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FOREWORD 

This  r e p o r t  was prepared  a s  a r e s u l t  of  concerns  

expressed  by a number of persons  w i t h i n  t h e  Fede ra l  

Government and i n d u s t r y  over t h e  g r e a t  dependence of U .  S. 
:*' 

r e f i n e r s  on predominate ly  s w e e t  domestic crude o i l s .  

I T Since t h i s  p roduc t ion  i s  d e c l i n i n g ,  growing dependence 

I must be p laced  on imported c rude  o i l s  which are over-  

! whelmingly s o u r  i n  bo th  produc t ion  and r e s e r v e s .  The 

. , " r e p o r t  add res se s  t h e  s u b j e c t  of  t r e n d s  i n  convers ion of 3 
domest ic  r e f i n e r i e s  t o  s o u r  c rude  p roces s ing  c a p a b i l i t y ,  

t e chno log ie s  involved ,  t h e  inves tments ,  o p e r a t i n g  c o s t s  

and p r o f i t a b i l i t y  o f  such c a p a c i t y  a s  w e l l  a s  problems 

I ) conf ron t ing  r e f i n e r s  i n s t a l l i n g  c a p a c i t y  t o  handle  sou r  

I crudes .  The t e r m  " d e s u l f u r i z a t i o n "  is  used e x c l u s i v e l y  

) t o  r e f e r  t o  t e c h n o l o g i e s  r e l a t i v e  t o  removing s u l f u r  

c o n t e n t  i n  p roduc ts .  
,f 
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Energy, nor any of their employees. nor any of thcir 
contractom, mboontrootors, ar thnir rmployml, maL% 
any warrantv, exprcu or implied, or anumcs any bgd 
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EXECUTIVE SUMMARY 

Scope  o f  R e p o r t  -- - 

T h i s  r e p o r t  d i s c u s s e s  t r e n d s  i n  t h e  c a p a b i l i t i e s  o f  U.S. 

and o f  . C a r i b b e a n  " e x p o r t i n g "  r e f i n e r i e s  t o  h a n d l e  i n c r e a s i n g  

q u a n t i t i e s  o f  s o u r  c r u d e  o i l  f e e d s t o c k s .  The t r e n d s  i n  t h e  

1973-77 t i m e  p e r i o d  a r e  examined and a  p r o j e c t i o n  t o  t h e  

1980-81 p e r i o d  is made. C a r i b b e a n  " e x p o r t i n g "  r e f i n e r s  a r e  

t h o s e  w i t h  r e f i n e r y  c a p a c i t i e s  beyond t h o s e  needed  t o  s a t i s f y  

l o c a l  n e e d s .  

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

s u l f u r  compounds and m e t a l s  i n  c r u d e  o i l ;  t h e  t y p e s  o f  p r o c e s s e s  

used i n . d e s u l f u r i z a t i o n ;  c o s t  d a t a  f o r  d e s u l f u r i z a t i o n  p r o c e s s e s ;  

hyd rogen  m a n u f a c t u r e ;  F e d e r a l ,  s t a t e ,  and l o c a l  r e g u l a t i o n s  on  

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

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

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

and  o t h e r  p r o p e r t i e s ;  a n d ,  a n  a n a l y s i s  o f  t h e  PAD V ( P e t r o l e u m  

~ d m i n i s t r a t i o n  f o r  Defense  D i s t r i c t  V )  - 1/ s i t u a t i o n  r e g a r d i n g  

N o r t h  S l o p e  c r u d e  o i l .  

C o n c l u s i o n s  - 
The f o l l o w i n g  p r i n c i p a l  c o n c l u s i o n s  were  e s t a b l i s h e d  i n  

t h i s  r e p o r t :  

v 
1. While  t h e  c a p a b i l i t y  o f '  U.S. and C a r i b b e a n  r e f i n e r y  

c a p a c i t y  t o  h a n d l e  s o u r  c r u d e s  i s  s l o w l y  improv ing ,  t h e  r a t e  

1/ I n c l u d e s  A l a s k a ,  A r i z o n a ,  ~ a l i f o r n ' i a ,  Hawa i i ,  Nevada,  Oregon,  - 
and  Washington .  



o f  c o n v e r s i o n  is d e f i n i t e l y  i n a d e q u a t e  i n  v iew o f  c i r c u m s t a n c e s  

i n  t h e  p e t r o l e u m  w o r l d .  Our dependence  on sweet c r u d e  o i l  

i m p o r t s  f rom OPEC c o u n t r i e s  is  growing  r a p i d l y  and y e t  o n l y  

1 5  p e r c e n t  o f  t h e i r  c r u d e  o i l  r e s e r v e s  a r e  sweet. I n  t h e  

U.S., sweet c r u d e  r e s e r v e s  have  d ropped  t o  42 p e r c e n t  o f  

t h e  t o t a l .  The e x a c t  amount o f  c o n v e r s i o n  r e q u i r e d  w i l l  

depend  g r e a t l y  on t h e  deve lopmen t  o f  e x i s t i n g  o i l  f i e l d s  

and  new d i s c o v e r i e s .  Eased  on  o u r  p r e s e n t  knowledge o f  

d o m e s t i c  and f o r e i g n  r e s e r v e s ,  i t  would a p p e a r  t h a t  t h e  

r a t e  o f  c o n v e t s i o n  o f  U.S. r e f i n e r i e s  n e e d s  t o  b e  r o u g h l y  on 
i 

t h e  o r d e r  o f  t h r e e  times a s  much a s  h a s  been  e x p e r i e n c e d  i n '  

t h e  p a s t  4  o r  5 y e a r s .  Reasons  f o r  t h e  s l o w n e s s  o f  c o n v e r s i o n  

a r e  g i v e n  l a t e r  i n  t h i s  summary. I n  some c a s e s ,  s o l u t i o n s  may 

be p o s s i b l e .  

2.  The need f o r  f u t u r e  c o n v e r s i o n  t o  d e s u l f u r i z a t i o n  is 

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

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

i n  t h e  s e v e r a l  S t a t e s  l i m i t i n g  s u l f u r  c o n t e n t  o f  f u e l s  i n  

t h e i r  r e s p e c t i v e  a r e a s .  Most o f  t h e s e  r e g u l a t i o n s  were  

! p r o m u l g a t e d  i n  t h e  p e r i o d  o f  1970 t h r o u g h  1974 and s i n c e  t h e n ,  

consumpt ion  o f  f u e l  o i l s  by s u l f u r  l e v e l s  have  s t a b i l i z e d .  

Howeve.r, s t r i c t e r  l i m i t s  w i l l  p r o b a b l y  b e  imposed by some 
* 

S t a t e s  i n  t h e  f u t u r e  and c a u s e  some s h i f t s  i n  t h e  consumpt ion  

o f  f u e l s  by  s u l f u r  l e v e l s .  

3 .  The c o s t  o f  d e s u l f u r i z i n g  o p e r a t i o n s  a r e  v e r y  h i g h .  

Deep d e s u l f u r i z a t i o n  ( r e d u c t i o n  t o  0 . 3  p e r c e n t  s u l f u r )  o f  a  

r e s iduum is i n  t h e  r a n g e  o f  $2  t o  $ 3  p e r  b a r r e l ,  e s p e c i a l l y  



L 

when r e t u r n  .on c a p i t a l  is i n c l u d e d .  The c o s t  o £  hydrogen  

I consumed i n  t h e s e  o p e r a t i o n s  i s  i n  t h e  o r d e r  of  $1  o r  more 

I p e r  Mscf ( t housand  s t a n d a r d  c u b i c  f e e t ) ,  making i t  o n e  o f  

t h e  l a r g e r  c o s t  items. 
.' 

4 .  The re  a r e  a  l a r g e  number o f  d e s u l f u r i z a t i o n  p r o c e s s e s  

i n  o p e r a t i o n ,  b u t  most  depend  on  " i n d i r e c t "  r a t h e r  t h a n  

I *  " d i r e c t "  p r o c e s s e s .  " I n d i r e c t "  p r o c e s s e s  depend on t h e  

I s e p a r a t i o n  by d i s t i l l a t i o n  o f  g a s  o i l  f rom h i g h  m e t a l  c o n t a i n i n g  

I r e s iduum,  t h e  d e s u l f u r  i x a t - i o n  of  t h e  g a s  o i l ,  and  i t s  r e b l e n d i n g  

i w i t h  . t h e  r e s iduum t o  a c h i e v e  a n  o v e r a l l  l ower  s u l f u r  l e v e l .  
I 

1 T e c h n o l o g i e s  a r e  now emerging  which may mak,e i t  f e a s i b l e  t o  

d i r e c t l y  d e s u l f u r i z e . r e s i d u u m  by removing f rom i t  heavy  m e t a l s  

which d e a c t i v a t e  and p l u g  desulfurization'catalysts. 

5. Cargo  p r i c e s  o f  low pour  No. 6 f u e l  o i l  d i f f e r  by 

s u l f u r  l e v e l s  i n  a manner s u g g e s t i n g  c l o s e  r e l a t i o n s h i p  t o  

d e s u l f u r i z i n g  c o s t s .  

I , 6 .  The p r o d u c t i o n  and s a l e  o f  by -p roduc t  s u l f u r  by 

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

Y a l t h o u g h  r a t h e r  s e v e r e  p r i c e  f l u c t u a t i o n s  have  been  e x p e r i e n c e d  

I i n  r e c e n t  y e a r s .  N e w  r e g u l a t i o n s  on e l n i s s i o n s  f rom s u l f u r  

a r e c o v e r y  p l a n t s  ( C l a u s  p r o c e s s )  may e a s i l y  d o u b l e  i n v e s t m e n t  

I - c o s t s  i n  t h e s e  p l a n t s .  
I 
C 7.  The  impact  o f  A laskan  n o r t h  s l o p e  c r u d e  on PAD V 

I i s  d i s c u s s e d .  A d d i t i o n a l  c o n v e r s i o n  o f  west c o a s t  c a p a c i t y  

I t o  s o u r  c r u d e  c a p a b i l i t y  i s  needed .  Meanwhile e x c e s s e s  o f  

I t h i s  c r u d e  need t o  b e  moved e a s t w a r d  t o  e x i s t i n g  r e f i n e r i e s  

c a p a b l e  o f  a b s o r b i n g  i t .  



Background - 

The t r e n d s  i n  t h e  c a p a b i l i t i e s  o f  U.S. r e f i n e r s  and o f  
. . 

C a r i b b e a n  " e x p o r t i n g "  r e f i n e r s  t o  p r o c e s s  s o u r  c rude ,  o i l s  . . . . 
is based  on d a t a  p u b l i s h e d  a n n u a l l y  i n  t h e  l i t e r a t u r e  which 

. . . ' ,. : . . 

d e p i c t s  t h e  downstream c a p a c i t i e s  o f  r e f i n e r y  p r o c e s s i n g  u n i t s .  
2 .  

. .  . 
i 

A number o f  t h e s e  u n i t s  a r e  c a p a b l e  o f  s e g r e g a t i n g  and o r  
. . 

c h e m i c a l l y  removing s u l f  us  f rom p e t r o l e u m  s t r e a m s .  The chang ing  
. . . . 

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

t o r  t h e  d e s u l f u r i z a t i o n  c a p a c i t y  t r e n d s  p o r t i o n  o f  t h i s  r e p o r t .  

I t  is d i f f i c u l t ,  i f  n o t  i m p o s s i b l e ,  t o  q u a n t i f y  e x a c t l y  
, .  . I 

t h e  c a p a b i l i t i e s  o f  U.S. and o f  C a r i b b e a n  " e x p o r t i n g "  r e f i n e r s  
. .  . 

t o  h a n d l e  s o u r  c r u d e s .  The d i f f i c u l t y  a r i s e s  b e c a u s e  o f  t h e  

l a r g e  number o f  d i f f e r e n t  c r u d e  o i l s  u sed  a s  f e e d s t o c k s  by 

r e f i n e r s  and b e c a u s e  s u l f u r  is  b u t  one  o f  many i m p o r t a n t  

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

I n  l i g h t  o f  t h e  a b o v e ,  t h i s  r e p o r t ,  r a t h e r  t h a n  a t t e m p t i n g  

t o  q u a n t i f y  t h e  d e s u l f u r i z . a t i o n  c a p a c i t y  o f  U . S .  and C a r i b b e a n  

" e x p o r t i n g "  r e f i n e r s ,  examines  t h e  t r e n d s  o f  t h e s e  r e f i n e r s ,  

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

p r o c e s s  s o u r  c r u d e s .  I t  d o e s  t h i s  by e x a m i n a t i o n  o f  a d d i t i o n s  . . 

t o  p r o c e s s i n g  c a p a c i t i e s  o f  r e f i n e r s ,  t h a t  a r e  c a p a b l e  o f  removing ., ! 
s u l f u r  f rom p e t r o l e u m  f r a c t i o n s ,  i n  r e l a t i o n  t o  t h e  c a p a c i t y  

. . 

o f  new c r u d e  o i l  a t m o s p h e r i c  d i s t i l l a t i o n  f a c i l i t i e s .  
. . 

A r e v i e w  o f  a l l  U.S. r e f i n e r i e s  and  t h e i r  downst ream 

e q u i p m e n t  h a s  l e a d  u s  t o  t h e  c o n c l u s . i o n  t h a t  s l i g h t l y  more 

t h a n  40  p e r c e n t  o f  t h e  e x i s t i n g  c a p a c i t y  c a n  h a n d l e  some s o u r  



c r u d e  of  o n e t y p e  o r  a n o t h e r .  For v a r i o u s  r e a s o n s ,  t h i s  canno t  

)e a n  e x a c t l y  d e f i n e d  number, nor  d o e s  i t  c o i n c i d e  w i t h  t h e  

p e r c e n t  o f  hydroprocess ing  equipment  i n  r e l a t i o n  t o  c r u d e  

c a p a c i t y .  A few r e f i n e r i e s  have  h y d r o t r e a t i n g  f a c i l i t i e s  and 

y e t  o n l y  have  sweet  c r u d e  c a p a b i l i t y .  A few r e f i n e r s  may o n l y  
.i 

have c a p a b i l i t y .  t o  h a n d l e  s o u r  c r u d e s  i n  t h e  lower s u l f u r  

- r a n g e s ,  s a y  0.5 t o  1.0 p e r c e n t ,  due t o  e m i s s i o n s  problems 

o r  o t h e r  l i m i t a t i o n s .  These a r e  l i m i t a t i o n s  which c a n  be 

overcome by inves tments .  S t i l l  o t h e r s  would f a c e  problems i n  

t h e i r  p r o d u c t  o u t p u t  p a t t e r n  due  t o  low g r a v i t y  o f  some sour  

c r u d e s .  

C a t a l y t i c  hydroprocess ing  ( h y d r o c r a c k i n g ,  h y d r o r e f i n i n g ,  

a n d h y d r o t r e a t i n g )  removes s u l f u r  from r e f i n e r y  s t r e a m s  s o  

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

is less  t h a n  t h a t  i n  t h e  c r u d e  u i l  Ieedstock. P s r  t h i s  r e a s o n ,  

changes  i n  hydroprocess ing  c a p a c i t y  a r e  used i n  t h i s  r e p o r t  

a s  a  measure o f  t h e  changing c a p a b i l i t i e s  o f  r e f i n e r s  t o  

p r o c e s s  s o u r  c r u d e s .  On t h e  o t h e r  hand,  t h e r m a l  p r o c e s s e s  

(vacuum d i s t i l l a t i o n ,  v i s b r e a k i n g ,  and c o k i n g ) ,  s e g r e g a t e  

most of  t h e  s u l f u r  c o n t a i n e d  i n  t h e  r e f i n e r y  f e e d s t o c k s  i n t o  

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

c o n t a i n i n g  products . ,  b u t  t h e  t o t a l  amount o f  s u l f u r  i n  t h e  

p r o d u c t s  and i n  t h e  r e s i d u a l  f r a c t i o n s  is e s s e n t i a l l y  t h e  
'<> 

same a s  t h a t  i n  t h e  c r u d e  o i l  f e e d s t o c k s .  I n  t h i s  r e g a r d ,  

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

low-sulf  ur  p r o d u c t s .  



summaries of Sections.of the Report 

A. , Trends in. the Desulfurization Capabilities of :.. ' . l b d  

U.S. and Caribbean "Exporting" Refineries 

1. U.S. Refiners 
. . 

1 .  
There appears to be a trend in the United States . - '  

toward an increasing capability of refiners to handle a larger 
e 

portion of their refinery feedstocks as sour crudes. During , 
I 

the 1973-1977 period, hydroprocessing capacity (hydrocracking, ' 

hydroref ining, hydrotreating) , expressed as a percentage of 1 
operating refinery crude oil capacity, increased from 41.6 

to 47.6 percent. This percentage is expected to increase : I 
further to about 48.9 petcent during the 1977-1981 period, 

based on announced projects. The following table summarizes 
, , ., > 4,< . , . . . , .  . . ,  

the data in this .regard. 

TABLE 1 (Summary) I 
HYDROPROCESSING CAPACITY AS A PERCENTAGE OF 
CRUDE OIL ATMOSPHERIC DISTILLATION CAPACITY 

1973-1981. 

Crude Oil ~tmospher ic Hydroprocessing 
Distillation Operating Hydroprocessing Capacity As A % of 

Year 1/ Capacity, B/SD 2 /  Capacity, B/SD Distillation Capacity 

1/ As of January 1 of indicated year. - 
2/ Barrels per stream day. - 



There  was a  r a p i d  growth i n  h y d r o p r o c e s s i n g  c a p a c i t y . .  . . . 

in  r e l a t i o n  t o  new c r u d e  o i l  a t m o s p h e r i c  d i s t i l l a t i o n  c a p a c - i t y - . i n  

t h e  1973-1977 t i m e  p e r i o d .  Expressed a s  a  p e r c e n t  o f  c r u d e  o i l  

a t m o s p h e r i c  d i s t i l l a t i o n  c a p a c i t y ,  t h i s  growth was abou t  8 1  

p e r c e n t  of  added c r u d e  o i l  d i s t i l l a t i o n  c a p a c i t y .  The pe r -  . . 

c e n t a g e ,  based on announced p r o j e c t s ,  . . i s  p r o j e c t e d  t o  d .ecrease  . 

I . t o  53 p e r c e n t  i n  t h e  1977-1980 t i m e  i n t e r v a l .  

There  a r e  a  number o f  problems e n c o u n t e r e d  i n  

t h e  p r o c e s s i n g  of s o u r  c r u d e s  which w i . 1 1  t e n d  t o  l i m i t  . p r o g r e s s  

toward such p r o c e s s i n g .  

Most s m a l l  r e f i n e r s  c a n n o t  h a n d l e  s o u r . .  . . :. . . . 
. , 

c r u d e s  in .  t h e i r  f a c i l i t ' i e s .  I n  most: . . . 

c a s e s ,  t o  p r o v i d e  c a p a b i l i t y  t o  h a n d l e  ' '. 

. . . . 

s o u r  c r u d e  would r e q u i r e  a  v e r y  c o s t l y  

r e c o n s t r u c t i o n  .of t h e i r  f a c i l i t  i .es .  

A number o f  s o u r  c r u d e s  c o n t a i n  

l a r g e  amounts o f  h e a v y , m e t a l s  

r (vanadium, n i c k e l ,  e t c . ) .  The'se . . 

m e t a l s  t end  t o  d e a c t i v a t e  and t o  

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

A s u i t a b l e  t echno logy  t o  h a n d l e  

such  c r u d e s  .is i n  e a r l y  s t a g e s  

of  development .  . . 



Some refiners are limited in the 

quantity of sour crudes that they 
. A 

can handle because of r&f inery- 

related environmental problems. 

e A number of high-sulfur crudes 

are also heavy crudes. Such 

crudes present some refiners 

with product-slate difficu1ti.e~. 

Hydroprocessing facilities are 

very costly both as to capital 

requirements and operating costs. 

2. Caribbean "Exporting" Refiners 

The trend toward an increased capability of 

Caribbean "exporting" refiners to handle a-larger portion of 

sour crudes in their'refinery feedstocks is not as strong as I 
that for their U.S. counterparts. In the 1973-1977 time in- 

terval, Caribbean "exporting" refiners hydroprocessing capacity 

growth was, about 71 percent ofadded refinery atmospheric dis- 

tillation crude oil capacity. There appears to be no hydro- 

processing capacity growth planned in these refineries for I 
the 1977-1980 per iod. 1 

Caribbean refiners are mainly fuel oil producers, 



The l a c k  o f  p l a n s  f o r  h y d r o p r o c e s s i n g  e x p a n s i o n  i n  t h e  

1977-1980 p e r i o d  is m a i n l y  d u e  t o  c o m p e t i t i o n  from U . S .  

r e f i n e r s  who have  s i g n i f i c a n t l y  i n c r e a s e d  t h e i r  sha . re  o f  

r e s i d u a l  p r o d u c t i o n  i n  m e e t i n g  d o m e s t i c  demand. 

B. D i s t r i b u t i o n  and N a t u r e  o f  S u l f u r  
Compounds and M e t a l s  i n  Crude  O i l s  

T h i s  r e p o r t  a r b i t r a r i l y  d e f i n e s  a sweet c r u d e  a s  one  

c o n t a i n i n g  0 .50  p e r c e n t  b y ' w e i g h t  o r  l e s s  o f  s u l f u r .  Sour 

c r u d e s  a r e  t h o s e  c o n t a i n i n g  i n  e x c e s s  o f  0 . 5  p e r c e n t  s u l f u r .  

Very l i t t l e  o f  t h e  s u l f u r  i n  c r u d e  o i l  i s  t h e r e  a s  

e l e m e n t a l  s u l f u r .  Most o f  i t  i s  c h e m i c a l l y  bound i n  complex 

o r g a n i c  compounds. .On t h e  d i s t i l l a t i o n  o f  c r u d e  o i l ,  t h e  s u l f u r  

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

f r a c t i o n s ,  l e a v i n g  t h e  lower  b o i l i n g ,  o r  l i g h t e r  f r a c t i o n s ,  

w i t h  v e r y  l i t t l e  ' s u l f u r  c o n t e n t .  

c or the '  above  r e a s o n s ,  whole  c r u d e s  a r e  n o t  d e s u l -  

f u r i z e d . '   ath her , r e f i n e r s  c o n c e n t r a t e  on  t h e  h e a v i e r  f r a c t i o i - I S ,  

t h e r e b y  h a n d l i n g  s m a l l e r  vo lumes  t h a n  t h o s e  i f  t h e  whole  c r u d e  

o i l  were  desu l r ' u r  i z e d  . 
The meta ' l  c o n t e n t  o f  c r u d e  o i l  v a r i e s  w i t h  i ts  o r i g i n .  

The m e t a l s ,  p a r t  i c . u l a r ' l y ,  vanadium,  n i c k e l ,  and  i r o n  ,. i f  i n  

c o n c e n t r a t i o n s  above  a b o u t  150 p a r t s  p e r  m i l l i o n  i n  t h e  c r u d e  

o i l ,  p l u g  and d e a c t i v a t e  d e s u l f u r i z a t i o n  c a t a l y s t s .  O n  d i s t i l -  

l a - t i o n  0.f t h e  c r u d e  o i l . ,  t h e s e  m e t a l s  r e m a i n ,  e s s e n t i a l l y ,  

i n  t h e  r e s i d u e s ,  ' o f t e n  making '  d e s u l f u r  i z a t i o n  o f  s u c h  r e s i d u e s  

v e r y  d i f f i c u l t ,  i f  n o t  i m p o s s i b l e .  T e c h n o l o g i e s  t o  d e a l  w i t h  



t h e s e  m e t a l s  a r e  i n  t h e  e a r l y  s t a g e s  o f  development .  A t  
. 1 I 

t h e  p r e s e n t  t ime  i n  t h e  Uni ted  S t a t e s  and t h e  Car ibbean ,  

a b o u t  95 p e r c e n t  o f  low s u l f u r  f u e l s  a r e  produced by t h e  
. " 

I 

d i s t i l l a t i o n  o f  c r u d e  o i l  i n t o  f r a c t i o n s  which a r e  d e s u l f u r  i z e d  
6 - 

and b lended back i n t o  r e s i d u a l  f u e l s  r a t h e r  t h a n  by t h e  
* 

d i r e c t  d e s u l f u r i z a t i o n  o f  r e s i d u e s .  

C .  Types o f  P r o c e s s e s  Used i n  D e s u l f u r i z a t i o n  

I C a t a l y t i c  h y d r o c r a c k i n g ,  h y d r o r e f  i n i n g ,  and h y d r o t r e a t i n g  

a r e  t h e  p r o c e s s e s  most used i n  d e s u l f u r i z a t i o n .  The p r o c e s s e s  

v a r y  wide ly  i n  terrns of f e e d s t o c k s  and t h e  i n t e n s i t y  o f  t r e a t m e n t .  

A s  an  example,  d u r i n g  hydrocrack ing  a b o u t  50 p e r c e n t  o f  t h e  

f e e d s t o c k  m o l e c u l e s  a r e  reduced i n  s i z e ,  whereas  h y d r o t r e a t i n g  

h a s  l i t t l e  o r  no a f f e c t  on t h e  molecu la r  s i z e  o f  t h e  f e e d s t o c k .  
. . 

I n  o t h e r  words,  hydrocrack ing  pe r fo rms  t h e  f u n c t i o n  o f  c r a c k i n g  

heavy f r a c t i o n s  i n t o  l i g h t e r  ones  i n  a d d i t i o n  t o  i t s  d e s u l f u r i z i n g  

f u n c t i o n .  

I I n  t y p i c a l  h y d r o p r o c e s s i n g ,  t h e  f eed  t o  be  d e s u l f u r i z e d  

i s  mixed w i t h  hydrogen and i s  h e a t e d  i n  a  f u r n a c e  b e f o r e  p a s s i n g  

i n t o  t h e  r e a c t o r .  Here t h e  s u l f u r  compounds i n  t h e  f e e d s t o c k  

a r e  c o n v e r t e d  t o  hydrogen s u l f i d e  i n  t h e  p r e s e n c e  o f  a  c a t a l y s t .  

