o t a l  N e t  Annual Opera t ing  Cos t  ( $ )  

G = Carbon Dioxide F l o w  Rate (SCFD) 

P = Percen t  Return On Rate Base ( v a l u a t i o n )  

RR = Annual Gas Revenue Requirement ( $ 1  

The ra te  base  ( v a l u a t i o n  of a new p i p e l i n e  p r o j e c t  i s  de f ined  

below i n  Equation 1.: 

- ... ~. ~ . ~ . - . .... . . 
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(1 1 Rate base ( v a l u a t i o n )  = C-W 

The annua l  g a s  revenue  r equ i r emen t ,  i n  t u r n ,  i s  c a l c u l a t e d  

u s i n g  t h i s  r a t e  base ( v a l u a t i o n )  e q u a t i o n .  Equa t ion  2.  b e l o w  

shows t h e  r e l a t i o n s h i p  between t h e  a n n u a l  g a s  r evenue  and t h e  

ra te  base ( v a l u a t i o n )  : 

RR = P (C-W) + 48/52 P (C-W) + 0.05 (C) + N (2) 

The p e r c e n t  r e t u r n  on  ra te  base ( v a l u a t i o n )  i s  se t  a t  8 %  and 

1 0 %  a c c o r d i n g  to  t h e  r e t u r n  allowed f o r  e i t h e r  c r u d e  o r  

r e f i n e d  p i p e l i n e  sys tems.  

Once t h e  annua l  g a s  r evenue  r equ i r emen t  i s  de termined ,  

f o r  comparison r e a s o n s  o n l y ,  it is  c o n v e r t e d  i n t o  g a s  costs 

per u n i t  of C 0 2 .  Equa t ion  3 .  below shows t h i s  p rocedure :  

C 0 2  T r a n s p o r t a t i o n  Cost /MSCF C 0 2  = 

x 1000 (3) 
1 RR 

G 340 Days x -  - 

A sample c a l c u l a t i o n  u s i n g  t h i s  " U t i l i t y .  F inanc ing"  method 

follows. 
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UTILITY FINANCING SAMPLE CALCULATION 

. C  = $ l 8 , 7 8 2 , 0 0 0  

w = $ 0  

N = $ 2 , 0 9 4 , 0 0 0  

G = 1 2 5  x 1 0  

P = 8 %  

6 SCFD C 0 2  

Rate Base ( V a l u a t i o n )  = C-W 

= $ l 8 , 7 8 2 , 0 0 0 - $ 0  

= $ l 8 , 7 8 2 , 0 0 0  

RR = P (C-W) + 48/52  P (C-W) + 0 . 0 5  ( C )  + N ( 2 )  

= . 08  ( $ 1 8 , 7 8 2 , 0 0 0 )  + 48/52  ( . 0 8 )  ( $ 1 8 , 7 8 2 , 0 0 0 )  

+ 0.05 ( $ 1 8 , 7 8 2 , 0 0 0 )  + $ 2 , 0 9 4 , 0 0 0  

= $5,922,638/YR 

x -- x 1 0 0 0  RR 
CO T r a n s p o r t a t i o n  C o s t  = - 2 G 3 4  0 ( 3 )  

x -  1 x 1000 - - 5 , 9 2 2 , 6 3 8  
1 2 5  x 10’ 340 

= $0.139/MSCF C 0 2  



c 
APPENDIX n4 

EQlllFMENT LISTS O f  THE SELEXOL PROCESSES FOR VARIOUS -- __-__ 
NATURALLY OCCURRING C 0 2  SOURCES (WITHOU‘I’ tI,s) 

L 

2 5 0  500 
to 2 5  50 7 5  - 90 10 25 5 0  75  90 

EqiiI_ILmsrit 1.1 SI 
R t ~ v c - I  r f::is/Cll~, Proclrict E x c h n t i g r r  * * 
Fr,rcl Cas Exc1iniip.c.r * * * 
R r c y c  I r Cas (:ooI r r  * * * * 
1,ran Soli11 Lon R r f r l p , .  E x c l i a n g r r  * * * * * 
Rr-cycl r C o m l i r r s s o r -  I n t c r s t a g e  C o o l e r  

(:02 Abs or br r 6 * * * * 

lI1f:li I ’ r r s s u r c  R e c y c l r  F l a s h  Drum 

M r c l l t i m  P r c + s i i r e  R e c y c l e  Flnsh Drum 
I .ow ?rrsstirc R r c y c l  e FI nsli Drum * * * * 
111 y,li P r e s s u r e  P r o d u c t  F l e s h  Drum * * * * * 
M r c l I  i im P r c s s r i r c  P r o d u c t  F l a s h  Drum * * * * 
IA)W P r r s s t t r r  P rodr rc t  F1 a s h  Drum * * * * * 

I 

2 
7 

* * 
* * * 

* * * * 
* * * * * 

6 * * * 

* * 

* * * * 
* * * * * 

* * 
* * * * * 

Comprc*ssor  Shc- I t r r  * * * * * * * * * * 

R r c y c  I P C n m p r v s s o r  * * * * 
l.r:in S c l e x o l  Pump 6 2 2  2 2 
I,rm St-Lrxtii Roostrr Pump 6 2 
Alwi i r lwr  R o t t o m s  llyclraul I c T u r M  rir 2 2 2  2 2 
CO I’rodiirt Compressor (&  l n t e r s t n g e  * * * * 

2 
* 

C o o l e r s  i3 Knockciul)  
Sub S t  :it 1 on * * * * * 

* * * * 
6 4 4 2  2 
6 4 4  2 2 
2 2 2 * * 
* * * * 

* * * * * 

C o n t r o l  t l o u s r  * * * * * * * * * * 

A b s o r p l l o i i  Rvf r1 f : r rn l  l o t i  U n i t  * * * * * * * * * * 

loo0 
10 25 50 75  90 

* * * 
* * 

* * * 
* * * * * 
* * 

6 *  * * * 

* * 
* 
* * * * 
* * * * * 

* * 
* * * * 

* * * * * 

* * .y * 
6 2  2 2 2 
6 2  2 2 2 
2 * * * * 
* * * * * 

* * * * * 
* * * * * 

* * * * * 
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