On emerging from t h e  r e a c t o r ,  t h e  e f f l u e n t  is  c o o l e d  and t h e  
. .  . 

hydrogen s u l f i d e  i s  removed. The hydrogen s u l f i d e  is s e n t  t o  

I a s u l f l i r  recover 'y  u n i t  where t h e  hydrogen s u l f i d e  i s  decomposed 

I t o  e l e m e n t a l  s u l f u r  and w a t e r .  Unused hydrogen- i s  s e p a r a t e d  



D. Cost of Desulfurization Processes 

Refineries handling sour crudes have considerably 

higher investment costs and operating costs than those handling 

sweet crudes. Summarized below are representative investment 

costs, bperating costs, and return-on-investment for three - 
sizes of refineries handling sour and sweet crude oil feed- 

- stocks. 

Crude 
Throughput Investment 
MB/SD 1/ $MM $/B/cD/ 

sour Crude (LT. Arabian) 

Sweet Crude (Ekof isk) 

- $/Barrel 
Operating Cost Return on Gross Margin 
- ( EX-~uel) .- Capital - Needed 

1/ Thousand barrels per stream day. - 
2/ Dollars per barrel per calendar day. - 

For an equivalent profit or loss position for refiners 

handling sweet crude or sour crude, the laid-down cost of sour 

crude would need to be about $1,.33 per barrel lower than that for 
.:. 

sweet crude. It appears also from this data, that a small 

refiner, contemplating a new plant, would most likely process 
0 

sweet rather than sour crude oil. 

A representative operating cost for desulfurization 

of certain specific refinery fractions, as for example vacuum 



gas o i l  or r e s idua l  f u e l  o i l  involves s o  many v a r i a b l e s ,  among 

them the  degree of d e s u l f u r i z a t i o n ,  t h e  na tu re  of  t h e  c a t a l y s t ,  

q u a l i t y  of feeds tock ,  e t c . ,  t h a t  a  broad range of r e s u l t s  . . 

could be obtained.  I n  a n y . c a s e ,  t h e  c o s t s  a r e  high. For 

example, the  c o s t  of d i r e c t  d e s u l f u r i z a t i o n  of atmospheric , 

V 

residium t o  a  l e v e l  of 0 . 3  percent  s u l f u r  can be i n  t h e  order 

of $2 t o  $ 3  per b a r r e l  of feedstock.  

E.  Hydrogen Manufacture 

Hydrogen has become increas ingly  important t o  r e f i n e r i e s  

a s  a  ma te r i a l  used i n  d e s u l f u r i z a t i o n .  Hydrogen i s  produced * 

i r ~  r e f i n e r  f e s  from var ious  sources,  but one of t h e  most important 

sources  i s  c a t a l y t i c  reforming. 

In  simple type r e f i n e r i e s ,  hydrogen produced from 

t h e  c a t a l y t i c  reformer may s u f f i c e  t o  meet d e s u l f u r i z a t i o n :  

requirements.  In  more complex sour crude o i l  r e f i n e r i e s ,  

hydrogen sources  m u s t  be supplemented with,hydrogen .generat ion 

using na tu ra l  gas  (methane) ,  r e f i n e r y  gas ,  or naphtha. 

Investments required f o r  hydrogen manufacture a r e  

higher  fo r  naphtha than they a r e  f o r  methane a s  feedstock.  

S ize  Unit ,  
MMCF/D 1/ 

Mil l ion Dol lars  Cost 
Naphtha Feed Methane Feed 

1/ Mil l ion cubic f e e t  per day. - 



\ Hydrogen c o s t s  a r e  h i g h .  Under p r e s e n t  day  c o s t s ,  

i \ it  is  u n l i k e l y  t h a t ,  hydrogen c a n  be  manufactured  f o r  much 

\ 
\ less t h a n  $1 per  Mscf. R e s i d u a l  d e s u l f u r i z a t i o n  p r o c e s s e s  
\ 
consume 800 t o  1,000 s c f  ( s t a n d a r d  c u b i c  f e e t )  p e r  b a r r e l  
i 
of f e e d s t o c k .  Thus, t h e  hydrogen a l o n e  c o n t r i b u t e s  80 c e n t s  

* 

t o  $ 1  t o  t h e  c o s t  o f  t r e a t i n g  a  b a r r e l  o f  r e s i d u a l  f u e l  o i l .  

F. F e d e r a l ,  S t a t e  and Local  R e g u l a t i o n s  
on the S u l f u r  Level i n  Fue l  O i l s  

. . , A l l  S t a t e s .  and t h e  ' D i s t r i c t  o f  Columbia have 

r e g u l a t i o n s  t h a t  c o n t r o l  t h e  s u l f u r  l e v e l s  i n  f u e l  o i l s  i n  

Y t h e i r  a r e a s .  A review of  t h e  h i s t o r y  o f  f u e l  o i l  consumption 

II by s u l f u r  l e v e l s ,  i n  t e rms  o f  p e r c e n t  o f  t h e  t o t a l ,  r e v e a l s  

t h a t : p e r c e n t a g e s :  i n  each su1f.u.r l e v e l  have  remained e s s e n t i a l l y  

c o n . s t a n t  over  t h e  p a s t  3 years , .  T h i s  i s  s o  because  most of  

t h e .  impact  occur red  from r e g u l a t i o n s  which were promulgated  

i n  t h e  p e r i o d  between 1970 and 1974.  One f a c t o r  t h a t  may c a u s e  

some added consumption of  lower s u l f u r  f u e l  o i l  would r e s u l t  

from r e g u l a t i o n s  i n  some a r e a s  which r e q u i r e  new e m i s s i o n  

s o u r c e s  t o  a d h e r e  t o  more s t r i c t  l i m i t a t i o n s  t h a n  o l d e r  

e s t a b l i s h e d  s o u r c e s .  I n  a d d i t i o n ,  some S t a t e s  may soon impose 

s t r i c t e r  s t a n d a r d s  on a l l  s o u r c e s  c a u s i n g  some s h i f t  t o  a  



G .  P r i c e s  of  Residual  Fuel O i l s  / 
I 

Low-sulfur r e s i d u a l  o i l s  command a  h igher  p r i c e  i , 

than  high s u l f u r  r e s i d u a l  f u e l  o i l s .  For any s i n g l e  g rade  of 

f u e l  o i l ,  t h e  p r i c e  r e l a t i o n s h i p  is i n v e r s e l y  p r o p o r t i o n a l  

t o  the  s u l f u r  c o n t e n t ,  wi th  0.3 pe rcen t  s u l f u r  (max.) r) 

being t h e  h i g h e s t  p r i ced  and h igh  s u l f u r  (2 .2  t o  2.8 p e r c e n t )  

being t h e  lowest  p r i c e d .  

In r e c e n t  months, low pour p o i n t ,  0.3 percen t  s u l f u r  I 
c o n t e n t  No. 6 f u e l  o i l  has  been averaging a premium of  s l i g h t l y  I 
over $1 per b a r r e l  over 1.0 pe rcen t  su l fu r ,  c o n t e n t  f u e l  o i l .  

The 1.0 p e r c e n t  s u l f ~ ~ r  f u e l  oil, i n  t u r n ,  h a s  a $1.85 per 

b a r r e l  premium over high s u l f u r  f u e i  o i l  wi th  a  s u l f u r  c o n t e n t  

of 2.8 p e r c e n t .  

H .  Product ion and Disposal  of S u l f u r  
i n  t h e  U . S .  Ref ining I n d u s t r y  

The second l a r g e s t  source  o f  s u l f u r ,  nex t  t o  i ts I 
produc t ion  by mining using t h e  Frasch p roces s ,  i s  through I 
recovery from sour g a s  and r e f i n e r y  p roces ses  f o r  t h e  desu l -  I 
f u r i i a t i o n  of  ~ e t r o l e u m .  This  source  h a s  been growing r a p i d l y  I 
i n  r e c e n t  y e a r s ,  i nc reas ing  from 15.2 p e r c e n t ' o f  t o t a l  U.S. 

s u l f u r  p roduc t ion  i n  1972 t o  25.8 pe rcen t  i n  1975.  his 

inc rease  is due l a r g e l y  t o  t h e  g r e a t e r  emphasis on meeting . 1 
environmental  s t a n d a r d s  and t h e  need t o  r e l y  on i n c r e a s i n g  . i 

1 



I 
\ 
I I n  t h e  d e s u l f u r i z a t i o n  p r o c e s s e s  u s i n g  hydrogen ,  
i 

t h e  s u l f u r  i n  t h e  p e t r o l e u m  is c o n v e r t e d  t o  hydrogen  s u l f i d e .  

 his is f u r t h e r  p r o c e s s e d  t o  c o n v e r t  t h e  hydrogen  s u l f i d e  

t o  e l 'emental  s u l f u r  and w a t e r .  The s u l f u r  l e a v e s  t h e  sys t em 

a s  a  l i q u i d  and is pumped t o  a  s t o r a g e  a r e a  where i t  is a l l o w e d  
- 

t o  s o l i d i f y  by  c o o l i n g .  

I n  t h e  p a s t  3 or  4  y e a r s ,  i n c r e a s i n g l y  s e v e r e  

e n v i r o n m e n t a l  r e s t r i c t i o n s  have  been  p l a c e d  on  t h e  s u l f u r  

r e c o v e r y  ( C l a u s  p r o c e s s )  u n i t s  t h e m s e l v e s  i n  t e r m s  o f  

e m i s s i o n s  c o n t r o l s .  

I .  .Crude  A v a i l a b i l i t y  i n  R e l a t i o n  t o  
S u l f u r  C o n t e n t  and Othe r  P r o p e r t i e s  

I n  1975 ,  OPEC s o u r  c r u d e  r e s e r v e s  were 5.5 times 
I 

g r e a t e r  t h a n  sweet c r u d e  r e s e r v e s .  I n  a d d i t i o n ,  t h e  r e s e r v e s  

t o  p r o d u c t i o n  r a t i o  o f  s o u r  c r u d e s  .was 49 v e r s u s  3 3  f o r  sweet 

c r u d e s ,  i n d i c a t i n g  t h a t  t h e  c u r r e n t  t e n d e n c y  i s  t o  p u l l  down 

sweet c r u d e  r e s e r v e s  r e l a t i v e l y  more r a p i d l y  t h a n  s o u r  c r u d e  

r e s e r v e s . .  T h i s  t r e n d  a c c e l e r a t e d - s i g n i f i c a n t l y  i n  1976 and 

c o n t i n u e s  t o  a c c e l e r a t e  i n  1977.  

More d r a m a t i c  c h a n g e s  h a v e  o c c u r r e d  i n  t h e  U n i t e d  

S t a t e s  t h a n  i n  OPEC c o u n t r i e s  i n  r e g a r d  t o  r e s e r v e s  o f  sweet 

d and s o u r  c r u d e s .  I n  1964 ,  6 4  p e r c e n t  o f  a l l  U.S. c r u d e  o i l  

r e s e r v e s  were  i n  t h e  sweet c r u d e  c a t e g o r y  ( 0 . 5  p e r c e n t  s u l f u r  
., 

o r  l e s s ) .  I n  t h e  same y e a r ,  66 p e r c e n t  o f  t h e  p r o d u c t i o n  

was sweet c r u d e .  The d i s c o v e r y  o f  t h e  Prudhoe  Bay f i e l d  i n  

A l a s k a  h a s  r e s u l t e d  i n  o n l y  42 p e r c e n t  o f  1975  c r u d e  o i l  
I 

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



By 1978,  t h e  sweet c r u d e  s p l i t  i n  U.S. p r o d u c t i o n  

w i l l  change s i g n i f i c a n t l y  toward a n  i n c r e a s e d  p e r c e n t a g e  o f  sour  
I 

c r u d e .  Another f a c t o r  g i v i n g  impetus  t o  t h i s  s h i f t  w i l l  be  such 

/' 

p r o j e c t s  a s  enhanced r e c o v e r y  which i n  C a l i f o r n i a  i s  r e f l e c t e d  

i n  more p r o d u c t i o n  o f  heavy,  h i g h  s u l f u r  c r u d e  o i l s .  

B ~ L  r  i l l y  dlly u l~ l lur  eseell l d ~ y t ?  d ~ S C U V ~ L  ies , L11e WUI 1d ' s - 
r e f i n e r s  w i l l  be  f o r c e d  t o  r e l y  on  s o u r  c r u d e  s u p p l i e s  i n c r e a s i n g l y  

- I 
i n  t h e  f u t u r e .  

D e s p i t e  t h e  p r o p o r t i o n a t e l y  g r e a t e r  r e s e r v e s  and 

t h e  p r o d u c t i o n  o f  s o u r  c r u d e s ,  t h e  u n i t e d  S t a t e s  c o n t i n u e s  t o  I 
r e l y  v e r y  h e a v i l y  on sweet  c r u d e  i m p o r t s .  I n  t h e  p e r i o d  from 

. . ~  L . 

1969 t o  t h e  p r e s e n t ,  t h e  p e r c e n t a g e  of  c r u d e  o i l  i m p o r t s  t h a t  

a r e  sweet  h a s  ranged from a  h i g h  o f  66.9 p e r c e n t  ( 1 9 7 2 )  t o  a  

low of  54.7 p e r c e n t  ( 1 9 7 7 ) .  I n  t h e  s a k e  p e r i o d  c r u d e  o i l  

i m p o r t s  r o s e  from 2.2 m i l l i o n  b a r r e l s  p e r  day t o  6.6 m i l l i o n  

b a r r e l s .  p e r  day.  ~ l t h o u ~ h  t h e  p e r c e n t a g e  o f  sweet  c r u d e  h a s  

d ropped ,  t h e  a c t u a l  volume o f  sweet  c r u d e  i m p o r t s  a r e  i n c r e a s i n g  

each  y e a r .  

The r a p i d l y  growing sweet c r u d e  i m p o r t s  a r e  o r i g i n a t i n g  

more and more from OPEC s o u r c e s .  I n  1969,  t h e  Uni ted  S t a t e s  
. . 

imported o n l y  5 p e r c e n t  o f  OPEC's sweet  c r u d e  p r o d u c t i o n .  

I n  1976,  t h e  Uni ted  S t a t e s  impor ted  37.5 p e r c e n t  o f  OPEC's 

sweet c r u d e  p r o d u c t i o n .  I n  t h e  f i r s t  4  months o f  1977,  t h i s  
I 

\ 

I 

p e r c e n t a g e  grew t o  42 p e r c e n t .  By c o n t r a s t ,  i n  t h e  same 4-month -. 
p e r i o d ,  t h e  Uni ted  S t a t e s  imported o n l y  1 2 . 4  p e r c e n t  o f  OPEC's 

s o u r  c r u d e  p r o d u c t i o n .  



J. A n a l y s i s  o f  PAD V S i t u a t i o n  

A s p e c i a l  s i t u a t i o n  e x i s t s  o n  t h e  west c o a s t  

d u e  t o  t h e  i n t r o d u c t i o n  o f  A l a s k a n  N o r t h  S l o p e  c r u d e  o i l .  

A l t h o u g h  amp le  r e f i n e r y  c a p a c i t y  e x i s t s  i n  t h e  a r e a  t o  meet 

l o c a l  r e f i n e d  p r o d u c t  n e e d s ,  t h e  vo lume o f  s o u r  C a l i f o r n i a  
L 

c r u d e  p l u s  s o u r  N o r t h  S l o p e  c r u d e  e x c e e d s  t h e  s o u r  c r u d e  

c a p a c i t y  i n  t h e  a r e a .  E x t e n s i v e  c o n v e r s i o n  o f  P u g e t  Sound 

r e f i n e r i e s  and  some C a l i f o r n i a  r e f i n e r i e s  would  b e  r e q u i r e d  t o  

a b s o r b  mos t  o r  a l l  o f  t h e  N o r t h  S l o p e  c r u d e .  

A D e p a r t m e n t  o f  Ene rgy  ( D O E )  e s t i m a t e  o f  t h e  

breakdown o f  s o u r  and  sweet c r u d e  r e f i n i n g  c a p a c i t y  i n  PAD V 

i n d i c a t e s  t h a t  o f  t h e  2 ,426 ,8000  b a r r e l / c a l e n d a r  d a y  r e f i n e r y  

c a p a c i t y ,  1 , 6 7 0 , 2 0 0  c a n  h a n d l e  s o u r  c r u d e  and  756 ,600  m u s t  u s e  

sweet c r u d e s .  

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

D i s t r i c t  V which  i n d i c a t e d  t h a t  f r o m  601 ,000  t o  969 ,000  b a r r e l s  

p e r  d a y  o f  N o r t h  S l o p e  c r u d e  c o u l d  b e  a b s o r b e d  i n  D i s t r i c t  V 

i n  1978 .  

An a v e r a g e  o f  f o r e c a s t s ,  by  s e v e r a l  d i f f e r e n t  

s o u r c e s ,  o f  PAD V s u r p l u s  o f  N o r t h  S l o p e  c r u d e  i n d i c a t e d  

s u c h  s u r p l u s e s  a t  447 ,000  b a r r e l s  p e r  d a y  i n  1 9 7 8 ,  and  

W 

709,000 and  1 , 0 0 2 , 0 0 0  b a r r e l s  p e r  d a y  r e s p e c t i v e l y  i n  1980  

and  1985 .  
* 



-

DISCUSSION

SECTIONS A-J

\J

f

18



A. P r e s e n t  S t a t u s  o f  D e s u l f u r i z a t o n  i n  t h e  U n i t e d  
S t a t e s  and  C a r i b b e a n  P e t r o l e u m  R e f i n i n g  I n d u s t r  ies 

1. S u l f u r  i n  Crude  O i l  and  P e t r o l e u m  P r o d u c t s  

a .  Trend  t o  Higher  S u l f u r  C o n t a i n i n g  Crude  O i l  I . , 

1 B a r r i n g  a n y  u n f o r e s e e n  l a r g e  d i s c o v e r i e s  o f  c r u d e  

7 
o i l ,  U.S. and  wor ld  r e f i n e r s  w i l l  b e  f o r c e d  t o  r e l y  o n  s o u r  

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

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

i n c r e a s e  t o  meet t h e  n e e d s  f o r  low s u l f u r  f u e l s .  Based o n  
l 

o u r  p r e s e n t  knowledge o f  d o m e s t i c  and f o r e i g n  r e s e r v e s  o f  

sweet and s o u r  c r u d e  o i l s ,  i t  would a p p e a r  t h a t  t h e  r a t e  o f  
,.. 

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

t h r e e  times a s  g r e a t  a s  t h a t  e x p e r i e n c e d  i n  t h e  p a s t  4 o r  5 
.. . 

, . y e a r s .  
. . 

OPEC s o u r  c r u d e , r e s e . r v e s  were  5.5 t i m e s  g r e a t e r  

t h a n  sweet ( 0 . 5  p e r c e n t  s u l f u r  by  w e i g h t  o r  l e s s )  c r u d e  

r e s e r v e s  i n  1975 .  I n  a d d i t i c h ,  t h e  c u r r e n t  t e n d e n c y  is 

t o  p u l l  down sweet c r u d e  r e s e r v e s  r e l a t i v e l y  more r a p i d l y  

t h a n  s o u r  c r u d e  r e s e r v e s .  T h i s  t r e n d  a c c e l e r a t e d  i n  1976 ,  

and c o n t i n u e s  t o  a c c e l e r a t e  i n  1977 .  

Even g r e a t e r  c h a n g e s  t h a n  t h o s e  i n  t h e  OPEC 
I 

countries have o c c u r r e d  i n  t h e  U n i t e d  S t a t e s .  I n  1969 ,  

d a Bureau  o f  Mines s u r v e y  i n d i c a t e d  t h a t  64 p e r c e n t  o f  a l l  
. 

c r u d e  o i l  r e s e r v e s  were  i n  t h e  sweet c r u d e  c a t e g o r y .  The 
t 

same s u r v e y  i n d i c a t e d  t h a t  66 p e r c e n t  o f  t h a t  y e a r ' s  

p r o d u c t i o n  was sweet c r u d e .  



The d i s c o v e r y  o f  t h e  Prudhoe Bay f i e l d  h a s  

r e s u l t e d  i n  o n l y  4 2  p e r c e n t  of 1975 c r u d e  o i l  r e s e r v e s  

be ing  i n  t h e  sweet c r u d e  c a t e g o r y .  I n  1976,  abou t  68 

p e r c e n t  o f  t h e  c r u d e  o i l  p r o d u c t i o n  i n  t h e  Uni ted  S t a t e s  

was swee t .  However, Alaskan North S l o p e  c r u d e  o i l  had n o t  

y e t  begun p r o d u c t i o n .  By 1978,  t h e  sweet /sour  s p l i t  i n  

t h e  U.S. p r o d u c t i o n  w i l l  change s i g n i f i c a n t l y  toward a n  

i n c r e a s e d  p e r c e n t a g e  of sour  c r u d e .  Another f a c t o r  g i v i n g  

impetus  t o  t h i s  s h i f t  w i l l  be  t h e  development  o f  enhanced 

recovery .  I n  C a l i f o r n i a  t h i s  w i l l  be r e f l e c t e d  i n  more 

p r o d u c t i o n  of heavy,  h igh  s u l f u r  c r u d e  o i l .  More d e t a i l s  

appear  i n  S e c t i o n  I .  

b. S u l f u r  and Other  Contaminants  i n  Crude O i l  

S u l f u r  and s u l f u r  compounds c o n s t i t u t e  t h e  

most s i g n i f i c a n t  c o n t a m i n e n t s  i n  c r u d e  o i l  f r a c t i o n s .  

Oxygen compounds, n i t r o g e n  compounds and m e t a l  compounds 

of vanadium, n i c k e l ,  i r o n ,  c a l c i u m ,  magnesium, aluminum, 

c o p p e r ,  sodium, po tass ium,  a r s e n i c ,  and z i n c  a r e  o t h e r  

f o r e i g n  m a t e r i a l s  which p r e s e n t  t r e a t i n g  problems.  Of 

t h e  metals ,vanadium, n i c k e l  and i r o n  a r e  t h e  most s i g n i -  

f i c a n t  because  t h e y  s h o r t e n  t h e  l i f e  of  h y d r o d e s u l f u r i z a t i o n  

c a t a l y s t s .  

The s u l f u r  c o n t e n t  o f  c r u d e  o i l s  a p p e a r s  t o  b e  

r e l a t e d  t o  t h e  d e n s i t y  o f  t h e  c r u d e  o i l  which i n  t u r n  depends  

on t h e  d i s t r i b u t i o n  of hydrocarbon t y p e s  i n  t h e  c r u d e  o i l .  



The s u l f u r  c o n t e n t  o f  c r u d e  o i l  is n o t  u n i f o r m l y  d i s t r i b u t e d  
- .  . . 

t h r o u g h o u t  t h e  b o i l i n g  r a n g e  o i  t h e  o i l ,  b u t  i s  p r o g r e s s i v e l y  

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

s u l f u r  compounds p r e s e n t  i n  c r u d e  o i l s  v a r y .  One hundred  

and e l e v e n  s u l f u r  compounds have  been  i d e n t i f i e d  i n  a  r e s e a r c h  

p r o j e c t  i n v o l v i n g  o n l y  t h r e e  c r u d e  o i l s .  - 2/ T h i s  s u b j e c t  is 

d i s c u s s e d  i n  more d e t a i l  i n  S e c t i o n  B.  - 

2. F u e l  D e s . u l f u r i z a t i o n  

a'. I n t r o d u c t i o n  

Because  t h e  s u l f u r  compounds found  i n  c r u d e  o i l  t e n d  

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

o i l ,  i t  i s  more economic t o  c o n c e n t r a t e  t h e s e  s u l f u r - c o n t a i n i n g  

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

f u e l  o i l ,  o f  t h e .  c r u d e ,  o i l  by d i s t i l l a t i o n  and t h e r e b y  r e d u c e  

t h e  volume or p e t ~ o l e u m  t o  b e  t r e a t e d .  

' Should  r e s i d u a l  f u e l  o i l  n o t  b e  a  d e s i r e d  p r o d u c t ,  

t h i s  f r a c t i o n C a n  b e  f u r t h e r  p r o c e s s e d ~ u n t i l  a l i  l i q u i d  p r o d u b t s  

a r e  removed a s . d i s ' t i l l a t e  and o n l y  s o l i d  m a t e r i a l  o r  c o k e  is 

l e f t  a s  t h e  r e s i d u e .  Whi le  some o f  t h e  r e s u l t i n g  h i g h e r  b o i l i n g  

d i s t i l l a t e  f r a c t i o n ' s  w i l l  c o n t a i n  r e l a t i v e l y  l a r g e  amounts  o f  

2/' H .  T. R a l l ,  C .  J .  Thompson, H .  J .  Coleman, R.  L. ~ o p k i n s  - 
" S u l f u r  Compounds i n  ' ~ e t r o l e u m , "  API -- R e s e a r c h  P r o j e c t  4 8 ,  
1962 .  



s u l f u r  compounds, t h e y  c a n  be  d e s u l f u r i z e d  by h y d r o t r e a t i n g  

t e c h n i q u e s .  

I f  r e s i d u a l  f u e l  o i l  is a  d e s i r e d  p r o d u c t ,  t h e  
I < 

l i q u i d  r e s i d u e  can  be  t r e a t e d  d i r e c t l y  by h y d r o t r e a t i n g  

t e c h n i q u e s  t o  r educe  s u l f u r  t o  . the  r e q u i r e d  l e v e l .   his is 
. . .  . - .  

r e f e r r e d  t o  a s  a  " d i r e c t "  p r o c e s s . '  
. .  . 

I t  is g e n e r a l l y  a c c e p t e d  t h a t  d e s u l f u r i z a t i o n  o f  
. . . . 

t h e  r e s i d u a l  f r a c t i o n  o f  c r u d e  o i l .  is  n o t  economical  i f  i.t , 

c o n t a i n s  more t h a n  150 p a r t s  p e r  m i l l i o n  (ppm) o f  heavy m e t a l .  

These m e t a l s ,  found i n  v a r y i n g  amounts i n  c r u d e  o i l s  from 

d i f f e r e n t  l o c a t i o n s ,  remain a lmos t  e n t i r e l y  i n  t h e  r e s i d u e  

on t h e  d i s t i l l a t i o n  o f  t h e  c r u d e  o i l .  The m e t a l s ,  when t h e y  

e x i s t  i n  c o n c e n t r a t i o n s  g r e a t e r  t h a n  150 ppm i n  t h e  pe t ro leum 

f r a c t i o n s  be ing  t r e a t e d ,  d e a c t i v a t e  t h e  h y d r o t r e a t i n g  c a t a -  

l y s t  v e r y  r a p i d l y  and b lock  t h e  p a s s a g e  of t h e  l i q u i d  be ing  

t r e a t e d  th rough  t h e  c a t a l y s t .  R e c e n t l y ,  a d d i t i v e s  have  been 

developed which d e a c t i v a t e  t h e s e  heavy m e t a l s ,  b u t  t h i s  

t e c h n o l o g y  i s  i n  a n  e a r l y  development  s t a t e .  3/ - 
An " i n d i r e c t "  r o u t e  t o  r educe  t h e  amount .of  s u l f u r  . 

i n  t h e  r e s i d u a l  f r a c t i o n  o f  c r u d e  o i l  is  t o  b lend  back i n t o  

t h e  f r a c t i o n  d i s t i l l a t e  which, h a s  been t r e a t e d  t o  remove 

s u l f u r  . 

3/ "Heavy Meta l s  ~ e a c t i v a t e d  by Cracking A d d i t i v e , "  O i l  and - 
Gas J o u r n a l ,  March 2 8 ,  1977 .  



Desulfur izat ion processes ,  f o r  purposes o i  t h i s  

r e p o r t ,  a r e  c l a s s i f i e d  a s  thermal processes  and a s  c a t a l y t i c  

hydroprocessing procesges . ~ h e r m a i  processes  such a$ d ist  i l l a -  

t i o n ,  visbreaking or  coking do n o t . d e c r e a s e  t h e  amount of 

s u l f u r  o r i g i n a l l y  in  the  crude o i l ,  but merely segregate  - 
i t  i n t o  var ious  f r a c t i o n s  which can be t r e a t e d  t o  remove 

s u l f u r  or wherein the  s u l f u r  can be disposed o f ,  such 

a s  i n  coke. 

C a t a l y t i c  hydroprocessing chemically conver t s  

t h e  s u l f u r  i n  t h e  sulfur-containing compounds i n  t h e  

crude o i l  t o  a £orm whereby i t  can be removed from t h e  petroleum 

f r a c t i o n ,  usual ly  a s  a gas  (hydrogen s u l f i d e ) .  The g a s  is 

then f u r t h e r  processed t o  produce elemental  s u l f u r .  

b. Sulfur  segregat ing Processes 

(1).  Thermai ~ r o c e s s e s  

a ) .    is till at ion 

D i s t i l l a t i o n  is t h e  f i r s t  s t e p  i n  the  

r e f i n i n g  of crude o i l .  ~ i s t i i l a t i o n  can be under atmospheric 

or reduced pressure (vacuum d i s t i l l a t i o n )  . Reduced pressure  ' 

depresses  t h e  bo i l ing  po in t  of petroleum compounds. Heavy 

crude o i l  f r a c t i o n s  m u s t  be d i s t i l l e d  a t  reduced pressure  

because, when such high bo i l ing  s tocks  a r e  d i s t i l l e d ,  s i g n i f i c a n t  

decomposition begins a t  about 800' F. The increased use of 
-3 



vacuum d i s t i l l a t i o n  has been encouraged by increased y i e l d s  

of gaso l ine  and heat ing o i l  when compared t o  atmospheric 

d i s t i l l a t i o n .  

The t rend has been toward l a r g e r  

capac i ty  vacuum d i s t i l l a t i o n  towers and t o  design improvements 

which r e s u l t  i n  b e t t e r  ' f r a c t i o n a t i o n  and i n ,  minimized entrainment 

of crude o i l  contaminants i n  t h e  d i s t i l l a t e .  Metal contami- - 

na t ion  i n  the  d i s t i l l a t e s ,  p a r t i c u l a r l y ,  can poison , c a t a l y s t s  

and reduce gaso l ine  y i e l d s  i n  downstream processing,  u n i t s .  

Vacuum d i s t i l l a t i o n  a lone ,  however, o f t e n  

i s  s c a r c e l y  s a t i s f a c t o r y  because not  enough mate r i a l  for  

d e s u l f u r i z a t i o n  can be vaporized t o  meet product demands. 

For t h i s  reason, vacuum d i s t i l l a t i o n  i s  very o f t e n  used 

i n  conjunct ion w i t h  v i s c o s i t y  breaking or  coking. These 

processes  reduce the  boi l ing  range of t h e  res idue  and 

produce increased amounts of d i s t i l l a t e s .  

( b )  . , Visbreaking 

Visbreaking is a  mild thermal cracking 

process  which is used t o  lower t h e  v i s c o s i t i e s  and .pour po in t s  

of crude o i l  res idues .  The feed is heated quickly  i n  a furnace 

c o i l  t o  a  temperature of S 5 0 Q  F t o  900° F a t  a  pressure  of 200 

t o  500 p s i  (pounds per square i n c h ) .  The e f f l u e n t  from t h e . c o i 1  

i s  quenched (cooled)  w i t h  l i g h t  gas  o i l  t o  s t o p  t h e  cracking,  
T. 



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

f l a s h e d  o f f  and f r a c t i o n a t e d .  The r e s i d u e  i s  f u r t h e r  f l a s h e d  

i n  a  vacuum tower t o  r ecover  heavy g a s  o i l .  

The u s u a l  v i s b r e a k e r  f e e d  i n  U.S.' 

- r e f i n e r i e s  i s  t h e  r e s i d u e  from vacuum d i s t i l l a t i o n .  I n  o r d e r  

t o  avo id  cok ing  i n  t h e  f u r n a c e  c o i l s ,  o n l y  m i l d  c r a c k i n g  

c o n d i t i o n s  a r e  'used i n  t h e  . v i s b r e a k e r .  

Compared t o  t h e  cok ing  p r o c e s s ,  

t h e  y i e l d s  o f  g a s  o i l  and l i g h t e r  p r o d u c t s  a r e  lower .  The 

o c t a n e  number of  v i s b r e a k e r  g a s o l i n e , t e n d s  t o  be somewhat 

h i g h e r ,  and t h e  q u a l i t y  o f  v i s b r e a k e r  g a s  o i l  a s  c a t a l y t i c  

c r a c k e r  f e e d  is u s u a l l y  s u p e r i o r  t o  t h a t  o f  coker  g a s  o i l .  

( c ) .  Coking 

T h i s  is  a w e l l - e s t a b l  i shed  t e c h n i q u e  

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

dependent  on thermal  c r a c k i n g  t o  b reak  down heavy f r a c t i o n s  

i n t o  lower  b o i l i n g  o i l s  and decompos i t ion  is c o n t i n u e d  

u n t i l  a  s o l i d  r e s i d u e '  ( c o k e )  remains .  

Coking was o r i g i n a l l y  c a r r i e d  o u t  

a s  a  b a t c h  p r o c e s s  i n  which reduced c r u d e  o r  o t h e r  heavy o i l  

L- was h e a t e d ,  and decomposed by d i r e c t  f i r e  i n  h o r i z o n t a l  v e s s e l s  



equipped w i t h  condensing equipment .  A f t e r  a l l  v o l a t i l e  

p r o d u c t s  were d r i v e n  o f f  overhead ,  t h e  h o t  coke  was a l lowed 

t o  c o o l  and was removed manual ly .  

Delayed cok ing  was commercia l ized  i n  

1930 and is s t i l l  t h e  predominant  p r o c e s s .  The f e e d ,  i n  t h i s  - 
?recess, is h e a t e d  r a p i d l y  i n  a  f u r n a c e  t o  a  t e m p e r a t u r e  o f  

9 0 0 ' ~  o r  h i g h e r  and is t h e n  d i s c h a r g e d  i n t o  l a r g e  i n s u l a t e d  

v e r t i c a l  drums where it remains  w h i l e  c r a c k i n g  o c c u r s  from 

t h e  c o n t a i n e d  h e a t .  Tempera tures  a r e  i n  t h e  range  of  77S0 F  

t o  900° F and p r e s s u r e s  up t o  90 p s i .  Gas o i l  and l i g h t e r  

v a p o r s  p a s s  i n t o  a  £ r a c t i o n a t i o n  sys te l i~ .  Heavier  f r a c t i o n s  

remain beh ind ,  g r a d u a l l y  decomposing i n t o  l i g h t e r  p r o d u c t s  

and coke .  The coke  is removed from t h e  drum w i t h  h i g h  

p r e s s u r e  water  jets.  

Cont inuous  f l u i d  cok ing  was 

commerc ia l ly  i n t r o d u c e d  i n  1954.  I n  t h i s  p r o c e s s ,  t h e  heavy 

f e e d s t o c k  is c racked  by c o n t a c t i n g  i t  w i t h  a  f l u i d i z e d  bed 

o f  coke p a r t i c l e s  a t  a t e m p e r a t u r e  of 900' F t o  1 ,050°  F a t  

e s s e n t i a l l y  a tmospher ic  p r e s s u r e .  Coke formed by f e e d  

decompos i t ion  is d e p o s i t e d  on t h e  coke  p a r t i c l e s  a l r e a d y  

i n  t h e  bed.  Vapors a r e  moved overhead th rough  a  c y c l o n e  

s e p a r a t i o n  t h a t  r e t u r n s  coke  p a r t i c l e s  t o  t h e  bed.  The 

h e a t  r e q u i r e d  is s u p p l i e d  by c i r c u l a t i n g  a  s t r e a m  o f  f l u i d i z e d  



coke  t o  a b u r n e r  v e ' s s e l  where a  p o r t i o n  i s  bu rned  w i t h  a i r  

.o m a i n t a i n  t h e  v e s s e l  t e m p e r a t u r e .  N e t  c o k e  p roduced  i n  

t h e  p r o c e s s  is wi thdrawn from t h e  s y s t e m .  

The f l u i d  c o k i n g  p r o c e s s  c a n ' b e  
-, 

combined w i t h  coke  g a s i f i c a t i o n  t o  c o n v e r t  a b o u t  98 p e r c e n t  

o f  norma'l c r u d e  r e s iduum i n t o  l i q u i d a n d  g a s e o u s  p r o d u c t s .  

T h i s  p r o c e s s  h a n d l e s  h i g h - s u l f  u r  , h igh-meta l  c r u d e  o i l s  v e r y  

w e l l .  The l i q u i d  p r o d u c t s  f rom t h e  p r o c e s s  a r e  low i n  m e t a l s  

and c a n  be  more r e a d i l y  proc'ecccd t o  p r o d u c e  high q u a l i t y  f u e l  

o i l  o r  f e e d s t o c k s .  About 95 p e r c e n t  o f  t h e  t o t a l  s u l f u r  i n  

t h e  c o k e r  f e e d  c a n  b e  r e c o v e r e d  a s  e l e m e n t a l  s u l f u r .  

Coking w i l l  c o n t i n u e  t o  b e  a n  i m p o r t a n t  

r e f i n i n g  p r o c e s s .  The c o m b i n a t i o n  p r o c e s s  o f  f l u i d  c o k i n g  

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

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

o i l s .  

( 2 ) .  C a t a l y t i c  P r o c e s s e s  Using Hydrogen 

The n o m e n c l a t u r e  u sed  i n  t h i s  s t u d y  f o r  

t h e  v a r i o u s  hydrogen  d e s u l f u r i z a t i o n  p r o c e s s e s  used  i n  t h e  

p e t r o l e u m  i n d u s t r y  is  t h a t  d e f i n e d  by t h e  O i l  and Gas J o u r n a l  - - 4/ 

i n  t h e i r  "Annual R e f i n i n g  S u r v e y s . "  Under h y d r o c r a c k i n g  a r e  

t h o s e  p r o c e s s e s  i n  which '50 p e r c e n t  o r  more o f -  t h e  f e e d  is 
1- 

4/ The P e t r o l e u m  P u b l i s h i n g  Company, T u l s a ,  Oklahoma. - 



r e d u c e d  i n  m o l e c u l a r  s i z e .  Under h y d r o r e f  i n i n g  a r e  t h o s e  
. $ 

p r o c e s s e s  i n  which t h e  f e e d  i s  reduced  10  p e r c e n t  'or  l e s s  
. . . . 

i n  m o l e c u l a r  s i z e .  For h y d r o t r e a t i n g ,  e s s e n t i a l l y  no  
, .  , .  

I .  ' 

m o l e c u l a r  r e d u c t i o n  o c c u r s .  
. . 

1 

( a ) .  C a t a l y t i c .  ~ y d r o c r a c k i n g  . . . . . 

1 C a t a l y t i c  h y d r o c r a c k i n g  is a  

I c o m b i n a t i o n  o f  c r a c k i n g ,  h y d r o g e n a t i o n  and i s o m e r i z a t i o n '  

( a  p r o c e s s  which a l t e r s  t h e  f u n d a m e n t a l  a r r a n g e m e n t  o f  a toms  . 

i n  t h e  m o l e c u l e  w i t h o u t  removing from o r  a d d i n g  a n y t h i n g  t o  

t h e  o r i g i n a l  m a t e r i a l ) .  I t  can  d l s o  be r e g a r d e d  a s  a 

t r e a t i n g  o p e r a t i o n  s i n c e  hydrogen  combines  w i t h  and p r a c t i c a l l y  

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

I e t c .  D i s t i l l a t e ,  and  t o  a much l e s s e r  d e g r e e ,  r e s i d u a l  I 
u p g r a d i n g  a r e  t h e  mos t  i m p o r t a n t  u s e s  f o r  c a t a l y t i c  hydro-  

c r a c k i n g .  

I The p r o c e s s  c o n s i s t s  b a s i c a l l y  o f  I 
m i x i n g  .hydrogen w i t h  h y d r o c a r b o n  f e e d  a t  e l e . v a t e d  p r e s s u r e s ,  . .  

I h e a t i n g  t h e  m i x t u r e  and c , o n t a c t i n g  w i t h  a  c a t a l y s t  i n  a  f i x e d  

o r  f l u i d  bed.  Hydrogen- r ich  g a s  and u n c o n v e r t e d  hydroca ' rbons  

a r e  r e c y c l e d .  O p e r a t i n g  c o n d i t i o n s  r a n g e  from 5 0 0 ° ~  to .850°E '  1 
- 

and  500 t o .  4 ,500 pounds p e r  s q u a r e  i ,nch,  .gauge., ( p s i g )  p r e s s u r e .  . '< 
A v a r  i e . t y  o f  c a t a l y s t s  c a n  .be  u s e d .  l ~ Hydrogen must  be f u r n i s h e a  from' a n  . e x t e r n a l  sou : rce . -  Normal ly ,  " ! 

t h e  hydrogen  r e q u i r e m e n t s  v a r y  f rom 1 , 0 0 0  s c f  p e r  b a r r e l  f o r  

l i g h t  f e e d s ,  t o  2,500 s c f  p e r  b a r r e l  f o r  heavy  f e e d s .  



M e t a l s  a r e  d e t r i m e n t a l  i n  c a t a l y t i c  

l y d r o c r a c k i n g ,  p a r t i c u l a r y  i n  r e s i d u a l  u p g r a d i n g .  The m e t a l s  

i n  t h e  c r u d e  o i l  c o n c e n t r a t e  i n  t h e s e  r e s i d u e s ,  and  a r e  

d e l e t e r i o u s  t o  t h e  c a t a l y s t .  N e t a l s  a r e  n o t  t r o u b l e s o m e  i n  

most  U . S .  o r  Middle  E a s t  p e t r o l e u m s ,  b u t  Venezue lean  and some 

C a l i f o r n i a  o i l s  c o n t a i n  . l a r g e  amounts  o f  t h e s e . c o n t a m i n a n t s .  

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

have  l i t t l e  e f f e c t  on t h e  " i n d i r e c t "  d e s u l f u r i z a t i o n  methods 

o f  p r o d u c i n g  low s u l f u r  f u e l  o i l s .  These  p r o c e s s e s  i n v o l v e  

h y d r o d e s u l f u r  i z a t i o n  o f  d i s t i l l a t e s ,  s u c h  a s  g a s  o i l  p roduced  

by vacuum f l a s h i n g ,  o r  v i s b r e a k i n y  f o l l o w e d  by vacuum f l a s h i n g ,  

o r  by c o k i n g .  

When c r u d e  o i l s  a r e  d i s t i l l e d  t o  

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

and a l l  o f  t h e  m e t a l s  remain  i n  t h e  r e s i d u a .  However, upon 

vacuum d i s t i l l a t i o n ,  s i g n i f i c a n t  amounts  o f  t h e  s u l f u r  a r e  

found  i n  t h e  vacuurn g a s  o i l  w h i l e  n e a r l y  a l l  o f  t h e  m e t a l s  

r ema in  i n  t h e  vacuum bo t toms .  

I t  is e s t i m a t e d  t h a t  more t h a n  95  

p e r c e n t  o f  t h e  low s u l ' f u r  f u e l s  p roduced  i n  t h e  Un i t ed  

S t a t e s  a r e  manufac tu red  'by " i n d i r e c t "  methods  s u c h  a s  c r u d e  

d i s t i l l a t i o n ,  a t m o s p h e r i c  o r  vacuum, and c o k i n g  ( d e l a y e d  o r  

f l u i d )  f o l l o w e d  by h y d r o d e s u l f u r i z a t i o n  o f  t h e  d i s t i l l a t e s .  

When p r e c e s s i n g  o n l y  h i g h  s u l f u r  c r u d ' e s ,  a  s i g n i f i c a n t  amount 



of high-sulfur  p i t c h  % r e s u l t s . .  The desu l fu r i zed  o i l s  a r e  

then  ,blended: with. - add i t iona l  topped .c,rude..,.or w i t h .  t he  ,. .. f.- 

resi ,dues.  , . .  . . . . . . 

Low-sulfur products from t .he:  . . 
d i s t i l l a t i o n  of .low-sulfur cr.udes such . a s  those produced 7 

in  t h e  United S t a t e s ,  Alg.er i a ,  1nd0nesi .a~ Libya,  .Niger ial, , . 

I 

e t c . ,  a r e  -use fu l  fo r  blending w i t h  t h e  higher s u l f u r  . . , . .  . 
I 
I 

products  produced from high-sulfur  containing crudes.  . . . I 

( b )  .. C a t a l y t i c  Hydroref ining 
. . ., - . . . 

C a t a l y t i c  hydroref ining is a  
" I",. f '. , . :  

r ? 

processing procedure t o  desulf  u r i z e  and hydrogenate a wide 
- . 

range of charge s tocks  such a s  gas  o i l ,  c a t a l y t i c  cracker  

feeds tock ,  cyc le  s tock and middle d i s t i l l a t e s .  The funct ions  
. . , . 

. . 
of t h e  hydrogen t r e a t i n g  a r e  removal of s u l f u r  compounds, 

. . - .  
n i t rogen  compounds, and o the r  impur i t i e s ;  hydrogen s a t u r a t i o n  

of o l e f i n s  and/or aromatics;' and mild hydrocracking (10 

percent  o r  less reduct ion i n  molecular s i z e ) .  
~. . . , .  . . 

The most common c a t a l y s t  is  c o b a l t  

molybdate on an alumina c a r r i e r .  Hydrogen consumption v a r i e s  
. . , . 

from 300 scf  t o  1,200 scf  per b a r r e l  of charge.  Opera t ing ,  

cond i t ions  vary with t h e  'process  from 500°F t o  800°F and 400 .. 

. .. .. r .  . 
t o  1 , 2 0 0  ps ig .  



C a t a l y t i c  h y d r o r e f i n i n g  i n c l u d e s  such . ' 

brocesses a s  r e s i d u a l  d e s u l f  ur i z a t i o n ,  heavy gas-o il d e s u l f  ur iza ' t ' ion,  

c a t a l y t i c - c r a c k e r  and c y c l e  s t o c k  f e e d  p r e t r e a t m e n t ,  and m i d d l e -  " 

d i s t i l l a t e  t r e a t i n g .  

,. . Regarding heavy f u e l  o i l  t r e a t i n g ,  two . ' 

b a s i c  h y d r o p r o c e s s i n g  r o u t e s  have  been deve loped  f o r  removing .: 

s u l f u r  from heavy f u e l  o , i l :  vacuum - g a s  o i l  d e s u l f u r i z a t i o n  . : . 

( " i n d i r e c t "  r o u t e )  and d i r e c t  residuum d e s u l f u r i z a t i o n  ( " d i r e c t "  ; 

r o u t e ) .  

I n  t h e  " i n d i r e c t  method," t h e  residum 

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

vacuum tower. bot toms.  The heavy g a s  o i l ,  a f t e r  d e s u l f u r i z a t i o n ,  

is t h e n  blended w i t h  t h e  vacuum residuum. T h i s  .method is a  

f i r s t  s t e p  to'ward reduc ing  f u e l  o i l  poo l  s u l f u r  l e v e l s  and 

a v o i d s  t h e  problems a ~ o o c i a t e d  w i t h  h y d r o r e f i n i n g  a  m a t e r i a l  

c o n t a i n i n g  h igh  c o n c e n t r a t i o n s  o f  m e t a l  con taminan t s .  There  

is a  l i m i t  t o  t h e  amount o f  s u l f u r  t h a t  c a n  be  removed by 

vacuum g a s  o i l  d e s u l f u r i z a t i o n  a l o n e .  For most a t m o s p h e r i c  

r e s i d u a ,  o n l y  abou t  40 t o  50 p e r c e n t  o f  t h e  s u l f u r  may be 

removed i n  t h i s  manner. 
. . 

With " d i r e c t "  res iduum d e s u l f u r i z a t i o n ,  

however,  s u l f u r  r e d u c t i o n s ' o f  80 t o  90 p e r c e n t  a r e  a c h i e v a b l e .  
. 4. 

C e r t a i n  problems a r i s e ,  however,  when d e s u l f u r i z i n g  t h e  residuum 

d i r e c t l y .  ~ e ~ o s i t i o n  o f  vanadium and n i c k e l  on t h e  c a t a l y s t  



r e d u c e s  its a c t i v i t y  and h i g h  p r e s s u r e  d r o p s  i n  t h e  r e a c t o r  i 

a r e  e n c o u n t e r e d  d u e  t o  c a t a l y s t  bed p l u g g i n g  by  n i c k e l  and I 

vanadium d e p o s i t i o n .  I 

( c ) .  C a t a l y t i c  H y d r o t r e a t i n g  ~ 
C a t a l y t i c  h y d r o t r e a t i n g  is d e s c r i b e d  5 1 

a s  a  hydrogen  t r e a t i n g  p r o c e s s  f o r  t h e  removal  o f  s u l f u r  o r  
I 

n i t r o g e n  f rom f e e d s t o c k s ,  d u r i n g  which e s s e n t i a l l y  no  m o l e c u l a r  
* I 

r e d u c t i o n  o c c u r s  i n  t h e  f e e d .  The p r o c e s s  i s  used  t o  p r e t r e a t  

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

r u n  and o t h e r  d i s t i l l a t e s .  

The p r o c e s s i n g  cond i f  i o n s  v a r y  w i t h  

t h e  p r o c e s s .  A t y p i c a l  c a t a l y s t  i s  cobal t -molybdenum s u p p o r t e d  

by  a l u m i n a .  O p e r a t i n g  c o n d i t i o n s  v a r y  f rom t e m p e r a t u r e s  o f  

3 0 0 °  t o  8 0 0 °  F and p r e s s u r e s  of  300 t o  600 p s i g .  Hydrogen 

r e q u i r e m e n t s  v a r y  f rom 75  t o  350 s c f  p e r  b a r r e l  o f  c h a r g e ,  

d e p e n d i n g  o n  t h e  f e e d .  

3. T r e n d s  i n  ~ e s u l f u r i z a t i o n  P r o c e s s i n g  
i n  t h e  U n i t e d  S t a t e s  and  i n  t h e  C a r i b b e a n  
P e t r o l e u m  R e f i n i n g  I n d u s t r i e s  

a .  Background 

A r e c e n t  l i t e r a t u r e  a r t i c l e  - 5/ n o t e s  t h a t  n e a r l y  

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

v a p o r i z a t i o n  o f  d i s t i l l a t e  o r  g a s  o i l  o r  c y c l e - s t o c k  m a t e r i a l s .  

5 /  N. L. N e l s o n ,  "What P r o c e s s e s  Make  D e s u l f u r i z e d  F u e l  O i l s , "  - 
O i l  and  Gas J o u r n a l ,  August  1 5 ,  1977 .  



T h e s e  v a p o r i z e d  f r a c t i o n s  c a n  t h e n  b e  h y d r o d e s u f u r i z e d  f o r  

i n c o r p o r a t i o n  i n t o  r e s i d u a l  f u e l  o i l s .  The a r t i c l e  s t a t e s  

t h a t  p r o b a b l y  95 p e r c e n t  o f  t h e  l o w - s u l f u r  f u e l s  p roduced  i n  

t h e  U n i t e d  S t a t e s  a r e  by s u c h  methods  o r  c o m b i n a t i o n  o f  methods  

a s  t h e  a t m o s p h e r i c  and vacuum d i s t i l l a t i o n s  o f  l o w - s u l f u r  

c r u d e  o i l ;  t h e  vacuum d i s t i l l a t i o n  o f  h i g h  s u l f u r '  c r u d e s  i n d  

t n e  h y d r o d e s u l f u r i z a t i o n  o f  t h e  d i s t i l l a t e s ;  vacuum d i s t i l l a t i o ' n  

o f  t opped  c r u d e :  ' h y d r o t r e a t i n g  and c a t a l y t i c  c r a d k i n g  o f  t h e  
' 

d i s l i l l a t e s ;  f l u i d  and d e l a y e d  c o k i n g  f o l l o & d  by h y d r o d e s u l -  

f u r i z a t i o n  o f  t h e  d i s t i l l e d  m a t e r i a l s .  The remainde-r  o f  t h e  

low s u l f u r  f u e l s  a r e  p r o d u c e d  by t h e  v i s b r e a k i n g  o f  t opped  

c r u d e  f o l l o w e d  by vacuum d i s t i l l a t  i o n  o f  t h e  v i s ' b r e a k e r  o v e r h e a d  

and by d i r e c t  r e s i d u a l  d e s u l f u r i z a t i o n  whereby low m e t a l s '  ' 

( u n d e r  150 ppm vanadium and n i c k e l )  t o p p e d  c r u d e  o i l  o r  vacuum 

b o t t o m s  c a n  be  d i r e c t l y ,  c a t a l y t i c a l l y  d e s u l f u r i z e d  i n  f i x e d  

o r  f l u i d - b e d  r e a c t o r s .  

b.  The Trend  i n  D e s u l f u r i z a t i o n  P r o c e s s i n g  

(1).  I n t r o d u c t i o n  

The d a t a  f o l l o w i n g  is c a t e g o r i z e d  a s  t h a t  

f o r  t h e  Un i t ed  S t a t e s  ( i n c l u d i n g  t h e  Hawai ian  T r a d e  Zone) 

a n d ' a s  t h a t  f o r  C a r i b b e a n  " e x p o r t i n g "  - 6/ r e f i n e r i e s .  The l a t t e r  . . 

i n c l u d e s  t h e  V i r g i n  I s l a n d s  and P u e r t o  R ico .  I n  a d d i t i o n ,  

C a r i b b e a n  r e f i n e r i e s  a r e  t h o s e  l o c a t e d  i n  A n t i g u a ,  t h e  Bahamas, 

t h e  N e t h e r l a n d  A n t i l l e s ,  T r i n i d a d ,  V e n e z u e l a ,  and Panama. 

6/ R e f i n e r i e s  w i t h  c a p a c i t i e s  i n  e x c e s s  o f  t h o s e  needed  t o  
s u p p l y  l o c a l  o r  d o m e s t i c  n e e d s .  



The d a t a  f o r  t h e  y e a r s  1973  t o  1977 is f rom t h e  O i l  a n d . G a s  

J o u r n a l ' s  - 7 / '  "Annual  R e f i n i n g  I s s u e s "  f o r  t h e  U n i t e d  S t a t e s .  

The d a t a  d i f f e r s  f rom t h a t  i n  , t h e  O i l  and  G a s  J o u r n a l  i n  

t h a t  i t  i n c l u d e s  n e i t h e r  "Naphtha  O l e f i n  o r  ~ r o m a t i c s  S a t u r a t i o n "  

and "Lube-Oil  P o l i s h i n g "  unde r  c a t a l y t i c  h y d r o t r e a t i n g  n o r  

"Lube-Oil  M a n u f a c t u r i n g "  unde r  c a t a l y t i c  h y d r o c r a c k i n g .  

A l t h o u g h  some s u l f u r  is removed d u r i n g  p r o c e s s i n g  o f  f e e d s t o c k s  

i n  t h o s e  c a t e g o r i e s  n o t  i n c l u d e d ,  t h e  q u a n t i t y  s o  removed 

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

s t u d y .  For  t h e  C a r i b b e a n  " e x p o r t i n g "  r e f i n e r s ,  t h e  d a t a  

is f rom t h e  "Worldwide" i s s u e s  o f  the o i l  and Gac J o u r n a l  
d 

and 5rom t h e  Annual  "World R e f i n e r i e s  S u r v e y "  p u b l i s h e d  i n  

t h e  P e t r o l e u m  Times.  - 8/ 

The 1980 p r o j e c t i o n s  o f  d e s u l f u r i z a t i o n  

c a p a c i t i e s  a r e  Depa r tmen t  o f  Ene rgy  e s t i m a t e s  b a s e d  on  

i n f o r m a t i o n  i n .  t h e  O i l  and  Gas  J o u r n a l ,  "Worldwide C o n s t r u c t i o n "  

i s s u e s  o f  A p r i l  1 5 ,  1977 ,  and O c t o b e r  3 ,  1977 ,  and  o n  d a t a  

i n  t h e  Depa r tmen t  o f  Energy  f i l e s .  

( 2 ) .  Thermal  P r o c e s s e s  

Thermal  p r o c e s s e s  i n c l u d e  vacuum d i s t i l l a t i o n ,  

v i s b r e a k i n g ,  f l u i d  c o k i n g ,  d e l a y e d  c o k i n g  and " o t h e r s " .  -- 

7/ The P e t r o l e u m  P u b l i s h i n g  Company, T u l s a ,  Oklahoma. - 

8/ IPC I n d u s t r i a l  P r e s s ,  D o r s e t  House,  London, Eng land .  



Thermal  p r o c e s s e s  e v o l v e d  i n  t h e  e a r l y  s t a g e s  o f  r e f i n e r y  

deve lopmen t  f rom a  need t o  i n c r e a s e  t h e  y i e l d  o f  l i g h t  p r o d u c t s .  

Whi le  t h e s e  p r o c e s s e s  i n c r e a s e  t h e  amount o f  l i g h t  p r o d u c t s ,  

t h e y  a r e  u s e f u l  i n  s e g r e g a t i n g  a  major  p o r t i o n  o f  t h e  s u l f u r  

c o n t e n t  o f  t h e , f e e d s t o c k  c r u d e  o i l  i n t o  d e c r e a s i n g  amounts  

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

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

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

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

( a ) .  Vacuum D i s t i l l a t S o n  

U . S .  R e f i n e r s  - Vacuum d i s t i l l a t i o n  --- 
s i n c e  1945 h a s  been  w i d e l y  used t o  augment t h e  y i e l d  o f  

c a t a l y t i c  c r a c k i n g  f e e d s t o c k s .  I n  1972 ,  t o t a l  vacuum 

d i s t i l l a t i o n  c a p a c i t y  c o r r e s p o n d e d  t o  a b o u t  35 p e r c e n t  o f  

a t m o s p h e r i c  d i s t i l l a t i o n  c a p a c i t y .  Vacuum d i s t i l l a t i o n  

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

c a p a c i t y  h a s  n o t  changed  s i g n i f i c a n t l y  s i n c e  1972 ,  f l u c t u a t i n g  

between 35.3 t o  37 .1  p e r c e n t .  T h i s  p e r c e n t a g e  i s  n o t  e x p e c t e d  

t o  change  s i g n i f i c a n t l y  t h r o u g h  1980 .  

T a b l e  A - 1 ,  f o l l o w i n g ,  shows t h e  t r e n d  i n  

U.S. vacuum d i s t i l l a t i o n  c a p a c i t y  a s  a  p e r c e n t  o f  a t m o s p h e r i c  

d i s t i l l a t i o n  c a p a c i t y .  Appendix T a b l e s  1, 2 ,  and 3 ,  show i t  

i n  g r e a t e r  d e t a i l  and' by PAD d i s t r i c t s .  



Table A-1 
U.S. Vacuum Distillation Capacity As A 
Percent of U.S. Crude Oil Atmospheric 

Distillation Capacity 

- Capacity, B/SD 1/ --- 
Crude Oil Atmospheric Vacuum Capacity 
 ist till at ion Operating . Vacuum Distillation As % .of Atmospheric , 

year Capcity . Capacity Distillation Capacity 
. . 

1973 14,195,000 5,150;OOO .' 36.3 
1974 15,012,000 5,299,900 . 35.3 
1975 15,512,000 5,497,200 35.4 . 
1976 15,713,000 5,672,900 36.1 

* I 
1977 16,759,000 6,216,700 37.1 I 

1/ As of January 1 of indicated-year. - 
2 /  Estimated by DOE. - 



Caribbean "Exporting" Refiners  - Vacuum 

l i s t i l l a t i o n  c a p a c i t i e s  of these  r e f i n e r s ,  a s  a  percentage 

of atmospheric d i s t i l l a t i o n  crude o i l  capac i ty ,  h i s t o r i c a l l y  

has  been lower than t h a t  of U.S'. r e f i n e r s ,  pr inc ipa l ly  because 

* of t h e  o r i e n t a t i o n  of the  Caribbean r e f i n e r y  capac i ty  t o  f u e l  

o i l  r a the r  than gasol ine  production. However, t h e  percentage 
* 

has been increasing s ince  1973 and the  increase  is projec ted  

t o  cont inue through 1980. The most l i k e l y  reasons f o r  t h i s  

a r e  t h e ' h i g h e r  s u l f u r  and l o ' w e r g r a v i t y  crudes which the Caribbean 

r e f i n e r i e s  a r e h a n d l i n g  and t h e i r  f o r e s e e a b l e  need t o  produce 

l i g h t e r ' p r o d u c t s  a s  U . S .  e a s t  coas t  r e s i d  demands decrease.  

Table A-2, on the  following page, 

i n d i c a t e s . t h e  trend in  Caribbean vacuum d i s t i l l a t i o n  capac i ty  

a s  a  percentage of - atmospheric crude o i l  d i s t i l l a t i o n  capaci ty .  

Appendix Tables 4 , ' 5 ,  a,nd 6 ,  show i t  i n  g r e a t e r ' d e t a i l  and 

b y , r e f i n e r y  loca t ion .  ' 



Table- A-2 
Caribbean "Exporting" Refineries Vacuum Distillation 

Capacity As A Percent of Crude Oil Atmospheric Distillation 
Capac i ty 

Capacity, B/CD 1/ 
Crude Oil Atmospheric Vacuum Capacity 
 ist till at ion Operating Vacuum Distillation As % of Atmospheric i 

year Capacity Cagac-it Y - ..- ,.- - -.- Distillation .. .. Capacity I 

1/ As of January 1 of indicated year, barrels per calendar day. - 
2/ Estimated by DOE. - 



C 

( b ) .  Visbreak ing  Capac i t y  
. . .  

U.S. R e f i n e r s  - U.S. v i s b r e a k i n g ,  

both  a s  t o t a l  c a p a c i t y  and a s  a  pe r cen t age  of  r e f i n e r y  

c rude  o i l  d i s t i l l a t i o n  c a p a c i t y ,  d e c l i n e d  r a p i d l y  i n  t h e  

pe r i od  1955 t o  1971 a s  shown i n  Table  A-3 below. 

Table  A-3 
U.S. Visbreak ing  Capac i t y  A s  A Pe r cen t  o f  

U . S .  Crude. O i l  D i s t i l l a t i o n  Capac i ty  (1955-1971) - 1/ 

B a r r e l s  of Feed 
Year Per Stream Day 2/ % of Crude - 

1/ " F a c t o r s  A f f e c t i n g  U.S. Pet ro leum R e f i n i n g ,  - 
Impact of  New Technology, " September 1973, 
Na t iona l  Pet ro leum Counc i l ,  Tab le  7 ,  pg. 39. 

I 2/ A s  o f  year  end. - 

Although t o t a l  v i s b r e a k i n g  capa- 

c i t y  ha s  more o r  less s t a b i l i z e d  s i n c e  1974,  exp re s sed  a s  

a  pe r cen t age  o f  c rude  o i l  ,a tmospher ic  d i s t i l l a t i o n  c a p a c i t y ,  
l 

i t  has  con t inued  t o  d e c l i n e ,  a l t hough  a t  a  somewhat s lower 

r a t e .  A p r o j e c t i o n  through 1980 i n d i c a t e s  t h a t  t h e  s low 

- d e c l i n e  w i l l  c on t i nue .  Table  A-4 on page 39 shows t h e  

/ t r e n d  f o r  t h e  pe r i od  1973-1980. Appendix Tab l e s  1, 2 ,  

and 3 ,  i n d i c a t e  i t  i n  g r e a t e r  d e t a i l  and by PAD D i s t r i c t s .  



Table A-4 
U.S. Visbreaking Capacity As A Percent of U.S. 
Crude Oil Atmospheric Distillation Capacity 

Capacity, B/SD 1)' 
Crude Oil Atmospheric " Visbreaking Capacity 
Distillation operating Visbreaking As % of Atmospherlc 

Year Capacity Capacity Distillation CapaciQ 

1/ As of ~ a n u a r y  1 of indicated year. - 
2/ Estimated by DOE. - 



I t  is e x p e c t e d  t h a t  v i s b r e a k i n g  

: a p a c i t y ,  a s  a  p e r c e n t  o f  c r u d e  o i l  d i s t i l l a t i o n  c a p a c i t y ,  

w i l l  c o n t i n u e  t o  d e c l i n e  i n  t h e  Un i t ed  S t a t e s  u n l e s s  U.S. 

r e f i n e r y  c a p a c i t y  is  encouraged  t o  s u p p l y  a n  i n c r e a s i n g  

+ amount o f  t h e  demand f o r  l o w - s u l f u r  heavy  f u e l s .  T h i s  is  

I u n l i k e l y  i n  l i g h t  o f  e x i s t i n g  C a r i b b e a n  r e f i n e r y  c a p a c i t y  

f o r  s u c h  p r o d u c t s ,  and t h e  push t o  c o n v e r t  f rom heavy  p e t r o l e u m  

1 p r o d u c t s  t o  c o a l  a s  f u e l s  i n  t h e  U n i t e d  S t a t e s .  

I 
t C a r i b b e a n  " E x p o r t i n g "  R e f i n e r s  - 

The v i s b r e a k i n g  c a p a c i t i e s  o f  these  r e f i n e r s  e x p r e s s e d  a s  

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

is  h i g h e r  t h a n  t h a t  o f  U.S. r e f i n e r s .  T h i s  p e r c e n t  is  n o t  

e x p e c t e d  t o  change  a p p r e c i a b l y  t h r o u g h  1980.  The p e r c e n t a g e  

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

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

s l a t e s  a s  compared t o  U.S. r e f i n e r s .  The v i s b r e a k i n g  c a p a c i t y  

I was i n c r e a s e d  by a b o u t  160 ,000  B/SD i n  1976.  T a b l e  A-5, on 

I t h e  n e x t  p a g e ,  summar izes  t h e  v i s b r e a k i n g  c a p a c i t y  o f  C a r i b b e a n  

r e f i n e r s  f o r  t h e  y e a r s  1973-1977 and p r o j e c t s  i t  i n t o  1980 

based  on announced p r o j e c t s .  Appendix T a b l e s  4 ,  5 ,  and 

1 6  i n d i c a t e  t h i s  d a t a  i n  g r e a t e r  d e t a i l .  - 
( c ) .  F l u i d  and Delayed Coking 

U.S. R e f i n e r s  - Coking o f  p e t r o l e u m  

r e s i d u e s  is  used  t o  d e c r e a s e  r e s i d u a l  f u e l  y i e l d s .  Dur ing  



. . Table A-5 ,. . 

Caribbean "Exporting" Refineries Visbreaking capacity as a 
Percentage of Crude Oil Atmospheric Distillation Capacity - 

Capacity, B/CD (1) 

Crude Oil Atmospheric Visbreaking 
Year Distillation Capacity - Capacity 
1973 3,835,300 230,400 
1974 4,372,300 209,400 
1975 4,375,100 209,400 
1976 4,277,800 187,400 
1977 4,277,800 348,400 

. Z 

 isb breaking Capacity 
As % of Atmospheric 
  is till at ion Capacity 

1980 (2) 4,627,800 348,400 . 7.5 
I .. I- . . - 

, (1') A s  of January 1 of indicated year. . . 
(2) Estimated by DOE. 

. - 



t h e  p e r i o d  1950 through 1972, coking reached  i t s  peak c a p a c i t y  

i t i v e  t o  c rude  runs .  During t h e  17 y e a r s  between 1955 

and 1972,  coking c a p a c i t y  more t han  doubled because  domes t i c  

r e s i d u a l  f u e l  o i l . : cou ld  n o t  cqmpete .wi th  impor t pd  r e s i d u a l  
. . 

- f u e l  o i l .  The t r e n d  is shown by t h e  fo l l owing  t a b l e .  

Tab le  A-6 1/ 
U.S. Coking Capac i t y  xs A Pe rcen t  of  

Crude O i l  D i s t i l l a t i o n  Capac i t y  (1955-1972) 

~ o k i n q  Capac i t y  A S  

% of Atmospheric 
Capac i t y ,  B/SD 2/ - - - ---.- - D i s t i l l a t i o n  C 9 a c i t y  -.---.- -- 

Year --- Batch - ~ e l a s d  F l u i d  T o t a l  - ----- -- Batch D e l g e a  ~ l u i d - ~ o t a l  --- ----. -- --- --- 

1/ " F a c t o r s  A f f e c t i n g  U.S. Petroleum Re f in ing ,  Impact  of  N e w  - - .-- ------- - -----. 
Technoloqy,"  September 1973, Na t i ona l  Pet ro leum c o u n c r  
Tab le  8, pg . 4 1 .  

2/ A s  o f  yea r  end.  - 

The ba t ch  coking p roce s s  was n o t  economical  and was r e p l a c e d  by 

de layed  and f l u i d  coking.  Coking c a p a c i t y ,  a s  a  p e r c e n t  of 

c rude  o i l  d i s t i l l a t i o n  c a p a c i t y ,  h a s  remained. s t e a d y  d u r i n g  

t h e  1973-77 p e r i o d ,  r ang ing  between 6 . 1  t o  6.8 p e r c e n t  of  

- d i s t i l l a t i o n  c a p a c i t y .  The pe r cen t age  is f o r e c a s t  t o  d r o p  

o n l y  s l i g h t l y  by 1980. 
i 



Table A-7 below summarizes the  

input  c a p a c i t i e s  and coking capac i ty  a s  a  percent  of crude 

o i l  d i s t i l l a t i o n  of the  coking f a c i l i t - i e s  of U.S. r e f i n e r s  

f o r  the pe'riod 1973 through 1977 and p r o j e c t s  them i n t o  1980. 

Appendix Tables 4 ,  5, and 6 i nd ica te  the c a p a c i t i e s  i n  - 
g r e a t e r  d e t a i l  and by PAD d i s t r i c t s .  

Table A-7 
U . S .  Delayed and Fluid Coking Capacity A s  A Percent 
of U . S .  Crude O i l  Atmospheric D i s t i l l a t i o n  Capacity 

Coking Capacity As % of 
Atmospheric D i s t i l l a t i o n  

Year . - 
- 

Capacity,  B/SD 1/ Capacity - 
De'l  nyed -- Fluid Total  q-" F-luid -- Tota l  

1/ As of January 1 of indica ted  year .  - 
2/ Estimated by DOE. - 

Coking w i l l  cont inue t o  be an impor- 

t a n t  r e f i n i n g  process .  However, t h e  e x t e n t  of i t s  use w i l l  

be dependent on product s l a t e s .  A s  r e s i d u a l  f u e l  o i l  is 

replaced by coal  a s  a  f u e l  i n  the  United S t a t e s ,  t h e  amount 

of coking, i n  t he  long term, can be expected t o  increase .  



C a r i b b e a n  "Expor t ing1 '  R e f i n e r s  - T h e r e  -- 

is no c o k i n g  c a p a c i t y  l o c a t e d  i n  t h e  C a r i b b e a n  " e x p o r t i n g "  

r e f i n e r i e s .  These r e f i n e r i e s  a r e  e s s e n t i a l l y  f u e l  r e f i n e r i e s  

des igne ,d  t o  p roduce  r e s i d u a l  f u e l  o i l  f o r  e x p o r t  t o  t h e  U.S. 

e a s t  c o a s t .  The re  a r e  no i n d i c a t i o n s  t h a t  c o k i n g  c a p a c i t y .  

is  b e i n g  added i n  these  r e f i n e r i e s  f o r  o p e r a t i o n s  be tween  

now and 1980.  However, a s  U.S. e a s t  c o a s t  r e s i d u a l  f u e l  o i l  

demands d r o p ,  i t  is  p o s s i b l e  t h a t  c o k i n g  c a p a c i t y  w i l l  be  

added i n  t h e  e n s u i n g  y e a r s .  

. ( 3 ) .  C a t a l y t i c  Desu l f  u r  i z a t i o n  
P r o c e s s e s  Using Hydrogen 

( a ) .  Hydroc rack ing  

U.S. R e f i n e r s  - C a t a l y t i c  h y d r o c r a c k i n g  

is  a  v e r s a t i l e  r e f i n e r y  p r o c e s s .  1 t  is a n  e f f i c i e n t ,  low tem- 

p e r a t u r e ,  c a t a l y t i c  method f o r  c o n v e r t i n g  r e t r a c r o r y  ~ u i d d l e -  

b o i l i n g  o r  r e s i d u a l  s t o c k s  t o  g a s o l i n e ,  j e t  f u e l ,  o r  f u e l  o i l .  

I n  most  c a s e s ,  by a d d i n g  a  c a t a l y t i c  h y d r o c r a c k e r ,  a r e f i n e r  

c a n  i n c r e a s e  g a s o l i n e  y i e l d  and a t  t h e  same time r e d u c e  t h e  

c r u d e  o i l  i n p u t  t o  t h e  r e f i n e r y .  

Because  o f  t h e  need  f o r  hydrogen  and 

t h e  h i g h  p r e s s u r e s  i n v o l v e d  i n  t h e  p r o c e s s ,  equ ipmen t  i n v e s t -  

ment and o p e r a t i n g  c o s t s  a r e  h i g h ,  t e n d i n g  t o  o f f s e t  t h e  

a d v a n t a g e s  o f  c a t a l y t i c  h y d r o c r a c k i n g .  



C a t a l y t i c  h y d r o c r a c k i n g  c a p a c i t y  grew 

r a p i d l y  between 1966 and 1 9 7 1 ,  i n c r e a s i n g  a t  a  r a t e  o f  abou t  

27 p e r c e n t  p e r  y e a r .  I t  i n c r e a s e d  o n l y  a b o u t  14 p e r c e n t  i n  

1971 ,  and i n  1972 d ropped  t o  a b o u t  a  4. p e r c e n t  i n c r e a s e .  - 9/ 

S i n c e  1972 ,  i t  h a s  j u s t  a b o u t  k e p t  even  w i t h  r e f i n e r y  c r u d e  

o i l  d i s t i l l a t i o n  c a p a c i t y  g r o w t h ,  r e m a i n i n g  a t  a b o u t  5 . 4  

p e r c e n ' t  o f  c r u d e o i l  c a p a c i t y  f rom 1973 t o  1976 .  I n  1977 ,  

t h e  p e r c e n t a g e  d ropped  t o  5 . 3  p e r c e n t  and  is e x p e c t e d  t o  

d r o p  f u r t h e r  t o  a b o u t  5 . 0  p e r c e n t  by 1981 ,  b.ased on known 

p l a n n e d  p r o j e c t s .  

T t  a p p e a r s  t h a t  the mosL p1:umising 

a r e a  f o r  f u t u r e  devs lopmen t  i n  t h e  h y d r o c r a c k i n g  a r e a  is  i n  

t h e  t r e a t m e n t  02 h i g h - s u l f u r ,  h igh -me ta l  c o n t a i n i n g  r e s i d u a l  

f e e d s t o c k s  and t h e i r  c o n v e r s i o n  t o  l o w - s u l f u r  f u e l  o i l  p ro -  

d u c t s .  Al though p r o g r e s s  h a s  been  made i n  removing m e t a l  

c o n t a m i n a t i o n  i n  r e s i d u a l  f r a c t i o n s ,  m e t a l  c o n t a m i n a t . i o n  is 

s t i l l  a s e r i o u s  problem i n  t h e  h y d r o c r a c k i n g  of  r e s i d u a l  

f e e d s t o c k s .  

T a b l e  A-8 ,  on  t h e  f o l l o w i n g  p a g e ,  

summar i zes  t h e  c a t a l y t i c  h y d r o c r a c k i n g  i n p u t  c a p a c i t i e s  

o f  U.S. r e f i n e r s  f o r  t h e  p e r i o d  1973 t o  1981 .  Appendix 

T a b l e s  7 ,  8 ,  9 ,  and 10 i n d i c a t e  t h e  d a t a  i n  more d e t a i l  

by PAD D i s t r i c t s .  

9/ " F a c t o r s  A f f e c t i n g  U . S .  P e t r o l e u m  R e f i n i n g ,  Impact  - -- 
o f w ~ c h n o ~ o g y , "  September  1973 ,  N a t i o n a l  P e t r o l e u m  
C o u n c i l ,  page  44. 



Table A-8 
U.S. Catalytic ~ydrocracking Capacity As A Percent of 

U.S. Atmospheric Crude Oil Distillation Capacity 

I Capacity, B/SD 1/ . 

Crude Oil Atmospheric Hydrocracking Capacity 
Distillation Operating Hydrocracking As % o f  Atmospheric 

Year - Capacity Capacity Distillation capacity 

1981 2/ 18,192,000 902,ORO 

1/ As of January 1 of indicated year. - 
2/ Estimated by DOE. - 



Caribbean "Exporting" Refiners - 
Caribbean "exporting" refiners do not have hydrocracking 

capacity. There are no indications that any such facilities 

are planned, at least in the near term. 

(b). Hydrnref ining - 
U.S. Refiners - Catalytic hydrorefining 

capacity as a percent of refinery: crude oil atmospheric distillation 

capacity has just about doubled in the 1973 to 1977 period. 

The percentage is expected to increase further by 1980 (from 

10.9 percent to 12.3 percent). Much of this growth can be 

traced to the expansion of new catalytic reforming technology 

requiring more stringent feedstock pretreatment and to the 

refining of larger quantities of sour crudes. Control of sulfur 

dioxide emissions from catalytic crackers has also been instru- 

mental in spurring increases in such hydrogen treatment. 

Table A-9, following, is a summary 

of U.S. hydrorefining input capacities for the period 1973 

to 1977, including a projection to 1981. Appendix Tables 

7, 8, 9, and 10 includes data in more detail by FAD 

Districts. 

Caribbean "Exporting" Refiners - 
Catalytic hydrorefining capacity in the Caribbean "exporting" 

refineries increased appreciably in the 1973 to 1977 period 

growing from about 499,000 B/CD in 1973 to about 861,000 B/CD 



Table A-9 
U.S. Catalytic Hydrorefining Capacity as a Percent 
of U.S. Crude Oil Atmospheric Distillation Capacity 

- Capacity, B/SD 1L 
Crude Oil ~tmospher ic ~ydroref ining Capacity 
Distillation Operating Hydrorefining As % of Atmospheric 

Year Capacity -- Capacity Distillation Capacity 
-, 

1/ .As of January 1 of indicated year. - 
2/ Estimated by.DOE. - 



in 1977. Most of this hydroref ining capacity is dedicated 

to gas oil and middle distillate desulfurization to meet I 
the growing requirements for low-sulfur fuels. There are I 
no indications of any expansions of hydroref ining capacity I 
in the "exporting" refineries through 1980. A new refinery 

- I 
with hydrorefining capacity, planned for the Virgin Islands, I 
would start operations using sweet crude. Desulfur ization 

- I 
facilities would not be expected to be on-stream until after . I 

Table A-10, below, summarizes the I 
Caribbean "6~porting~~ refinery hydrorefining capacities for I 
the years 1973 through 1977 with a projection to 1980. Appendix I 
Tables 11, 12, and 13 show the data in greater detail. I 

Table A-10 
Caribbean "Exporting" Refineries Catalytic 
Hydrorefining Capacity As A Percent of 

Crude Oil Atmospheric Distillation Capacity 

Capacity,. B/CD 1/ . . ~ ~ d r o r e f  ining Capacity 
Crude, oil Atmospheric ~~droretinin~ As % of Atmospheric I 

Year Distillation Capacity Capacity Distillation Capacity I 

1/ As of January 1 of indicated year. - 
' I 

2/ Estimated by DOE, - 



(c). Hydrotreating 
- ,. 

U.S. Refiners - Catalytic hydrotreating 
capacity of u.'s. refiners increased by about one million barrels 

pet day during the 1973 to 1977 period. This is an increase 

- of less than 2 percent when expressed as a percent of U.S. 

refinery capacity. . 

1 .  
u.'s. catalytic hydrotreating capacity 

is expected to increase by about 503,000 B/SD by 1981, growing 

slightly from 31.4 percent to 31.7 percent of total U.S. crude 

oil distillation capacity. Growth in hydrotreating capacity 

can be attributed to a wider use of catalytic processes, where 

even low amounts of sulfur and nitrogen compounds cannot 

be tolerated, and to the increasing demand for higher-quality 

refined products. 

Table A-11, on the fullowing page, 

summarizes the U.S. hydrotreating capacities for the period 

1973 to 1977 and projects the U.S. hydrotreating capacity 

to.1981. ~ h @  data is shown in greater detail on Tables 7, 

8, 9, and 10 of the Appendix. 

Caribbean "Exporting" ~e'finers - 
Catalytic hydrotreating capacity in the Caribbean "exporting" 

refineries has not increased over the 1973 to 1977 period, 

but rather has shown a slight decline. In 1973, hydrotreating 

capacity as a percent of refinery atmospheric distillation 



Table A-11 , 4 .' - 
U.S. Catalytic Hydrotreating Capacity As A Percent 
of U.S. Crude Oil; Atmospheric Distillation Capacity 

. A .  . 

Capacity, B/SD 1/ Hydrotreating Capacity 
Crude Oil ~tmospheric Hydrotreating As % of Atmospheric 

Year Distillation Capacity Capacity Distillation Capacity 

1 

1/ As of ~ a n u a r ~  1 of indicated year. - . . 

2/ ~stimated by DOE. . . - 



1 capacity was 11.2 percent; by 1977, the percentage had 

1 pped to 8.9 percent. There are no known plans for hydro- 

1 treating expansions in the area up to 1980. 

1' Table A-12, below, summarizes the 

I - car ibbean "exportingn refineries hydrotreating capacities for 
1 the period 1973 to 1977, and projects the 1980 capacity growth. 

1 ' Tables 11, 12, and 13 of the Appendix show the data in 
I greater detail. 

Table A-12 
Caribbean "Exporting" Refineries Catalytic Hydrotreating 
Capacity As A percent of Crude Oil Atmospheric Distillation 

Capacity 

Capacity, B/CD 1/ Hydrotreating Capacity 
Crude Oil Atmospheric Hydrotreating As 8 of Atmospheric 

year Distillation Capacity Capacity - Distillation Capacity 

Y 1/ As of January 1 of indicated year. - I 
2/ Estimated by DOE. - 



B. The D i s t r i b u t i o n  and N a t u r e  o f  S u l f u r  
Compounds and M e t a l s  i n  Crude O i l s  

T h e r e  d o  n o t  a p p e a r  t o  be any o f f i c i a l  d e f i n i t i o n s  which 

d e f i n e  t h e  d i f f e r e n c e  be tween  s w e e t  and  s o u r  c r u d e s .  B l a n d '  

and Davidson -. 10 /  - d e f i n e  a  s o u r  c r u d e  a s  "Crude  o i l  c o n t a i n i n g  

a n  abnor 'mal ly  l a r g e  amount of s u l f u r  compounds,  wh ich ,  upon 

r e f i n i n g ,  l i b e r a t e  c o r r o s i v e  s u l f u r  compounds." For t h e  pu r -  

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

a s  a  c r u d e  o i l  c o n t a i n i n g  0 . 5  p e r c e n t  o r  l e s s  o f  s u l f u r  by 

w e i g h t .  Sour  c r u d e s  would c o n t a i n  i n  e x c e s s  o f  0 . 5  p e r c e n t  

I by w e i g h t .  

When c r u d e  o i l  is d i s t i l l e d  i n t o  f r a c t i o n s ,  t h e  s u l f u r  

" ' c o n t e n t  of '  t h e -  f r a c t i o n s  i n c r e a s e s  a s  t h e  . f r a c t i o n s  become 

h e a v i e r .  T h i s  is  c l e a r l y  i l l u s t r a t e d  i n  F i g u r e  B-1 .  T h i s  
. . 

is a l s o  a  p r o b a b l e  r e a s o n  why whole  c r u d e  is n o t  d e s u l f u r i z e d .  

I S i n c e  t h e  n a p h t h a  and k e r o s e n e  f r a c t i o n s  c o n t a i n  r e l a t i v e l y  

l i t t l e  s u l f u r ,  t h e y  r e q u i r e  o n l y  r e l a t i v e l y  l i g h t  t r e a t i n g  and 

t h e  r e f i n e r  c a h  c o n c e n t r a t e  on t h e  h e a v i e r  f r a c t i o n s  a t  l e s s e r  

volume t h a n  t h e  whole c r u d e .  

. . Another  r e a s o n  why whole c r u d e  o i l  is n o t  d e s u l f u r  i z e d  is 

t h e  o f  m e t a l s  i n  c r u d e ' o i l s  p r i n c i p a l l y  a s  vanaduim, .  

n i c k e l  and i r o n .  These m e t a l s  t e n d  t o  f o u l  c a t a l y s t s  used I 
I 

i n  d e s u l f u r i z a t i o n .  I n  d i s t i l l a t i o n ,  t h e  m e t a l s  s t a y  i n  t h e  i 

I 1 0 /  P e t r o l e u m  P r o c e s s i n g  Handbook, Bland  and Dav idson ,  -- ---- --- ---. 

Chap te r  1 4 ,  page  1 0 ,  McGraw-Hill,  I n c .  ( 1 9 6 7 ) .  



r e s i d u a l .  I n  t h e  p a s t ,  t h e  m e t a l s  problem h a s  been overcome 

l a r g e l y  by d e s u l f u r i z i n g  t h e  vacuum g a s  o i l  and t h e n  b lend ing  

it back w i t h  t h e  vacuum p i t c h .  However, new t e c h n o l o g i e s  have 

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

p r o c e s s e s  w i l l  become prominent  i n  t h e  f u t u r e .  - 

Some s u l f u r  h a s  been known t o  occur  i n  c r u d e  o i l s  i n  

e l e m e n t a l  form. The l i g h t e s t  s u l f u r  compound found i n  c r u d e  

o i l  i s  hydrogen s u l f i d e .  Other  common s u l f u r  compounds a r e  

mercap tans .  T y p i c a l  s t r u c t u r e s  a r e :  . . 
. : .  

Alkyl  form C4-SH C y c l i c  form 0 S H  

S u l f i d e s  would a l s o  i n c l u d e  a l k y l  and c y c l i c  compounds of  
. . 

which t h e  f o l l o w i n g  a r e  t y p i c a l :  

Alkyl. form C 2 - S - C 3  

D i -  and p o l y c y c l i c  s u l f u r  compounds o f  t h e  f o l l o w i n g  t y p i -  

c a l  fo rmulas  a r e  a l s o  found i n  c r u d e  o i l s .  

-\ 

There  a r e  many c l a s s e s  o f  t h i o p h e n e s  i n  c r u d e  o i l s ,  t y p i c a l  

s t r u c t u r e s  of  which a r e  shown below. 



3-Methylbenzo (b) Thiophene I 

Benzo (b) Naphtho [2,ld] - Thiophene 

The basic process involved in all hydrodesulfurization 

operations is for hydrogen to combine with the sulfur to form 

gaseous hydrogen sulfide. In this form, it is easily separable 

from the offgases by absorption, stripping and reduction to 

elemental sulfur. A typical hydrodesulfurization reaction 

is indicated below. ' 



Figure B-1. , 



C. Types of Processes Used in Hydrodesulfurization . ' 

,. ' "1 '  

Tables C-1 .and C-2 list some of the processes used in I i -  

, 
hydrotreating, hydrorefining, and hydrocrackinq, respectively. 

The processes vary widely in terms of tvpe. of feed'stock and 

the intensity of reaction. Some of the milder p r o c ~ s s e ~  are 

little more than a finishing operation and consume very' little 

hydrogen. However, hydrocracking, a severe operation, can 

consume as much as 2,000 scf of hydrogen per barrel of feed; 

The'data included in Tables C-1 and C-2 were derived from the 

i-1 drocarbon'~rocessing 1976 Refining Handbook Issue,'ll/ and a l-- ---- --- - m- 

riuinbef of technical papers presented by cornparlies which 

license the processes. 

The composition and preparation of catalysts is essentially 

a proprietary matter. However, there are a wide variety of 

types. Some examples are colbalt-molybdate-alumina or silica 

alumina impregnated with nickel, tungsten oxide or platinum. 

Palladium is also used, particularly in the H-Oil process. 

Hydrodesulfurization may be uecd either as a process .to 

produce finished products or to treat unfinished refinery 

streams. In the latter case, improved results are obtained 

in downstream processing units. For example, catalytic 

reformers need pretreated feed. By hydrotreating reformer 

11/ Gulf Publishing Company, Houston, Texas. -- 



f e e d ,  s u l f u r  is reduced t o  v e r y  low l e v e l s ,  t h u s  i n s u r i n g  

long  c a t a l y s t . l i f e .  When c a t  c r a c k e r  f e e d  is t r e a t e d ,  h i g h e r  

y i e l d s  a r e  o b t a i n e d .  

A s i m p l i f i e d  f low diagram f o r  a  t y p i c a l  h y d r o r e f i n i n g  

o p e r a t i o n  is p r e s e n t e d  i n  F i g u r e  C-1. 

I n  a  t y p i c a l  vacuum g a s  o i l  o r  r e s i d u a l  h y d c o d e s u l f u r i z a t i o n  

+ p r o c e s s ,  t h e  f e e d  i s  mixed w i t h  hydrogen and h e a t e d  i n  a  f u r n a c e  

b e f o r e  p a s s i n g  t o  a  f i x e d  bed r e a c t o r .  A f t e r  emerging from 

t h e  r e a c t o r ,  t h e  s t r e a m  is c o o l e d  and passes th rough  a  s c r u b b e r  

f o r  ' t he  removal of  H 2 S  and N H 3  . Unused hydrogen is s e p a r a t e d  

and r e c y c l e d  f o r  r e u s e  w i t h  t h e  f e e d .  H 2 S  , i s  s e p a r a t e d  and 

s e n t  t o  a  s u l f u r  r ecovery  u n i t .  The d e s u l f u r i z e d  p r o d u c t ,  

a s  a  f i n a l  s t e p ,  p a s s e s  through a  s t r i p p e r  where a  s m a l l  

amount o f  naphtha  is  removed. The naphtha  o r i g i n a t e s  from a  

s l i g h t  amount o f  c r a c k i n g  which o c c u r s  d u r i n g  t h e  p r o c e s s .  

Opera t ing  c o n d i t i o n s  range  th rough  v e r y  broad r a n g e s  a s  

can  be  s e e n  from Table  C-3. The r e a s o n  f o r  t h e s e  v a r i a t i o n s  

a r e  l i s t e d  below. 

1. . The amount o f  d e s u l f u r  i z a t i o n  d e s i r e d .  

2 .  The n a t u r e  o f  t h e  c a t a l y s t .  

3 . .  The type  of  f e e d s t o c k  be ing  p r o c e s s e d .  
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Table C-1 

HYDFuJwmmG:AND HYDrnIEFmIW PW3CESSES 

Process Licensor 

IM) Unibon U.O.P. 

Arosat CE-Lumnus 

Autofining BP Trading,. Ltd.. 

D i s t i l l a t e  Hydro- I n s t i t u t  Francais 
desulfurization du Petrole 

Go-f ining, Exxon.Research and 
Engineering Co. , 

with Unioi Oil  

Residf ining Exxon Research.and 
Engineering Co. 
with Union Oil  

N h r  of 
Function C m e r c i a l  e lants  

Atmospheric resi&al Four 
desul fur iza t im 

Saturate arunatics or. One (Finland) 
d i s t i l l a t e  f rac t ions  
f ran  C6 t o  600°F 

Desulfurize s t r a igh t  . Four: . 2  - U( 

run d i s t i l l a t e s  up 1 - Men 
to  4 6 5 ' ~  TBP a l so  1 - France 
SNG feed 

Desulfurize d i s t i l l a t e s  .87: 42 - N m t h a s  
ranging from l i g h t  29 - Mid. D i s t  
d i s t i l l a t e  t o  V G D ~ ~ .  8 - V W  

8 - Other 

Desulfurize VCO- t h e m 1  17 
and cycle o i l s  

Xsu l fu r i ze  , ahcsphric : Three building 
residuum 

Wrogen  Investment 
Consumption Size Plant  

s c f b b l  $ per bpsd Bb 

800 $421-l.O%S 50 

1973 do l l a r s  - Entire 
ons i te  uni t  

3,960 . Special Process . 

$75 (excl. 45 
ca t a lys t )  

March 1976.dollars ' 

mgland 

$250 . 30 

1975 do l l a r s  ons i te  

4Q &/ - 1975- dollars 
onsi te  
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Table C-l 

HYD- AND HYDROREFINING PRXFSEs 

I . *..I . 

N~rmber of 
Process Licensor Function . Camnercial P lan ts  

Gulf ining 

Hydrcdesulfuri- 
zat ion,  res idua l .  
o i l  

Hydrodesulfuri- 
m zat ion,  t r i c k l e ,  

' w flow 

Hydrodesulfuri- 
zat ion,  vapor 
phase 

RDS and VRDS 

Gulf Research and Desulfurize.atnos- . 
Developerit', Co.. - . pheric  residuum 
with Houdrir. 

She l l  In te rna t iona le  
Research Maatschap 
p i j  B.V. 

She l l  Internat ionale 
Research Maatschap 
p i j  B.V. 

She l l  In te rna t iona le  
Research Maatschap 
p i j  B.V. 

Chevron Research 

Resid. Hydropro- Standard Oil. 'of 
cessing Indiana 

Six 

Desulfurize residual  . One (47,000 bpsd) 
o i l s  ( J a m )  

Des~ l fu r i z e . ke ro sene  . 90 - Total  
through VGO 1,400,000 bpsd 

Desulfurize naphtha. 68 - Total  
o r  up t o  480°F 1,400,000 bpsd 

Desulfurize atmos- 
pheric  residual 
(RDS) o r  vacuum 
residual  (VRDS) 

Desulfurize atmoe- 
pheric  residuum 
o r  improve c a t  feed 

Hydrog$n Investment 
Consumpt lon S ize  P lan t  

scf/Bbl $ per.  bpsd. m7-D. 

Eight vm>s bldg., ' RC& 620-880. $418 (excl. . 107 
One RDS bldg. 960 dist i r l la-  ( f u e l  o i l  

t i o n  RDS) product) 

1972 d o l l a r s  

$900-$1,000 20-40 

January 1976 d o l l a r s  



Table C-1 
Page 3 of 4 

H Y D ~ I N G  AND. HYDROREFINING PIMCESSES 

Hydrogen 
Number of Consumption 

process Licensor Function Cannercial Plants Scf/Bbl 

VGO and DAO Hydro- Chwron Research Desulfurize 16 (VGO): 
treating heavy gas oil 

(VGO) and de- 
One ( M I  

asphalted resi- 
duum (DPD) 

Residue Desulfu- BP Trading, Ltd. 
rization 

Fuel Hydrodesul- 
furization 

Unicracking. HDS 

Badische 
Anil in-und 
Soda-Fabrik 
Kand 
Institut Francais . 
du Petrole 

Union Oil Co. 
of California 

BP Trading Co. 

Desulfurize atmos-, 
pher ic residual 

Desulfurize atmos- 
pher ic residue, 
crude oil, VGO 
and DAO 

Hydrotreat atmos- One 
pheric resids and . 
sane vacuum resids 

Desulfurize naphtha. 49 operat-ng 
to MX) or constructing 

625 at 1.0% 
S product 

1,050 at 0.3% 
S product 

225 - VGU 
505 - DAO 
673 - W 

Investment 
Size Plant 

$ per bpsd , m/b 

March. 1976 dollars 
UK location I 

1976 dollars in 
France (onsite) 

1976 dollars I 
$100-Naphtha. 30 
$115-Kerosine 
$13542~ Oil 
$150-VGU 
March 1976 dollars 

UK locat.ion. 
(excl. catalyst cost) 
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Table C-1 

H Y D F a J m m m G  AND HYDrnREFINING PIEOCESSES 

Process 

Hydrofining 

Ultrafining 

m 
Unionfining 

W 

Resid H E  

Licensor 

Exxon Research and 
Engineering Co. 

Standard Oil  Co. 
of Indiana 

Union Oil  Co. of 
California 

Gulf Research and 
Developnent Co. 

Number of 
Function Ccnanercial Plants 

Desulfurize naphtha 225' 
t o  heavy gas o i l  

Desulfurize and 
sa tura te  o lef ins  
and some aranatics 

Desulf urize naphtha 75 
through VM3 

Desulfur.ize atmos- Five 
pheric and vacuum 
residua 

Hydrogen Investment 
Conslrmpt ion Size Plant 

scfJBbl $ per bpsd PIBD 

40 1'975 do l l a r s  
Gulf location 

January ,1976 do l l a r s  
Gulf Coast 

1976 do l l a r s  

Atm. 500 - 800 $704 - $1,166 50 
Vac 1,250 

1976 do l l a r s  

- 

1/1n t h i s  table,  the  term VGO means "Vacuum Gas Oil." 

2/4Q = FO& Qmrter - 
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Process' 

H-G Hydrocracking. 

Hycracking 

Hydrocracking 
a 

I 4 

Hydrocracking 

Isocracking 

Ultracracking 

Licensor 

Gulf Research and 
Developnent Co. 
with Houdry 

Exxon Research and 
~ngin&r ing Co. 

Badische 
Anil in-und 
Soda-Fabrik 
AG and Inst i tut  

Francois du 
Petrole 

BP Trading, Ltd. 

Chevron Research.Co. 

Standard O i l  Co. 
( Indiana) 

Nlrmber C-f 
Function Canmercial P l a t s  

Hydrocrack l ight  and Four 
heavy gas o i l s  

Hydrogen. Investment 
Consunpt ion Size Plant 

scf /Bbl $ per bpsd MB/b 

$900-$1,050 10 

1976 dollars 

Kydrocrack various 22 operatirq or in 
types. of 1 ight construction 
and heavy o i l s  

Hydrocrack. sour One 
heavy feedstocks 

Hydrocrack VGO L/ One 
to  middle. dis- 
t i l l a t e  primarily 

Hydrocrack a l l  ranges 21.plus 2 ude r  
of d i s t i l l a te  constructbn 

Hyzlrocrack wide One 
c a q e  .d i s t i l l a tes  

$400-$1,200 

4$/ 1975 dollars onsite 

1976 dollars 
France (onsite) 

March 1976 dollars 
UK location 

January 1976 dollars 
Gulf Coast I 
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Table C-2 

HYDRCCRACKING PW3CESSES 

Number of 
Process Licensor Function C m e r c i a l  P lan ts  

Unicracking Union Oi l  Co. of Hydrocrack widk 21 and 2 more 
Cal i forn ia  range of gas  o i l s  building 

Hydrocarbon 
Research, Inc. 

To, hydrccrack 
residuum o r  t o  
desu l fur ize  

Three 

Hydrogen 
Consumption 

Scfj'Bbl 

1,700-2,500 

1,150 hydro- 
crack 

Investment 
S i ze  P lan t  

$ per bpsd mD 

$500-$1,000 

1976 d o l l a r s  

$1,000 20 
hydrocrack 

1976 d o l l a r s  

725 desul- $966 .desul- 
f u r  i z e  f u r i z e  

HDC Unibon 

3/ LC - Fining- 

u.0.P. TO hydnxrack V.G.O. 

C-E L m u s  and To hydrocrack ga s  
C i t i e s  Service o i l s  o r  residues 
Research and o r  t o  desu l iur  i z e  
De-~e lopent  Co. 

$1,800 (atm.) 27 

1976 d o l l a r s  

$2,900 (vac.) 17 

--'1n . t h i s  t ab l e ,  t h e  term VCO means "Vacuum Gas Oil.  " 
z / a ~  = ws - 
3 b a r i a t i o n s  i n  these  t m  processes can r e s u l t  in ordinary desu l fur iza t ion  - 

as opposed to hydrocracking. 



: r ' . . 

Table .C-3 . -  
. . 

OPERATIPIG CONDITIONS FOR DESULFURIZATION PROCESSES 
(EXTREME RANGES) 

Hydrogen 
Reactor Reactor Consumption 

Temperature, OF Pressure, psiq scf/Bbl Feed , 

Hydrotreating 

Lube Finishing 480'- 550 About ,400 

.. Middle Distillates . .. 500 . -  8.00 300 -. 600 

Hydroref ining 

500 - 800 Vacuum Gas Oil. 400 - 1,200 300 - 750 
Atm. Residuum 500 - 800 '400 - 1,200 420 - 800 

f 

Vac. Residuum 500 '- 800 . . 400 - 1,200 500 - 1,200 

Hydrocracking 



Reactor Separator (or Scrubber) 

Make Up 

Stripper 

Hz Recycle Hydrogen 
d A - 

m 
4 

Desulfurized 
Product 

Figure C-1 
Gas Oil Hydrorefining .. . Simplified Flow Diagram 



D. c o s t  Data fo r  Desul fur iza t ion  Processes 

~t is t h e  purpose of t h i s  s e c t i o n  t o  d i s c u s s  t h e  r e l a t i v e  , I 
c o s t s  of processing sour versus sweet crudes i n  terms of c a p i t a l  I 
and opera t ing  c o s t s .  Refinery margins required t o  cover 

opera t ing  c o s t s  and an adequate r e t u r n  on c a p i t a l  a r e  a l s o  

determined. 

Cost data, a r e  presented fo r  hydroskimming type r e f i n e r i e s  of I 
var ious  s i z e s .  I n  each case ,  t h e  r e f i n e r y  design c a l l e d  for  

the  following y i e l d  -pa t t e rn .  

Unleaded Gasol ine 

Regular Gasol ine 

Premium Gasol ine 

J e t  A 

No. 2 Fuel O i l  

No. 6  Fuel O i l  4 6 . 2  

Butane 0.9 

Propane 1 .5  

Process  Gas ( F O E )  1 . 2  

Sulfur  1.96 Tons/MB Crude ' - 
Tota l  (Ex-sulfur)  99 .0  

The above y i e l d s . i n c l u d e  r e f i n e r y  f u e l .  small  d e v i a t i o n s ,  

such a s  butane, propane, and process  gas  y i e l d s  occur when 

running sweet crude . 



The f o l l o w i n g  summary i n d i c a t e s  i n v e s t m e n t  c o s t s ,  o p e r a t i n g  

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

o f  r e f i n e r i e s ,  n a m e l y  2 5 0 .  MB/SD, 1 5 0  MB/SD a n d  1 5  MB/SD. 

- $ / ~ a r  r e 1  
c r u d e  - G r o s s  

T h r o u g h p u t  I n v e s t m e n t  O p e r a t i n g  C o s t  R e t u r n  o n  M a r g i n  
MB/SD MM$ $/B/CD ( Ex-Fue l  ) C a p i t a l  - Needed  

P S o u r  C r u d e  ( L t .  A r a b i a n )  

2 5 0 . 0  5 2 0 . 7  2 , 3 1 4  0 .44  1 . 6 4  2 . 0 8  

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

1 5 . 0  5 4 . 1  4 , 0 0 7  1 . 2 7  2 .84  4 . 1 1  

S w e e t  C r u d e  ( E k o f i s k )  

245 .0  3 0 7 . 4  1 , 3 9 4  0 .20  1 . 0 0  1 . 2 0  

T h e  s w e e t  c r u d e  v o l u m e s  shown a b o v e  a r e  s l i g h t l y  smaller 

t h a n  t h e  s o u r  c r u d e  v o l u m e s  d u e  t o  t h e  n e e d  f o r  some p u r c h a s e d  

b u t a n e  i n p u t .  P r o d u c t  v o l u m e s  a r e  e s s e n t i a l l y  t h e  same i n  

t h e  sweet c r u d e  a n d  s o u r  c r u d e  cases f o r  e q u a l  r e f i n e r y  s i z e .  

A l l  c o s t s  r e f l e c t  J a n u a r y  1 9 7 7  c o n s t r u c t i o n  a n d  o p e r a t i n g  c o s t s .  

The  v e r y  h i g h  u n i t  i n v e s t m e n t  o f  $ 4 , 0 0 7  p e r  b a r r e l  p e r  d a y  

o f  c a p a c i t y  a n d  t h e  h i g h  g r o s s  m a r g i n  r e q u i r e d  f o r  a new 

r e f i n e r y  o f  1 5 , 0 0 0  b a r r e l s  per d a y  e q u i p p e d  t o  p r o c e s s  s o u r  

c r u d e ,  w o u l d  r e n d e r  s u c h  a u n i t  u n e c o n o m i c a l .  A small r e f i n e r  

c o n t e m p l a t i n g  a new p l a n t  o f  t h i s  s i z e  w o u l d  m o r e  l i k e l y  p l a n  i t  



fo r  sweet crude processing. To e f f e c t  even f u r t h e r  economies 

1 , .  

i n  investment and opera t ing  c o s t ,  such a  r e f i n e r  would d e s i g n ' '  

t he  p l a n t  t o  produce naphtha r a t h e r  than g a s o l i n e ,  provided he 

has an assured o u t l e t  f o r  t h e  naphtha. 

Detai led investment d a t a  f o r  the  sour crude processing i n  

t h e  t h r e e  r e f i n e r y  s i z e s  a r e  presented i n  Table D - 1 .  1nves'-tment 

d a t a  for  the  same t h r e e  s i z e  u n i t s  for  processing sweet crhde 

a r e  presented i n  Table D-2 .  I 

Projected earn ings  and economics f o r  the  t h r e e  s i z e s  of 

r e f i n e r i e s  when designed f o r  and- running sour c rude  i s  d e t a i l e d  
' 

i n  T a h l ~  n-3. The equ ivs lcn t  d a t a  for  sweet c r u d e  a r e  presented 

i n  Table D-4. I t  i s  i n t e r e s t i n g  t o  note t h a t  while a l l  cases  

r e s u l t e d  i n  a  p o s i t i v e  ne t  margin a f t e r  deducting a l l  opera t ing  

expenses,  none of t h e  margins were s u f f i c i e n t  t o  cover a  r e tu rn  

on c a p i t a l  equiva lent  t o  a  15 percent  a f t e r  tax  DCF re turn . '  Un- 

doubtedly,  this s i t u a t i o n  has a r i s e n  i n  p a r t  from skyrocketing 

r e f i n e r y  cons t ruc t ion  c o s t s  t h a t  have.been experienced i n  the  past  

2 or 3 years .  Another f a c t o r  i s  t h a t  p resen t  DOE r egu la t ions  

under con t ro l l ed  p r i c e s  do not permit the  pass  through of 

r e t u r n  on investment items. Presumably, i f  p r i c e  c o n t r o l s  

a r e  l i f t e d ,  adjustments w i l l  occur i n  p r i c e s  which may j u s t i f y  

new cons t ruc t ion .  O n  t h e  o ther  hand, incen t ives  could be 

provided t o  promote conversion t o  .sour  crudes.  A poss ib le  

s o l u t i o n  could include such items a s  investment t a x  c r e d i t s ,  

acce le ra ted  deprec ia t ion ,  or p a r t i a l  r eba tes  of crude o i l  

e q u a l i z a t i o n  t axes  which may be enacted i n t o  law. 



Crude prices used in Tables D-3 and D-4 were derived as 

follows: 

34' ~rabian 35' North 
Light Sea Ekofisk 

- ( S/B 

.. 
F.O.B. Price: 

Ras Tanura 
~eeside 

r Transportation 1.38 0.64 

Insur ande 0.06 0.06 

Impor t Fee 0.09 0. 09  

Entitlements Credit* (2.76) (2.76) 

Delivered Cost, 
CIF Gulf Coast 10.86 12.13 

*Does not include the small refiner bias portion of the 
entitlements program. 

For an equivalent profit or loss position, the laid-down 

cost of the sour crude for the 250 and 150 MB/SD refineries, 

respectively, would need to be about $1.32 to $1.49 per barrel 

lower (derived from ~ables D-3 and D-4) than the corresponding 

cost of sweet crude rather than the $1.27 per barrel ($12.13 

to $10.86) noted above. 

Operating costs for each case in terms of dollars per barrel 

are indicated in Table D-5. * 

oeeiatin@ Costs of Specific Desulfurizinq Steps - 
The foregoing portion of this section has dealt with the 

overall operation. of a refinery in which sour crude and de- 

sulfur i=ing operations occur as opposed to an identically 

sized refinery processing sweet crudes to essentially the 



same y i e l d s .  I n  e f f e c t ,  t h i s  has i l l u s t r a t e d , t h e  o v e r a l l  ,, 
- ,  

penal ty  i n  opera t ing  c o s t s  f o r  running sour crudes versus 

sweet crudes w i t h  the  d i f f e r e n t i a l  r e f l e c t i n g  t h e  added 

c o s t  of opera t ing  a  s e r i e s  of desu l fu r i z ing  s t e p s  on c e r t a i n  

f r a c t i o n s  of the  crude. 

To present  a  r 'epresentat ive opera t ing  c o s t . f o r  desul-  : 

f u r i z i n g  c e r t a i n  s p e c i f i c  f r a c t i o n s ,  such a s  vacuum gas  o i l  

or r e s i d u a l ,  involves so  many v a r i a b l e s  t h a t  a  broad range 

of r e s u l t s  could be obtained.  Some of  these  v a r i a b l e s  a re :  

1. Degree of Desul fur iza t ion  - The g r e a t e r  the 

t h e  percentage removal of s u l f u r , , a l l  o t h e r , f a c t o r s  ,being 

cons tan t ,  t h e . g r e a t e r  the  u n i t  c o s t  o f ' . t h e  opera t ion .  A .  . , 

major p a r t  of t h e  con t r ibu t ion  t o  t h e  c o s t  i s  hydrogen con- 

sumption. The g r e a t e r  consumption associa ted  w i t h  a ' g r e a t e r  

degree of s u l f u r  removal i s  i l l u s t r a t e d  i n  Fi9ure.D-1. . ,Figure 

D-1 app l i e s  only t o  r e s i d u a l s ,  but s imi la r  r e l a t i o n s h i p s  

apply i n  t h e  case  of gas  o i l s  or  middle d i s t i l l a t e s .  

2. Nature of Ca ta lys t  - Since some c a t a l y s t s  a r e  

super ior  i n  a c t i v i t y  or dura t ion  of a c t i v i t y ,  c o s t s  w i l l  

vary accordingly.  

3 .  Q u a l i t y  of Feedstock - Costs w i l l  vary with 

t h e  l e v e l  of i n i t i a l  s u l f u r  content  a s  wel l  a s  c e r t a i n  o ther  

f a c t o r s  such a s  metals content  of r e s i d u a l s ,  e t c .  High 

meta ls  content  w i l l  d e a c t i v a t e  c a t a l y s t  more rap id ly .  



T a b l e s  D-6, D-7, and D-8 i l l u s t r a t e  t h e  c o s t s  o f  de-  

s u l f u r i z i n g  t y p i c a l  c r u d e  r e s i d u a .  The d a t a  a r e  b a s e d  on  

o l d e r  s t u d i e s  upda ted  by c o s t  i n d i c e s  t o  t h e  y e a r  1977.  

I t  s h o u l d  b e .  n o t e d  t h a t  d i r e c t  c o m p a r i s o n s  c a n n o t  b e  made 

be tween  t h e s e  t a b l e s .  T h i s  is  b e c a u s e  t h e r e  a r e  v a r i a t i o n s  

i n  f e e d s t o c k s ,  p l a n t  s i z e ,  and t h e  t r e a t m e n t  o f  r e t u r n  o n  c a p i t a l .  

For example ,  T a b l e  D-6 i n c l u d e s  a n  '8 p e r c e n t  i n t e r e s t  on c a p i t a l ,  

b u t  T a b l e  D-7 c o n t a i n s  a  b u i l t  i n  10 p e r c e n . t  DCF ( d i s c o u n t e d  

c a s h  £.low) r e t u r n  which would c a u s e  t h e  c o s t s  i n  D-7 t o  be 

h i g h e r ,  a l l  o t h e r  f a c t o r s  b e i n g  e q u a l .  

I n  summary, it c a n  o n l y  b e  c o n c l u d e d  t h a t  under  t o d a y ' s  

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

r e s iduum t o  t'he l e v e l  o f  0 .3  p e r c e n t  s u l f u r  i s  i n  t h e  o r d e r  

$ 2  t o  $ 3  p e r  b a r r e l  o f  f e e d s t o c k ,  p a r t i c u l a r l y ,  when a n  

a c c e p t a b l e  DCF r e t u r n  is  i n c l u d e d  i n  t h e  c o s t s .  T h i s  c o s t  

i s . i n  l i n e  w i t h  d i f f e r e n c e s  i n  h i g h  and low s u l f u r  r e s i d u a l  

f u e l  p r i c e s  w h i c h , a r e  c o v e r e d  i n  S e c t i o n  G .  



Table D-1 

INVESTMENTS FOR LIGHT ARABIAN CRUDE HYDROSKIMMING REFINERIES 

-- Item - -- 
Atmospheric Crude Unit 
Vacuum Crude Unit 
Naphtha Hydrodesulfurization 
Distillate Hydrodesulfurization 
Gas Oil Hydrodesulfurization 
Vacuum Resid Hydrodesulfurization 
Catalytic Reforming - Low Press. 
Penex Unit 
Merox Jet Treater 
H2 Plant - Purification (MMSCP/SD) 
H 2 Compressors (MMSCF/SD) 
Gas Recovery Unit 
Amine - H2S recovery unit (LTjSD ) 
Sulfur Plant ( LT/SD) 
Subtotal Process 

Tankage 
Pressure Storage 
Piping 
Wharf Piping 
Steam Generation 
Cooling Water System 
Electrical Distribution 
Firewater System 
Flare 
Air Systems 
Wharf & Dredging 
Site Preparation 
Buildings 
Contingency - 15% 
Total Plant 

MB/SD 
Size 

250.0 
115.5 
61.0 
30.5 
82.5 
28 .'8 
46.0 
10.5 
38.5 
(24.0) 
(48.0) 
11.5 

(490.0) 
(490.0) 

Cost 
MMS 

33.5 
16.8 
15.8 
5.5 
27.9 
32.0 
27.1 
7.0 
4 :9 
5 -1 
8.7 
'7.2 
9.4 
11.4 

,212.3 
41.2 
2.9 
24.9 
.7 . 0 
22.2 
4.9 
5.3 
2.8 
'2.1 
0.9 
5.1 
6.2 
7.4 

'60.9 - 
406.1 

MB/SD 
- Size 
150.0 
69.3 
36.6 
18.3 
49.5 
17.2 
27.6 
6.3 
23.1 
(14.4) 
(29.0) 
6.9 

(294.0) 
(294.0) 

Cost 
MMS 

23.4 
11.7 
11.7 
4.3 
19.6 
22.2 
19.4 
5.3 
3.4 
2.6 
6.8 
5.3 
6.8 
8.3 

150.8 
24.6 
1.8 
17.7 
5.. 5 
14.1 
3.6 
3.6 
2.3 
'1.5 
0.6 
3.9 
4.2 
5.1 
42.2 
281.5 

.MB/SD 
- Size 

15.0 
6.9 
3.7 
1.8 
5.0 
1.7 
2.8 
0.6 
2.3 

.(1.4) 
(2.9) 
0.7 

(29.4) 
(29.4) 

Cost 
MMS 

3.5 
1.8 
2.2 
0.8 
2.9 
3.0 
3.4 
1.1 
0.5 
0.6 
1.4 
1.0 
1.2 
1.5 
24.9 
2.7 
0.5 
2.9 
1.. 7 
1.0 
0.6 
0.5 
1.0 
0.3 
0.2 
1.3 
0.6 
0.8 
6.9 - 
45.9 
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Tab le  D - 1  

INVESTMENTS FOR LIGHT ARABIAN CRUDE HYDROSKIMMING REFINERIES 

Item --- 

Land 
I n t e r e s t  Dur ing  Cordstruct ion 
S t a r t u p  Expense 

T o t a l  C a p i t a l  
Working C a p i t a l  

Crude - 20 days  
E n t i t l e m e n t s  - 60  days  
S p a r e  P a r t s  - s u p p l i e s  

~ o t a l  Working C a p i t a l  

T o t a l  C a p i t a l  

MB/SD Cos t  
S i z e  MM$ 

MB/SD c o s t  
S i z e  M M S  

MB/SD CO@ 
S i z e  MM$ 



Table D-2 

INVESTMENTS FOR EKOFISK CRUDE HYDROSRIMMIMG REFINERIES. 

ivlB/SD Cost MB/SD Cost MB/SD Cost 
.-- --- I tem ------- Size MM$ Size -.- MMS -- Size -- MMS -- 
Atmospheric Crude Unit 245.0 
Naphtha ilydrodesulf ur ization 3 9 . 8  
Catalytic Reforming - Low Pressure 3 9 . 8  
Merox Gasoline Treater 10.1 
Gas Recovery Unit 6.2 

Subtotal Process 
Tankage 
Pressure Storage 
Piping 
Wharf Piping 
Steam Generation 
Cooling Water System 

4 Electrical Distribution 
m Firewater System 

Flare 
Air Systems 
Wharf and Dredging 
Site Preparation 
Euildings 
Contingency - 15 percent 

Total Plant Investment 

Land 
Interest During Construction 
Startup Expense 
Total Capital Investment 

Wor.king Capital 
Crude for He.£inery - 20 days 
Entitlements -. 60 days 
Spare Parts and .Supplies 

Total Working Capital 

Total Capital 



Table D-3 

PROJECTED EARNINGS AND ECONOMICS - LIGHT ARABIAN CRUDE OIL 

250 MB/SD 150 MB/SD - 15 MB/SD 
Revenue Products $/Gal. $/B MB/CD MM$/YR - - MB/a MM$/YR MB/CD MM$/YR 

Unleaded Gasol ine 
Regular Gasol ine 
Premium Gasoline 
J e t  A 
No. 2 Fuel O i l  
No. 6 Fuel O i l  
Butanes 
Propane 
Process Gas (FOE) 
Sulfur 

Total Revenue 
'Raw Material C0s . t  

Crude 

Gross Nargin 
4 

Operating Costs 
Fuel 
Power 
Lead 
Catalyst , Chemicals 

Subtotal Var iable  
Operating Manpower 
Salar ied Manpower 
Maintenance 
Operating Supplies 
Taxes and Insurance 
General and Administrative 

Subtotal Fixed 
Total 

Net Margin 74.3 41.8 0.3 

Capital Charge - 15% DCF 135.2 91.6 14.0 

Net P ro f i t  (Loss) (60.9) (49.8) (13.7) 

*$/B of Crude 



Table D-4 

PROJECTED EARNINGS AND ECONOMICS - WKTH SEA 2KOFISK CRUDE OIL 

Revenue Products 

Unleaded Gasol ine 
Regular Gasol ine 
Premium Gasol ine 
J e t  A 
No. 2 Fuel O i l  

' No. 6 Fuel  O i l  
Propane 
Process Gas (FOE) 

Total Revenue 
Raw Material Cost 

Crude 
Butane  

Gross Margin 
4 
03 Operating Costs 

Fuel 
Power 
Lead 
Catalyst, Chemicals 

Subtotal variable 
Operating Manpower 
Salar ied Manpower 
Maintenance 
Operating Supplies 
Taxes and Insurance 
General and Administration 

Subtotal fixed 
Total 

Net. Margin 

Capital Charge - 15% DCF 

Net Profit (Loss) 

*$/B Crude O i l  



Table D-5 
. . 

OPERATING COSTS IN DOUARS PER BARREL OF CRUDE OIL 
FOR SOUR AM;, SWEET CRUDE CASES 

Sour Crude - MB/CDCD Sweet Crude - MB/CD 
225.0 135.0 13.5 - 218.25 130.95 13.09 - 

* Fuel $0.77 $0.77 $0.77 $0.44 $0.44 $0.44 

Power 

Lead 

Catalyst,  Chemicals 

Operating Wages 

Salar ies 

Maintenance 

Operating Supplies 

Taxes and Insurance 

General Administration 

Total 



Table D-6 

OPERATING COSTS - DESULFURIZING KUWAIT A'INOSPHERIC REDUCED CRUDE 1/ - 
50,000 BPSD - 2/ 

1% Sulfur  i n  Product 0.3% Sulfur  i n  Product 

1973 - 1977 3J - 1973 - 1977 , - 
6 Investment, 10 $ 21.0 29.6 31.0 43.7 I 

.f ' 

Direct Operating .Costs  $ / ~ b l  C/Bbl C/Bbl -- C/Bbl I 
Labor 1.2 1.7 1.5 
U t i l i t i e s  10.3 22.8 10.9 
Ca ta lys t  & Floyalties 6.3 9.8 9.0 
Maintenance, Taxes, 7.6 10.7 11.3 

& Insurance @ 6% 
P l a n t  Cost - I 

Sub-Total 25.4 

I n d i r e c t  Ooeratina Costs  

Administrat ive 
I n t e r e s t  and 

Depreciation ( 8% 
and 10 yea r s )  

Sub-To tal  

Total Operating Costs  
(ex  H 2 )  

Hydroqen - 4/ 

Grand To ta l  

1/ From "Desulfur i z a t i o n  of  Kuwait Reduced Crude t o  0.3% Sulfur  - 
Content," C. H. Watkins, R. J, Parker, and J. M. Pha r i s  (U.O.P.), 
API Meeting, May 16, 1973. 

2/ 330 opera t ing  days per year. - 
3/ Escalated to 1977 using var ious  W. L. Nelson ind ic ies .  - 
4/ 1977 H2 cost at  $l/Mcf. - 



Table D-7 

COST OF DESULFURIZING 650 OF + ATM. BOTTOMS 
TO MAKE 0.3 WT. % SULFUR PRODUCT 1/ 70 MB/SD - 

Heavyranian .' -- -- 
Investment, lo6$ 42,3 55.7 

Operating Costs - $/Bbl -- -- $/Bbl 

Hydrogen 4/ 0.55 0.63 
utilities-' 0.13 0.25 
Catalyst 0.45 0.54 
Other Investments 0.35 0.46 
Maint., Labor, etc. 3/ - 0.09 - -- 0.12 

Total $ 1.59 $ 2.00 

Heavy Arabian 

6 Investment, 10 $ 

Operatinq Costs $/Bbl -- -- $/Bbl 

Hydrogen 4/ 0.80 0.92 
utilities- 0.15 0.25 
Catalyst 0.65 . 0.86 
Other Investments 0.35 0.42 
Maint., Labor, etc. 3/ - 0.10 ---. 0.14 

Total $ 2.05 $ 2.59 

1/ From "Recent Advances in Residua Processing," 
w - 

J. A. Rionda, S. Bodnick, T. K. Kett (E. R. &,E. 
Company), NPRA Annual Meeting, March 31, 1974. 

* 2/ Escalated to 1977. using various W. L. Nelson indicies. - 
3/  Added by DOE. - 

I 4/ 1977 H2 Cost at $l/Mcf. - 



Table D-8 

COST OF DESULFURIZING KUWAIT ATMOSPHERIC RESIDUUM 1/ - 
100,000 B/D 

1% Sulfur in Product - - 

Cost C/B F. 0. 95 - 110 160 - 185 

0.7% Sulfur in Product - 

1/ "~~drodesulfurization Technology Takes on the Sulfur Challenge," - 
Leo Aalund, Oil and Gas Journal, September 11, 1972.. 

. . 
2/ Adjusted to 1977 costs using weighted combination of v.arious - 

indicies by W. L. Nelson. 



a * 
Figure D-1 

'Hydrogen Consumption 
:Light Ara bian:Residual . Desulf urization 

Initial Sulfur Content 
Atm - 2.92% 
Vacuum - 3.8% 



-- . 

E. Hydrogen Manufacture 

Hydrogen has- become increasingly important to refineries 

as a material used in desulfurization. One of the most . 

important sources is from catalytic reforming. The hydro- 

gen yield from all U.S. reformers has a potential output 

of about 4,400 MMscfId when operating near 'capacity. 

The production of hydrogen may vary from 2 to 3 percent 

by ,weight 

productio 

as plant 

of reformer feed. Unfortunately,'.much of this 

n is mingled with other refinery gas and burned 

fuel. This is largely because- reformers are also 

needed in sweet crude refineries where'dC?sulIurization is 

usually not 'needed. 

In many hydroskimming or simpler type"refineries, the 

hydrogen produced'from the reformer may suffice to meet 

the desulfurizing requirements. In more complex sour 

crude refineries, hydrogen. sources must be supplemented 

with hydrogen generators. The three broad classes of' 

' generators include methane .reforming, naphtha reform.ing 

and partial oxidation. ~eedstocks for reformers include: 

I Natural Gas' 

Refinery Gas 

Naphtha 

The partial oxidation process can -accept a wide range 

of hydrocarbon feedstocks. 

The total U.S. refinery capacity for hydrogen-manu- 

facture totals. 1,562.6 MMscf/D. . - 12/ 

12/ Oil and Gas Journal, March 28, 1977, page 98. / - 



The t y p e s  o f  u n i t s  wh ich ,  c o m p r i s e  t h i s  c a p a c i t y  a r e  

l i s t e d  below: 

U.S. R e f i n e r y  Hydrogen G e n e r a t i n g  U n i t s  
Capac i t y  % iz 

P r o c e s s  --- MMCF/D -- T o t a l  

Methane Reforming 1 , 0 6 2 . 9  

Naphtha Reforming  365.5 

P a r t i a l  O x i d a t i o n  105 .5  

O t h e r  28.7 

. T o t a l  1 ,562 .6  

Methane r e f o r m i n g  i n c l u d e s  u n i t s  which  u s e  e i t h e r  

n a t u r a l  g a s  o r  r e f i n e r y  g a s  a s  f e e d s t o c k .  Some methane  

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

f e e d s  a s  heavy  a s  b u t a n e .  However, w e  h a v e  no  d a t a  on 

how much' c a p a c i t y  h a s  been  s o  m o d i f i e d .  

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

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

f i l l e d '  w i t h  c a t a l y s t .  The f e e d  is mixed w i t h  s t e a m  and 

t h e  r e a c t i o n  t a k e s  place a t  a t e m p e r a t u r e  o f  a b o u t  

1 , 1 0 0  OF. N e w  d e s i g n s  c o n t e m p l a t e  a  p r e s s u r e  o f  600 

p s i g  and t e m p e r a t u r e s  .from 1 , 4 0 0 ° ~  t o  1 , 8 5 0 ' ~ .  Carbon 
.". 

monoxide and  c a r b o n  d i o x i d e  p roduced  a s  c o - p r o d u c t s  w i t h  

t h e  hydrogen  a r e  removed i n  t h e  p u r i i i c a t i o n  p r o c e s s .  .- 
A s i m p l i f i e d  f l o w  d i a g r a m  is i n d i c a t e d  i n  F i g u r e  E-1 .  



I n v e s t m e n t s  r e q u i r e d  f o r  hydrogen  m a n u f a c t u r e  a d j u s t e d  

t o  F e b r u a r y  1977 c o s t s  a r e  shown below: - 13/  

M i l l i o n  D o l l a r s  C o s t  

MMCF/D 
S i z e  - U n i t  - 

Naphtha Methane 
Feed -- Feed 

O p e r a t i n g  c o s t s  f o r  hydrogen  m a n u f a c t u r e  c a n  v a r y  o v e r  

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

u sed  a s  w e l l  a s  p l a n t  s i z e  and whe the r  o r  n o t  c r e d i t s  a r e  

t a k e n  f o r  e x c e s s  s t e a m  g e n e r a t i o n .  I n  T a b l e  E - 1 ,  a n  u p d a t e  

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

c o s t s  t o  p r e s e n t  d a y  v a l u e s  f rom a n  o l d e r  p a p e r  by  W .  L .  

N e l s o n ,  is  p r e s e n t e d .  - 14 /  Some c o s t s  have  a l s o  been  p r e s e n t e d  ~ 
r e c e n t l y  i n  a  p a p e r  by Wesley Wolf .  15 /  I n  t h e  l a t t e r ,  a I 

- 
50 MMscf/d hydrogen  p l a n t  is  q u o t e d  a t  $l.OI/MMscf/d H2 

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

swing  a b s o r p t i o n )  u n i t  c o s t  is  q u o t e d  a t  $0.96/MMscf/d H 2 .  
I ~ The l a t t e r  u n i t  p u r i f i e s  t h e  hydrogen  ' s t r e a m  by a d s o r p t i o n  

1 o f  c a r b o n  monoxide and c a r b o n  d i o x i d e  by m o l e c u l a r  s i e v e s .  

1 3 /  Guide  t o  R e f i n e x  O p e r a t i n g  C o s t s ,  3 r d  E d i t i o n ,  - 
W. L. N e l s o n ,  p .  252. 

1 4 /  I b i ? .  - 
15/  "PSA Sys tem Can Reduce Hydr,ogen C o s t s , "  O i l  and - 

Gas J o u r n a l ,  F e b r u a r y  23 ,  1976 .  



I t  a p p e a r s  t h a t  under  p r e s e n t  da.y f e e d  g a s  c o s t s ,  i t  

is u n l i k e l y  t h a t  hydrogen  c a n  b e  m a n u f a c t u r e d  f o r  much l e s s  

t h a n  a b o u t  $1.00 p e r  Mscf,. T h i s  i d e n t i f i e s  hydrogen  a s  

p e r h a p s  t h e  most  e x p e n s i v e  s i n g l e  i t e m  i n  h y d r o d e s u l f u r i -  

k z a t i o n  p r o c e s s e s .  R e s i d u a l  d e s u l f u r i z a t i o n  p r o c e s s e s  con- 

suming 800 t o  1 ,000  s c f  p e r  b a r r e l  o f  f e e d s t o c k  c o u l d ,  

1' 

t h e r e f o r e ,  a t t r i b u t e  $0.80 t o  $1.00 p e r  b a r r e l  o f  c o s t s  
' 

t o  hydrogen  a l o n e .  



Table E-1 

Labor: supervision 
operating 

Electricity 

HYDROGEN PLANT OPERATING COSTS 1/ - 
Approximate Ranges (1977) 

$O.5O/Mcf Feed Gas $1.5O/Mcf Feed Gas 
a M s c f  -----.. G ~ d  .- ---- , Cents/Mscf .& 

Maintenance 3.4 .- 5.7 3.4 - 5.7:. 

Steam 0 - 30.0 0 -30.0 I 
Fuel 

Cool ing Water 

Boiler feed Water 2.3 - 0 2.3 - . 0 I 
Catalyst/Chemicals 1.8 - 4.5 

Direct Operating Cost 30 - 75 

Feed Gas 190-260 scf/Mscf 9.5 - 13.0 
Hydrogen Cost (Probable Extremes) 40 - 88 

Obsolescen,ce, Ins., Taxes - 10% 
of Replacement Cost 7.7 - 9.6 

Laboratory 2.7 

Hydrogen Cost, Incl. Investment 
Cost (Extremes) 50 - 98 

-- 
l/i3ased on a 10,000,000 scfd size plant. - 
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Figure E-1 

Hydrogen Manufactureateam 
Reforming Simplified Flow Diagram 

Reformer 
T 

High Temperature 
Desulfurizer 

Shift 
Converter - 

Regenerator I So'uti0n I 
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F. F e d e r a l ,  S t a t e  and  Loca l  R e g u l a t i o n s  
o n  t h e  S u l f u r  L e v e l  i n  F u e l  O i l s  

A l l  s t a t e s  h a v e  r e g u l a t i o n s  which c o n t r o l  t h e  s u l f u r  l e v e l  

i n  f u e l  o i l s  bu rned  i n  t h e i r  a r e a s .  Some s t a t e s  f u r t h e r  s u b d i v i d e  

t h e i r  t e r r i t o r y  i n t o  a r e a s  w i t h  d i f f e r i n g  l i m i t a t i o n s .  I n  s t i l l  .. 
o t h e r  c a s e s ,  t h e  r e g u l a t i o n s  may b e  on a s t r i c t l y  local b a s i s .  

Examples  would i n c l u d e  N e w  York C i t y  and P h i l a d e l p h i a .  . I  
The Depa r tmen t  o f  E n v i r o n m e n t a l  A f f a i r s  o f  t h e  American 

.'%, , . . - 
P e t r o l e u m  I n s t i t u t e  h a s  u n d e r t a k e n  t h e  t a s k  o f  c o m p i l i n g  t h e s e  

r e g u l a t i o n s  and p u b l i s h i n g  them. They a p p e a r  i n  T a b l e  F-1. I 
S i n c e  many o f  t h e  r e g u l a t i o n s  a r e  e x p r e s s e d  i n  s u c h  t e r m s  a s  I 
maximum a l l o w a b l e  p a r t s  p e r  m i l l i o n  o f  SO2 i n  ' f l u e  g a s e s ,  . * 

t h e s e  v a l u e s  h a v e  been  c o n v e r t e d  i n t o  a s u l f u r  c o n t e n t  o f  t h e  

f u e l  by c a l c u l a t i o n s  which assume c e r t a i n  amoun t s  o f  e x c e , s s  

a i r  i n  t h e  f l u e  g a s .  

F i g u r e  F-1 shows t h e  h i s t o r y  o f  f u e l  o i l  c o n s u m p t i o n  by 

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

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

e s s e n t i a l l y  c o n s t a n t  o v e r  t h e  p a s t  t h r e e  y e a r s .  This is b e c a u s c  

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

p e r i o d  be tween  1970 and  1974 .  One f a c t o r  which  may c a u s e  some 

added  c o n s u m p t i o n  o f  lower  s u l f u r  f u e l  o i l  would r e s u l t  f rom - I 

r e g u l a t i o n s  i n  some a r e a s  which  r e q u i r e  new e m i s s i o n  s o u r c e s  I 
t o ,  a d h e r e  t o  more s t r i c t  l i m i t a t i o n s  t h a n  o l d e r  e s t a b l i s h e d  

I 



s o u r c e s .  However, s t a t e s  may b e  e x p e c t e d  t o  impose more 

s e v e r e  l i m i t a t i o n s  on a l l  s o u r c e s  i n  t h e  f u t u r e  and  t h i s  

c o u l d  c a u s e  some i n c r e a s e  i n  f u e l  o i l  volumes consumed a t  
. . 
low s u l f u r  c o n t e n t  l e v e l s .  .., 

:r; The s h a r p  c l i m b  i n  t h e  p e r c e n t a g e  consumpt ion  o f  lower  

s u l f u r  f u e l  o i l  i n  t h e  y e a r s  1 9 7 1  t h r o u g h  1973  a s  shown i n  

F i g u r e  F-1 r e f l e c t s  t h e  a p p l i c a t i o n  o f  t h e  new r e g u l a t i o n s .  

I t  is  s u s p e c t e d  t h a t  t h e  d r o p  i n  1974  may b e  d u e  t o  e x c e p t i o n s  

g r a n t e d  a t  t h e  time o f  t h e  Arab embargo.    he same d a t a  is 

I p r e s e n t e d  on a  t o t a l  b a r r e l s  b a s i s  i n  F i g u r e  F-2. T h i s  

c h a r t  i l l u s t r a t e s  t h e  d e c r e a s e  i n  demand which o c c u r r e d  i n  

1974 and 1975.  F i g u r e  F-2 is b a s e d  on  d a t a  summarized i n  

T a b l e  F-2. 

Whi le  f i g u r e s  F-1 and F-2 a r e  l a b e l e d  " c o n s u m p t i o n s , "  t h e y  

a r e  a c t u a l l y  d e r i v e d  by a d d i n g  p r o d u c t i o n  from U . S .  r e f . i n e r i e s  

i n  e a c h  y e a r  t o  t h e  i m p o r t s  o f  t h a t  y e a r .  The r e s u l t  w i l l ,  

t h e r e f o r e ,  d i f f e r  f rom t h e  e x a c t  consumpt ion  d u e  t o  s t o c k  

c h a n g e s  and any  e x p o r t s .  However, t h e  n e t  r e s u l t  s h o u l d  b e  

r e l a t i v e l y  a c c u r a t e  i n  i n d i c a t i n g  t r e n d s .  
I 
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TABLE F-1 

1/ FEOERAL. SIATE. AN0 LOCAL FUEL SULFUR RESTRICTIONS - 
Sullur Mosl Recent Sullpr Mosl l l r e n t  

Full Llmn Amendment Full L h l  Amtndmm 
SbD Porllon of State T y p  Fuel Us8 1m.x) Dall S b b  Pmibno lSbb  Tm Full U u  M.%) Dab 

niaurnla Calcyu8y l Cuv~nilss 011 1 1 1  1.7611) 3 1l 76 Lomrldr All 011 <3M ~ P T l l l h r  7 R I 0  
.. 

and Jellerson Cw~nty I .66 (2) .74 (2) 
Coal 1.08 (3) 3.25-75 

>250RBTUlhr. ,2910 
Calegory il Counties 011 Ail 3.910 3-25-75 .28 (21 

3.7 (2) Coll <2M ~~BTUI~I.' .72(3) .. 
Coal 2.4 (3) 3.25-75 >250 LBTUlhr. .24 (3) 

'Applies also to lacililies convening lrom Qher luels to coal. 

"Approved Augusl 11.1977: 10 be IiMllZed by end d October 1977. 
Alaska All 

h lZoM Ail 

Oil All 
Cod1 All 

Conntc~lcnl All *I1 All 0.5 

Oil Exisling 0.98(1) 
n 42 171 

Oil (high Existing 2.15(1) 
sullur)* 2.04 (21 

Coal Exisling 0.60 (3) 
Oil NBW 0.78(1) 

0.74 (2) 
Coal New 0.48 (3) 

'High sullur luel oil=tueloil coniaining .90% or more by wetght ol sulfur. 

Arkansas All The only regulallons adopled by Ihe State require 
lhal SO, concenlralions do no1 exceed 0.20 ppm in the 
ambienl air at any places beyond Ihe premises on which 
Ihe source of the emissions is located. 

C8lilornl8 Air Basins 
Nonh Coast (Less 
Mendoclna m a  
Sonoma Counties) 

San Francisco Rav 

Nonh Cenlral Coast 
Soulh Cenlral Coast 
Soulh Coast 

Nonneasl Plateau 
(Lassen and 
Modoc Counties) 

Sacramenlo Vallq 
(Sacramenloand 
Tehama Counllerl 

Soulheasl Deserl 
San Oiego 

All 
Oil 
WI 

Oil 

Coal 
All 
All 
All 
All 

All 

All 
Elilsllna 
Exlsling 
New 
>250 6 8 T ~ l h r .  

>250 68TUlhr 
All 
All 
All 
All 

All 

10-1-75 

~ t l a w r n  rll ~)ISIIII~IO All 
10-1-75 New Caslle County All All 

10-1.75 OisMcl d All All All 
Columbh All All 

nor ld l  Ouval County(nonh) 011 

Duval County Oil 
(soulh) 

Hillsborough County Oil 

Resl ol slate Oil 

011 

Hillsborough County Coal 
Resl ol state Coal 

Coal 

>250 kl8TUlhr.' 2.54 ( 0  
Exlsllng" 2.41 (2) 
hlsting 1 .63(0  

1.54 (2) 
Exisling 1.17(0 

1.11 (2) 
Exisling 2.69(1) 

2.55 (2) 
New .78(1) 

.74 (2) 
ExlSlIng 1.44 (3) 
Exlsiinp 3.70 
New .72 (31 

'Units wilh a h ~ ~ l  input ol less lhan 250 BBTUI~~. must use "lalesl reasonaDlY l a l l b h  
technology." 

"Em!ss!bn ljmitr lor ertsllny suutccs will be reevalua~ed prior 10 October I. I978 

6eorgb All All <lWMBTUlhr. 2.50 11-3075 
>I00 MBTUlhr. 3.M) 11 -30-75 
>?so G e r u ~ h r .  

Oil New 0.74(21 ' 11-3075 
eOal New 0.720) 11-24-75 

All All 0.5 16-77  
All All 0.5 12-31.75 
AII AII 0.6 o.a.76 

'Eifeclive July 1. 1978. a11 power plan15 muzt u ic  luels wilh a .25 Xwt. S conlent: belors 
July 1. 1978. 511th luels musl be use0 il available. 

Notes: ( I )  Sultur contenl greater than the a m  may be al laed provided that the source 
utilize¶ SO, removal and the SO, mission docs w l  a x m d  that a l l aed  by ths 
above sullur content IimiYliMS. utilizing no SO, nmi. 

(2) Large luel burning sources are limltcd by a muimum allowable SO, misslon I d  
oxpressmd in pounds per hnta. The allowable lnci varlm with slze ana lacatlm d 
the facility and wilh slack height. 

Footnote a t  end of t ab le .  



TABLE F-1 

Sullur Mosl Rscanl 
Flnl Llmll . Amandmsnl 

S D ~  Pa t lono lSbb  Tw Fuel US1 W 1 . X I  . 010  

Hawla All MI . All 2.0 2.13.76 
All > 2 M  RBTUlhi. 0.5 2.13.76 

I d a h  All NO. I All 0.30 5.7-76 
No. 2 All 0.50 5.7.76 

lmnok AII Oislillate ' All ,2910 9-4-75 
Residual New 9-4-75 

<250 RBTUlhr. ,9312) 
>250 RBTUlhr. .74 12) 

'Existing .93 12) 9.4.75 
Chicago. St. LOUIS. 
and Pmria melrc- 
politan arms Cual Exlsling .72 (31' 9-4-75 

Other metropoll. 
tan areas Coal Exisling 1.0813)" 9.4-75 
Resl ol stale Coal Exisling 3.W 13) 9.4.75 
All Coal New 9.4.75 

>250 RBTUlhr. .72 (3)' 
<250 BBTUlhr. 1.08131 

'Suspended January 20. 1976. pending furlher review (Commonwealth Edison v. Pollulion Control Board. 
No. 473521. 

"If Ihe annual arilhmetic average SO, level is greater lhan ,015 ppm for any one year ending on or alter 

India? All Oil New 
>250 8BTUlhr. .78 I t )  9-16-14 

.74 12) 
Coal >250 RBTUlhr. .72 (31 9.16.74 

All All Existing and New. 
<250 RBTUlhr. 9.16.74 

.Indiana has Slack emission limits lor each site on the basis ol unit size, stack height, num- 
ber 01 slacks. etc. According to slate implementation plan information, allowable limits la 
coal range trom .57 to .98 wl.%S, and lor oil. trom 1.03 to 1.9 wt.%S. 

>250 ABTUlhr. .74 (2) 

1 2 5 0  RBTUlhr. P.4 11) 
1.3 12) 

All Coal New 
>250 PBTUlhr. .72 131 

' <250rnBTUlhr. 3 .600 )  
. Black Hawk. Coal ' Existing 3.60 13) 

Cllnton. Les 
Moines. Dubuqus. 
Jackson. Lee. 
Linn. Louisa. 

Page 

Suftur Mo l l  Recanl 
F u d  LlmR Amsndmanl 

S b b  Pa t l ono lSbb  T l p  FUOIUBI (W1.X) DIU 

Muscatine, and 
Scon Counties 

All Coal Exlsting 6.15.77 
>500 RBTUlhr. 4.80 (3) 

Kansan All > 2 M  ABTU 
011 New 2.78 121 1.1.74 
Coal NOW 1.80 13) 1-1-74 

Ksnl~cky Note: Sullur dioxide emisslon limllations are expressed on a sliding scats based on the size 
d the lacillly. Values lor typical units are given b e l a :  

All Oil New 6.b75 
< I 0  RBTUlhr. 2.31 121 

100 PBTUlhr. 1.0212) 
,250 RBTUlhr. .74 121 

Coal (10 RBTUlhr. 2.40 (3) 6.5-75 
100 RBTUlhr. 1.02 (3) 

,250 ABTUlhr. .72 13) 
Class I Existing 6 -575  
~oun l i ss  011 (10 BBTUlhr. Same as 

I 0 0  PBTUlhr. New 
,250 PBTUlhr. 

Coal h is l ing 6-5-75 
<IO MBTUlhr. Same as 

100 BBTUlhr. New 
,250 BBTUlhr. 

Class I1 011 c ~ i ~ ~ i c , ~  6.5-75 
Counties (10 ABTUlhr. 3.70 12) 

100 ABTUlhr. 1.67 121 
,250 PBTUlhr. 1.11 (2) 

Coal Existing 6.5.75 
< I 0  ABTUlhr. 3.60131 

I00  PB lU lh r .  1.5613) 
,250 ABTUlhr. 1.08 13) 

Class Ill Oil Existing 6-5-75 
Counlies < t o  ABTUlhr. 4.26 121 

100 MBTUlhr. 2.41 12) 
,250 ABTUlhl. ' 2.0412) 

Coal Existing 6.5.75 
(10 RBTUlhr. 4.20131 

tno BBTUlhr. '2.40 13) 
,250BBTUlhr. 1.92 131 

Class IV Oil Existing . 6.5.75 
Counties (10 ABTUlhr. 5.00 12) 

100 RBTUlhr. 3.70 12) 
,250 B8TUlhr. 3.24 12) 

Coal Existing 6.5.75 
<lORBTUlhr. 4.80(3) 

100 BBTlllhr. 3.64 I31 
,250 ABTUlhr. 3.12 13) 

Class V Oil Exisling 6.5.75 
Counties (10 MBTUlhr. 5.55 I21 

loo  RBTUlhr. 4.16 121 
,250 qBTUlhr. 3.70 (21 

Coal Existing 64 -75  , 

(10 PBTUlnr. 5.40 131 
I 0 0  IBTU lh r .  4.02131 

,250 MBTUlhr. 3.W 13) 
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TABLE F-1 

s u n ~ r  MOII Recant 
Ful l  L lm l  Amondmenl 

S b b   orl lion 3 ~ b b  Type Fuel Uu W l : X )  Dab 

S u n ~ t  Mort Recent 
Ful l  U m l  Arnsndment 

S b b   mio on o l S b b  Tvpe Fuel Ura (wl.%l DID 

Loulr l~nnr All Oil All 
Coal All 

Mkh Imn  Wayne (Oetroil area) Distillale All 
Hef iaul  AJI 

Coal. p u l  All 
verized 

Coal. other All 
All < S O  M lbs. 

steamlhr. 
> 500 M Ibs. 
sleamlhr. 

All M ~ l n a  Ponland Peninsular All AU 
AOCR All All 

Resl ol Stale All All 

.Limil does not apply to any emission source which lhrough use 01 SO, collecling devices 
nr other equipment reducis the emissiun ot SO! to ~ h c  equivalent 01 burning such fuel with a 
suiiur content of 1.MV.. 

'EtIeclive dale 

"Ellective date 

Mlnnasob Minneapolis. 
St. Paul AOCR Oil 

Exlsllng 
>250 RBTUlhr. 

<250 RBTUlhr. 

>250 RBTUlhr. 
<250 MBTUIhf. 
> 2 M  RBTUlhr. 

All 
New 
>250 BBTUlhr: 

>250 RBTUlhr. 

Maryland Areas I. II. V. Residdl' Ail 
and VI 

Oislillate All 
Coal All 

Areas Ill and IV 
(Baltimore and Residual All 
Washington 
metropoiifan Residual All 
areas) Oislillate All 

coal 

Coal 

Rest of slate Oil 

Coal 
All 

Oil 

Coal 
'Ellective Mte. 

Mltrlralppl All M I ~ ~ e ~ h u r a t l r  All (cxccpl metre 
polilan Boston) 

All' 
Oil 

Oil 

Coal 

Oistiilate 
Coal 
Residual 

All 
All 
All' Mstropolitan 

Boston 
Distillate 
WI 
All 

All 
All 
>loo B 8 r u l h r .  Cenl~dl Mass. 

AOCR (lrom 7-1-75 
toll-1.77, and 
lrom 4.1.7810 
7.1.78) 

Merrimack Valley 
AOCR (lrom 5-1.76 
10 5.1-781 

Pioneer Valley 
AOCR (Irom 6.1.76 
to 6-1-78) 

Soulheaslern Mass. 
AOCR (Irom 5.1.76 
to 5.1-78) 

Berkshire County 
AOCR (Irom April 
1 l o  Sept. 30 each 
war) 

Mlrrourl All except ciltes 01 Oil Exist~ng 4.00(4) 2.9-72 
St. LOUIS And St. Coal Existing 3.40(5) 2.9-72 
Charles. and SI. Oil New 1 .W 141 2-9-72 
Louis. Jellerson. Coal New 0.85 (5) 2-9.72 
Franklin. Clay. 
Cars. Buchanan. 
Ray. Jackson. 
Platle and Green 
Counties 

St. Louis AOCR All <2000~BTUlh r .  2.0 12.19.75 - 
Oil >ZWO RBTUIIII. 2.13(21 12.19.75 
Coal >ZOO0 RBTUI~:. 1.3813) 12.19.75 

All 

All 

All 

Residual All 

Notes: (I) The su~fur limits lor facilities <2.000 PBTUlhr. are eltective only lor Ihe period 
flctnher lhrough 4pril. 

12) Missouri is currently developing repuiations limiling sullur content 01 luets lor the 
entire state. 'No residual lo be used in unlls less lhal l3  IjlBTUlhr. h a t  imput. 
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TABLE I?-1 

Sullur Mol l  R r 8 d  
Full UmR Amendmrnt 

Sbb PaIionolSbb T v  fu8fUU (w1.X) OIb 

Monl8N All 011 All 
Coll All 

NOW Mexito All Oil >1.000.000flBTUlhr. 0.31 12) 12-31-74 
Coal >2M BBTUlhr. 12.31.74 

New 0.2013) 1241.74 
hisling 1241.74 

Coal >3WO BBTUlhr. 
Existing 0.60 (3) 12-31.74 

'SO, emisdons to the atmosphere may no1 be In excess ol 35% by wcipht ol the S& whkh 
would be product4 upon combustion ol the coal prior toany pretreatment. 

Note: Changes in SO, emissions limils lor coal.lired operations are apeClt4 in 1978. 
Oil All 

Coal All 

New lark New York City DislllLe 
ReslduaI 
Coal 
Oil 
Coal 

Oil 
c4al 

All 
All 
All 
All 
All 

All 
All 

Las vegas 
washoe h n t y :  

Cilies o l  Renoand 
spans. 

All All 1 .o 
Nassau. Rakland 
and Weslchesler 
bunl lcs 

Sullolk County- 
towns OI Babylon.. 
Brookhaven. 
Huntington, lslip 6 
Smithlown 

All (250 RBTUlhr. 1.0 
All >250 BBTUlhr. . 
.Allowable emissions calculaled by use 01 the For. 
mula, y = 0.105~. where x =minimum heal inpul. 
number 01 millions ol BTUs per hour, and y=a l lW 
able rale ol sutlur dioxide emission in pounds per hour. 

Resl ol Stale A11 All 728-77 
Erie 6 Niagara Oil All 1.1 
Counlies Coal All 1.7 

Rest ol State 011 All 2.0 
Coal All 2.5 

All excepl New Y o *  >250 BBTUlhr. 
City. Nassau. 011 N6* 0.75 
flaklandand c4al New 0.72 13) 
westcbestw 
Counties) 

'Maximum allowable rale 01 SO, calculaled by use ol 
the lormula 2 = 0.15~. where Z =  allowable rale ol 
SO, emission in pounds per hour and X = maximum 
hall input in POTUlhr. 

n n  A~I NO. 2 ~ l i  0.40 2.2075 
Hampahlm No. 4 All 1 .W 2-20.75 

NO. 5 66'  All 2.00 2-20.75 
Coal atsting 1.68 (3) 2.20.75 

New 0.90 (3) 2.2075 

Nonh C8rollN All 

All 

Oil New 

Existing 
Coal 
Oil .New Hampshire portion ol Ihe Androscoggin Valley AOCR is permilled to use No. 5 6 6 oil with 

a 2.20 wt% sutlur. 
Coal 

New Jerroy Allanlic. Cape May, Oil All 
Cumberland. 
Hunterdon. Ocean. Coal All 
Sussel. and 
Warren Counties 

Rest 01 slate No. 2 All '. Residual All 
Coal All 

Nodh 01kob All 

All 

Oil 

Caal 

Oil 

Coal 

Existing 2.9011) 2-9-76 
Existing 2.7812) 
Exislinp 1.80(3) 
>2M RBTUlhr. 2.976 
New .7B(lI 

.74 (2) 
N m  .72 (3) 
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TABLE F-1 

Sunur MoslRscsnl 
Full Lhnn Amsndmsnl 

sunut MOSI R O C G ~ ~  

S b b  ' PMlon of S b b  Typa Fuel Usa Dab 
Full 

IW1.X) 
umn Amendment 

S b b  PMhnOlSbb Typa Fuel Ute . (W1.X) Dab 

Ohlo Note: Ohio slale regulations lor conlrol d sullur dioxide were lound inadequate by the lederal 
EPA and are not prnnnlly beinp enforced. The lederal SO, emission IimllS I01 Ohio (41 FR 

hnnsfi8nla Pinsburgh area Oil 6 <2.5 OBTUlhr. 3.70 (2) 7-15.76 

36323. Aug. 27. 1976) vary from county lo county depending on the alr pollution problem. 
(Allegheny County. Coal 2.40 (31 

Ihe existing emission rale d conlribuling sources. and the overall reducllon needed. Llsled be- 
Beaver Valley. 6 2.5.50 BBTUlhr. 0.92 (2) 

low are Ihe ranges for sullur content ol luels allowable in Ihe various air qualily control regions Monongahela 0.60 (3) 
Valley Alr Basins) 

corresponding lo lhe SO, emissions limitations. 
and Southeast 50.2.000 RBTUlhr. Use Formuld: 
Pennsylvania Air A=1.7€.'." where - 

Metropolilan Oil All 1.23 - 1.85 8-27-76 
Cincinnati Coal .SO-1.10 Bast? (Bucks. A= allowable emission In pounds SO, per million 

Hunlington~Ashlon- Oil Ail .74 - 8.79 8-27-76 Chesler. Delaware. 
BTU heal Input. 

Porlsrnoulh- Coal .61 , 4 3 6  
Monlgome*. 6 E=heal lnpul in RBTU's per hour. 

lronlon 
Philadelphld >2.000 IBTUlhr.  0.55(21 

Melroploilan Toledo Oil All .44 . 1.00 8.27.76 
Counlles) 0.36 (3) 

Ma l  .68. 1.71 
All other Oil 6 <2.5 f&TUlhr. 3.70 (2) 7-15-76 

' All Dayton Oil S6.4.27 8-27.76 
Coal 2.40 (3) 

Coal .69.2.72 
2.5.50 BBTUlhr. 2.78 (2) 

Greater Melrcr Oil All .74.4.81 8.27.76 
1.80 (3) 

polilan Cleveland Coal 67.3.33 
50-2.000 RBTUlhr. Use lormula: 

Monslield.Marion 011 All .70 - 7.94 8.27-76 
A=5.IE.*."where 

&dl .l6.5.53 
A=allowabie emlsslon in pounds SO, p r  million 

Melrupullla~~ Oil All 1 17 - 5 59 8-27.76 
BTU heal inpui. 

Columbus Coal .66 - 3.32 
E =  heal i n ~ u t  in RBTU's p r  hour. 

Voungslown.Norlh Oil All 2.28- 8.53 8-27-76 >2.OW B8TUlhl. 1.67 (2) 
WSI Fa. Coal 1.30-4.95 

I .08 (3) 

*.!arietla.Parkcrr Oil All .74 .5.99 8.27.76 
Phllddelphh NO. I 6 2  A11 0.2 10-1-77 

ourg Coal 
Sandusky 011 All 

Coal 
Sleubenville. Oil All 
WeinM.Wheeling Coal 

Zanesvilie Oil All 
Cambridge Coal 

Okllhom8 All Oil New 0.74 (2) 24-74 
Coal NEW 0.72 (3)' 2-8-74 

'me regularion prohibits any emission o l  SOI llOm existing equipment which resulls in  an 
ambient air concentration 01 SO, at any given point in excess 01 0.52 ppm in a five minute 
period ol any hour. . . 

Oregon All No. I 
NO. 2 
Resldual 
Coal 

Oil 

Coal 

Oil 

Coal 

All 
Ail 
Ail 
All 
> 1 M  >250 fl8TUlhr. 
New 

New 
>250 RBTU 
NCW 

Now 

NO. 4 All 

N0.566 All 

Coal All 

h s n 0  RICO AII All <8 MBTUlhr. 2.5 1.1.75 
28 MbTUlhr. 1.1.73 

.AcIuai percentage value, not lo exceed 3.lY. is assigned lhrough the permil syslem. 

Rhods Island All Distillale Ail 
Residual Ail 
Coal All 
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TABLE F-1 

Sullur MoslRecInl SuUur Most Rncent 
F a  Limn Amsndm~nt Fud  Uml Amendment 

sbw Por(hnolSbb T l p ~  F U ~ I  ua (w1.Y.1 Oab s b b  Ponlonol S u b  Tvpw Fud  UII (Wt.XI Dam 

soulh C.rollru Class l lCharleston Oil 
CounW) 

Coal 
Oil 

.- Coal 
Class 11 (Ahen and Oil 
AndersonCounlies) 

Coal 
Oil 

Coal 
Class Ill (All remain Oil 
In0 uun l i s r )  

Coal 

<loBBTUlhr. 3.41 (I) 
3.24 (2) 

<10BBTUlhr. 2.10(3) 
>10 MBTUlhr. 2.24 (1) 

2.13 (21 
> l o  ~ e r u l h r .  1.3a(3) 
< lo00 B8TUlhr. 3.41 (1) 

3.24 (2) 
< lo00 PBTulhr. 2.10(3) 
s IWO MBTU/nf. 2.24 (1) 

2.13(2) 
~ 1 0 0 0  RBTUlhr. 1.38f3) 
All 3.41 11) 

3.24f2) 
All 2.10 (3) 

Note: Variances granted on a case by case bdsis. 

South OtkOb All 

All 

Oil 

Coal 

Oil 

Coal 

Tennecsw Class l fPolkCounly) Oislillals 

Residual 

Coal 

ClasSIIIHumphreys. Dislillale 
Maury. Roans 
Counliss) Re~idut l  

Coal 

Class Ill (Sullivan 
County) 

Class IV (Shelby 
tounty) 

Class v [Anderson 
Davidson. Hamil. 
ton. Hawkins. 
Knox. Rhea) 

Dislillate 
Residual 
Coal 
Oislillale 
Residual 
coal 
Oislillale 
Residual 
Coal 

Existing 2 .90 (0  116.75 
Exisling 2.78 (2) 
Exisling 1.80 (3) 11-6.75 
>250 RBTUI~~. 11.6-75 
New .78 (0  
New .74 (21 
New .72 (3) 11-6.73 

>l.OOO BBTUlhr. 1.17 (1) 
<l.OOO BBTUlhf. 1.5611) 
>1.000 PBru lh r .  1.11 (21 
<1.000 BBTUlhr. 1.4Bf2) 
>1.000 BBTUlhr. .72 (3) 
<1.0W PBTUlhr. .96(3) 
>l.OOO~BTUlhr. 1.17(1) 
<1.000 IBTU lh r .  4.88 ( 0  
>1.000 BBTUlhr. 1.11 (2) 
<1.000 BBTUlhr. 4.63(2) 
>I.OOOPBTUlhr. ,7213) 
<I.OW PBTUlhr. 3.00(3) 
411 2.3410 
All 2.22(21 
All I .44 (3) 
All . 4 9 ( 0  
All 2.50(2) 
All 2.40 (3) 
All 3.90(1) 
All 3.70 (2) 
All 2.40 (3) 

Class VI (All olher OislllUe 
Counties) Residual 

Coal 
Class IV (Shelby 

County) Oislillate 
ResIduaI 
CQaI 

All 
DislilLale 
Residual 
Coal 

All 
X All 

Afl 
N m  
<2 j0  AIBTUlhl. 
< 2 M  BBTUlhr. 
(250 PBTUlhr. 
New 
5250 RBTUlhr. 
> 2 M  BBTUlhr. 
>250 BBTUlhr. 

TOIII All 

All 

U b h  All 

Vermont All 
All 

3-20.76 

Oil Existing .88 (4) 
Coal Existing 1.80(3) 

>250 BBTUlhr. 
Oil New .78(1) 

New .74 (21 
Coal New .72 (3) 

011 All 
Coal All 

AII A11 2.00 
>250 flBTUlhr. 

Oil New . 7 8 ( 0  
New .74 (2) 

Coal New .72 (31 

3.20-76 
3.20-76 

YlrplnLa AOCR 7 Oil Alt 
3-20-76 
3-20-76 Coal All 

Resl 01 Stale Oil All 

Coal All 
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TABLE F-1 

sunur MOSI Recanl 
Fuel Limn . Amendment 

S b b  Portion ol S u b  1vp1 Fuel Uaa (WI.Y.1 Dab 

w~ahlngion Pugel SbilflO Aru :  iiu. l All 
Klng. Kitsap. NO. 2 All 
Pierce 6 Snohomish Oil.01her All 
Counties Coal AII 

Rest of Slate 011 NBW 

Exlsllng 
Coal All 

Weal Vlrglnh All >250 B t ( r ~ l h r .  
Oil New . 7 8 ( 0  12-10-76 

New .74 (2) 
COO1 NBW .72 13) 12.10.76 

West Virginia's regulalions sel SO, weighl emission standards lor exisling luel busn~no unss 
by prlorily reglons. In d l lJ l l iu~~.  Ihc )iete Air Pol!utinn Cnntrnl fArnrnisrivn "strongly recom. 
mends lhal the lo i l~wing luel sullur Contenls be me1 by luel suppliers: 

All Oil All 1.50 12.10.76 
All .M 6-30.78' 

Coal All 2.00 12.10.76 
All 1 .DO 6.30.78' 

'Efleclive date. 

Wisconsin Southeast 
Wisconsln 
intraslale AOCR Slandby Fuel: ' 

Distillale All 
Residual All 
Coal Ail 

Racine county Ull L i ~ l i n g  
Coal Existing 

All New or modilied Facililies: 
0i:lillale >760 8BTUlhr. 
Residual >250 MBTUlhr. 
Coal >250 MBTUlhr. 

'Slandby luel is delined as a fuel normally used less than 15 days per year. 

>250 MBTUlhr. 
Oil New 

New 
Coal New 

NOTES 

( 0  No. I 6 2 Oil - Regulation expressed as Ibs. S or SOalfl BTU. Equlvalenl welghl percanl sulfur a l c u  
laled using 19.500 B TUII~. 

(2) No. 4. 5. 6 6 011 - Regulalion expressed as Ibs. S m SOVIB BTU. Equivalent welghl percent sullur al. 
-' 

culated using 18.500 BTUllb. 

13) Coal - Regulation expressed as 
12.000 BTUllb. 

IbS. S or SO,If4 BTU. Equivalent weighl percent sullur alculaled usinp 

14) 011 - Regulation erpressed as pans per mllllon SO, in lhe llue gas. Equlvalenl weighl p s e n t  sullur ul. 
Cul8lcd using 257. mcess tlr. 

IS) Coal - Regulalirm exPrelSed 8s pans per million SO, In Ihe llue gas. Equivalenl weighl parcenl rullur 
calculated using 25% excess air. 

16) Oil - Regulalion expressed in parls per million SO. in Ihe llue gas. Equivalent welghl percent sullur =I. 
culaled using 10% ercess alr. 

171 Coal - Regulalion expressed as pans per million 50, in  the flue gas. tq~iv1ICnl welgnl p s m l  rullu, 
w lcu l~ l cd  using 10% eacerr air. 

1/ Fuel Sulfur Regulations, Federal, State, and Local, - 
September 1977, Department of Environmental Affairs, 
American Petroleum Institute. 



TABLE F-2 

RESIDUAL FUEL OIL PRODUCED DOMESTICALLY AND IMPORTED - BY SULFUR LEVEL 
Millions of Barrels 

Percent Sulfur 
0 - 0.5 - 0.51 - 1.00 1.01 - 2.00 Over 2.00 Total 

1971 
,Produced 50 
imported 109 
Total 159 

1972 
Produced 65 
~mpor ted 203 - 
Total 268 

1973 
Produced 97 
Imported - 246 
Total 342 

1974 
Produced 6 
Imported - 196 
Total 294 

1975 
Produced 109 
Imported -. 170 
Total 278 

1976 
Produced 128 
Imported - 173 
Total 3 0 1 

1977 1/ 
~roauced 5 6 
Imported - 6 4  
Total 12 0 

I 

1/ 4 months only - 
Source: U.S. Bureau of Mines, Mineral Industry Surveys, 

"Availability of Heavy Fuel Oil by Sulfur Levels." 

Totals may not che'ck due to rounding. 



Figure F.-1.. 

U.S. Residual Fuel Oil. Consumption 
by Sulfur Content 

Year 1 s t ~ .  I 



Figure F-2 

U.S. Residual Fuel Oil Consumption 
by Sulfur Content 

Year 



G. P r i ces  of Residual Fuel O i l s  -- -. .-- i i. 

Low-sulf ur r e s idua l  f u e l  o i l s  command a  higher .p r i ce  ,than 

high-sulfur  r e s i d u a l  f u e l  o i l s .  For any s i n g l e  grade of f u e l  

o i l ,  the  p r i c e  r e l a t i o n s h i p  can be descr ibed a s  inve r se ly  

propor t ional  t o  the  s u l f u r  content  w i t h  0 . 3  percent  s u l f u r  

(max.) being the  h ighes t  pr iced and high s u l f u r  (2..2 percent.  

or 2.8 pe rcen t )  being t h e  lowest pr iced .  See.Figure'G-1. 

For any given grade of f u e l  o i l ,  t h e  p r i c e s  w i l l  d i f f e r  

depending on whether i t  is high pour or  low pour,  a l l  o ther  

f a c t o r s  being equal .  Low pour r e s idua l  f u e l  o i l  w i l l  be 

p r i c e d  higher than high pour r e s i d u a l .  Foi t h e  purposes 

of t h i s  r e p o r t ,  any p r i c e s  discussed r e l a t e  t o  .low pour 

r e s i d u a l  f u e l  o i l  only. 

The s e l l i n g  p r i c e  fo r  low s u l f u r  f u e l  o i l  i s  higher 

because t h e  low-sulfur crude i t  came from is  more expensive 

than high s u l f u r  crude,  or it is higher because more e f f o r t  

is requi red  t o  convert  high s u l f u r  (lower c o s t )  crude i n t o  

low s u l f u r  f u e l  oil. 

Table G - 1  r e f l e c t s  New York Harbor cargo l o t  p r i c e s .  

Both c o n t r a c t  and spot  p r i c e  h i s t o r i e s  a r e  given. However, 

the  spot  p r i c e s  represent  only a  small percentage of the  

t o t a l  s a l e s  and a r e  more s u b j e c t  t o  f l u c t u a t i o n s .  For t h i s  

reason, the  con t rac t  p r i c e s  a r e  more i n d i c a t i v e  of the  - 

t r u e  market value of t h e  r e s i d u a l s .  I n  r ecen t  months, 0.3 

percent  s u l f u r  content  No. 6 Fuel O i l  has been averaging a  I 

premium of s l i g h t l y  over $1 per b a r r e l  over 1 . 0  percent  



s u l f u r  content  f u e l  o i l .  The 1.0 percent  s u l f u r  f u e l  o i l ,  

in t u r n ,  has a  $1.85 per b a r r e l  premium-over high s u l f u r  

r e s idua l  f u e l  o i l .  

Table G-2 presen t s  the  h i s t o r y  of N e w  York Harbor carg.0 

I p r i c e s  f o r  No. 4 f u e l  o i l .  Due t o  t h e  l i g h t n e s s  of No. 4 fue l  . 
I 

o i l  r e l a t i v e  t o  No. 6 f u e l  o i l ,  a t ta inment  of a  low-sulfur 

I - l e v e l  i s  e a s i e r  and l e s s  c o s t l y .  T h i s  i s  r e f l e c t e d  i n  the  

~ lower premium fo r  0 . 3  percent  s u l f u r  No. 4 f u e l  o i l  over 
I 

the  1.0 percent  s u l f u r  grade. 



T a b l e  G - 1  

NEW YORK HARBOR CARGO PRICES NO. 6  LOW-POUR FUEL OIL 

F i r s t  7  Months Ave rage  P r i c e s  - 1 9 7 7  - C o n t r a c t  

Maximum % ~ i f f e r e n t i a l  Over 
S C o n t e n t  P r i c e  - $/B High S  - $/B 

Year  

Annua l  A v e r a g e s  - $/B - C o n t r a c t  - ----- 
D i f f e r e n t i a l  

0 . 3% Max. 1 . 0 %  Max. 0 . 3  Over 1 . 0  

1972  4.3556 3 .7053  0 .61  
1 9 7 3  5 .7065  4 .8548  0 .85  
1974  13 .1067  12 .0079  * 1 . 1 0  
1 9 7 5  13 .1608  12 .2626  0 .90 
1976  13 .2615  12 .0150  1 . 2 5  
1 9 7 7  ( 7  Mos.) 1 5 . 6 6  1 4 . 6 5  1 . 0 1  

Annua l  A v e r a q e s  - $/B - S p o t  

Year  - 
D i f f e r e n t i a l  

0 . 3% Max. 1 . 0 %  Max. 0 . 3  Over 1 . 0  

S o u r c e s :  O i l g r a m  P r i c e  S e r v i c e  
' P l a ' t t  ' s Oil P r i c e  Handbook 



T a b l e  G-2 

NEW YORK HARBOR CARGO PRICES NO. 4  FUEL OIL 

1 .  

Annual  A v e r a g e s  - $/B s o n t r a c t  -- 
D i f f e r e n t i a l  

Year  . 0 . 3  .Over  1 . 0  - 0 .3% .Max. 1 . 0 %  Max. 

1 9 7 1  4.7050 4 .3263 0 .38  

S o u r c e s :  O i l g r a m  P r i c e  S e r v i c e  
P l a t t ' s  O i l  P r i c e  Handbook 



Figure G-1 

New Yor:k Harbor Contract Prices 
Low Pour No. 6 F. 0. Cargoes, 

1977 



H .  P r o d u c t i o n  and D i s p o s a l  o f  S u l f u r  
i n  t h e  U . S .  R e f i n i n g  I n d u s t r y  

Between 80 and 90 p e r c e n t  o f  a l l  s u l f u r  consumed i n  t h e  

U n i t e d  S t a t e s  is  used  f o r  t h e  m a n u f a c t u r e  o f  s u l f u r i c  a c i d .  

  he second  l a r g e s t  u s e  is  i n  p u l p  and p a p e r  m a n u f a c t u r e .  

Because  s u l f u r i c  a c i d  i s  used i n  a  number o f  e s t a b l i s h e d  

- i n d u s t r i e s ,  i t s  consumpt ion  i s  r e a s o n a b l y  s t a b l e  and demand 

h a s  grown s t e a d i l y  o v e r  t h e  y e a r s .  However, t h e  s u p p l y  o f  

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

o f  s u l f u r  h a s  gone  t h r o u g h  some wide  f l u c t u a t i o n s .  I m p o r t s  

f rom Canada and Mexico have  been  i n s t r u m e n t a l  i n  p r o v o k i n g  

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

The s o u r c e s  o f  p roduced  s u l f u r  i n  t h e  Un i t ed  S t a t e s ,  o v e r  

a  p e r i o d  o f  y e a r s ,  a r e  l i s t e d  i n  T a b l e  H - 1 .  The g r e a t e s t  s o u r c e  

o f  s u l f u r  is  from mining  by t h e  F r a s c h  process .  The s u l f u r  is  

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

a r e a s  is i n  t h e  Gul f  o f  Mexico.  The second  l a r g e s t  s o u r c e  

o f  s u l f u r  i s  t h r o u g h  r e c o v e r y  f rom s o u r  g a s  and r e f i n e r y  

p r o c e s s e s  f o r  d e s u l f u r i z a t i o n  o f  p e t r o l e u m .  T a b l e  H - 1  

shows how r a p i d l y  t h i s  s o u r c e  is  g rowing  i n  r e c e n t  y e a r s ,  

l a r g e l y  d u e  t o  t h e  g r e a t  emphas i s  on m e e t i n g  e n v i r o n m e n t a l  

s t a n d a r d s  and  the need t o  r e l y  on i n c r e a s i n g  amounts  o f  

s o u r  c r u d e s .  

P r i c e  d a t a  i n  t e r m s  o f  d o l l a r s  p e r  l o n g  t o n  a r e  p r e s e n t e d  

i n  T a b l e  H-2. Extreme f l u c t u a t i o n s  may b e  n o t e d  w i t h  

e s p e c i a l l y  d e p r e s s e d  p e r i o d s  i n  1963 and i n  1971  t o  1973.  



Anti-dumping a c t i o n s  have  been  t a k e n  a g a i n s t  c e r t a i n  s u l f u r  

i m p o r t s  i n  t h e . p a s t .  S u l f u r  p roduced  i n  r e f i n e r i e s  f rom de-  

s u l f u r i z a t i o n  p r o c e s s e s  is  a  by -p roduc t  and r e i i n e r s  w i l l  

make s u r e  i t  moves i n  t h e  m a r k e t p l a c e  e v e n  i f  t h e r e  a r e  wide 

f l u c t u a t i o n s  i n  p r i c e .  Between t h e  impac t  o f  l ow-p r i ced  

i m p o r t s  and  r e c o v e r e d  s u l f u r s ,  t h e  F r a s c h  min ing  p r o c e s s  

h a s  a b s o r b e d , t h e  f l u c t u a t i o n s .  S i n c e  1966 ,  it h a s  n o t  

dcmons t ra t . ed  a n y  m e a n i n g f u l  t r e n d  and  h a s  remained  i n  t h e  
b 

r a n g e  o f  7 ,000  t o  7 ,900  t h o u s a n d s  o f  l o n g  t o n s '  p e r  d a y .  

1. ~ e c o v e r ' ~  o f  S u l f u r  f rom 
D e s u l f  u r  i z i n g  O p e r a t  i o n s  

I n  t h e  d e s u l f u r i z a t i o n  p r o c e s s ,  s u l f u r  i s  p r i m a r i l y .  

c o n v e r t e d  i n t o  H2S which i s , s e p a r a t e d  from t h e  d e s u l f u r i z e d  I 
o i l .  The H2S is t h e n  u s u a l l y ' a b s o r b e d  from t h e  g a s  s t r e a m  

i n  d i e t h a n o l a m i n e  from which i t  is t h e n  s t r i p p e d  and  c o n v e r t e d  

t o  e l e m e n t a l  s u l f u r  by t h e  w i d e l y  used  C l a u s  p r o c e s s .  I n  t h e  

f i r s t  s t e p ,  o n e - t h i r d  o f  t h e  H S  is  o x i d i z e d  t o  SO f o l l o w e d  
2  2 

by  c a t a l y t i c  r e a c t i o n  o f  t h e  p r o d u c t  w i t h  t h e  r e m a i n i n g  H S 2  ! 
t o  form s u l f u r  and  w a t e r .  I 

Recovery  is  v e r y  h i g h ,  b u t  n e v e r  100 p e r c e n t  b e c a u s e  

o f  t h e  e q u i l i b r i u m  be tween  r e a c t a n t s  and p r o d u c t s .  A t y p i c a l  



\ f low diagram is p r e s e n t e d  i n  F i g u r e  H - 1 .  The f e e d  g a s  is 
I 
;burned w i t h  a i r  i n  a  s team b o i l e r .  The s u l f u r  d i o x i d e  formed 
I 
;is mixed wi th  two p a r t s  of  H2S and passed  th rough  a  c o n v e r t e r  

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

t h e  f i r s t .  c o n v e r t e r  a t  600" F. The o u t l e t  t e m p e r a t u r e  i s  

750" F. Through h e a t  exchange,  t h e  e f f l u e n t  is  c o o l e d  t o  

500" F  b e f o f e  i n t r o d u c t i o n  i n t o  t h e  s u l f u r  condense r .  Liquid  

s u l f u r  l e a v e s  t h e  condenser  a t  300° F and is pumped t o  a  v a t  

f o r  f u r t h e r  c o o l i n g .  , 

Because of t h e  s team g e n e r a t e d  i n  t h e  p r o c e s s ,  i t  is 

p o s s i b l e ,  i n  t h e  c a s e  of  a  l a r g e  p l a n t ,  t o  o b t a i n  a  n e g a t i v e  

n e t  o p e r a t i n g  c o s t .  T h i s  is i l l u s t r a t e d  i n  T a b l e  H-3. 

The c o s t  d a t a  p r e s e n t e d  i n  Tab le  H - 3  were o b t a i n e d  

by a p p l y i n g  a p p r o p r i a t e  o p e r a t i n g  expense  i n d i c i e s  t o  1973 

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

p l a n t  and do no t  i n c l u d e  o f f s i t e s .  I n  t h e  p a s t  3 or  4 

y e a r s ,  i n c r e a s i n g l y  s e v e r e  env i ronmenta l  r e s t r i c t i o n s  

have  been p laced  o n . s u l f u r  r e c o v e r y  p l a n t s  i n  t e r m s  o f  

e m i s s i o n s  c o n t r o l .  Decreased e m i s s i o n s  a r e  o b t a i n e d  by 

add ing  more r e a c t o r s  and s p e c i a l  t a i l  g a s  t r e a t i n g  f a c i l i t i e s .  

Changes such as these c o u l d  d o u b l e  c a p i t a l  inves tment  and 
-, 

i n v e s t m e n t - r e l a t e d  o p e r a t i n g  c o s t s .  E/ 

16/  Tougher Air Q u a l i t y  S t a n d a r d s  Face S u l f u r  Recovery P l a n t s ,  - 
O i l  and Gas J o u r n a l ,  May 9 ,  1977,  page 53. 



Table H-1 

PRODUCTION OF SULFUR IN THE UNITED STATES IN 
THOUSANDS OF LONG TONS - 1/ 

Year - Recovered Frasch Pyr ites Other ~ o t a l  

p = preliminary 

1/ Source : "~hemical Economics Handbook, " - 
SRI International, Menlo Park, California 



E: 

1 Table H-2 

I U.S. P R I C E  HISTORY OF SULFUR, FOB M I N E  OR PLANT 
DOLLARS PER LONG TON - 1/ 

Year - Frasch Recovered Total  Imports Exports 

1/ Source: "Chemical Econom'ics Handbook," - 
SRI I n t e r n a t i o n a l ,  Menlo Park,  Ca l i fo rn ia .  



Table H-3 

APPROXIMATE 1977 OPERATING COSTS FOR 
SULFUR RECOVERY PLANTS - $/Long Ton 

Dollars/Lon.g Ton 
100Tons/Day 1,000 Tons/Day 

Cost Element . . - Unit 1977 Unit Cost Plant (1) Plant (1). 

Labor, Super & Lab 1.1 - 1.9 $9.00 - $13.80/hr. 2.93 
men/shif t 

Main tenanc.e 3.8 percent 
invest./yr. 

Boiler Feed. Water 6.50 gals./ton 80$/1,000 gal.. 0.53 0.53 

Cooling Water 5,000 gal.s../ 3.2$/1,000 gal. 0.16 
ton 

I-' 
P. 
h, 

Power 20 KW/ton 2.5 $/KWH 0.51 

Supplies (est) 

Direct.Operating Cost 

Interest, taxes, 
Ins., etc. 16.5% invest./yr. 

Operating Cost Tota.1 

Steam Credit 5,400 lb/ton .. 

Net Operating Cost. 

(1) Investments: $1,114,000 for 100 ton plant; $5,6.40,000 for 1,000 
ton plant, derived by updating "Sulfur Recovery Provides Steam," 
by W. L. Nelson, Guide to Refininq O~eratinq Costs, pg. 141. -- ----- -- 



Steam t Water Water ' 
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Figure H-I 
Claus Process for Sulfur Rewvery Flow Diagram 



I. Crude A v a i l a b i l i t y  i n  R e l a t i o n  t o  
S u l f u r  Con ten t  and Other P r o p e r t i e s ,  

Tab le  1-1 d e t a i l s  i n f o r m a t i o n  on OPEC c r u d e  o i l  i n  t e r m s  of  

p r o d u c t i o n  and r e s e r v e s  by c o u n t r y ,  a s  w e l l  a s  by sweet and 
1 .  

s o u r  c l a s s i f i c a t i o n s .  Other p r o p e r t i e s  a r e  l i s t e d  where 

a v a i l a b l e .  T h e s e  i n c l u d e  g r a v i t y ,  m e t a l s  content arid puur 

p o i n t .  For t h e  purposes  o f  t h i s  t a b l e ,  sweet  c r u d e s  a r e  

assumed t o  c o n t a i n  0.5 p e r c e n t  s u l f u r  by we igh t  o r  l e s s .  

I t  is s i g n i f i c a n t  t o  n o t e  t h a t  s o u r  c r u d e  r e s e r v e s  were 

5.5 times g r e a t e r  t h a n  sweet  c r u d e  r e s e r v e s  i n  1975. I n  add i -  

t i o n ,  t h e  r e s e r v e s  t o  p r o d u c t i o n  r a t i o  o f  s o u r  c r u d e s  is 49 

v e r s u s  33 f o r  sweet c r u d e s ,  i n d i c a t i n g  t h a t  t h e  c u r r e n t  t e n -  

dency is t o  p u l l  down sweet  c r u d e  r e s e r v e s  r e l a t i v e l y  more 

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

s i g n i f i c a n t l y  i n  1976 and e s p e c i a l l y  i n  r e c e n t  months. For 

example,  i n  a  r e c e n t  3-month p e r i o d ,  OPEC p r o d u c t i o n  o f  swee t  

c r u d e s  averaged 25 p e r c e n t  above t h e  1975 l e v e l s  o f  p r o d u c t i o n .  

I n  t h e  same 3-month p e r i o d ,  OPEC s o u r c e  c r u d e  p r o d u c t i o n  r o s e  

o n l y  14  p e r c e n t  over  1975 p r o d u c t i o n  l e v e l s .  
I 

Changes t h a t  have o c c u r r e d  i n  t h e  Uni ted  S t a t e s  a r e  more 

d r a m a t i c  t h a n  t h o s e  i n  t h e  OPEC c o u n t r i e s .  I n  1969, t h e  

Bureau of  Mines ana lyzed  t h e  s u l f u r  c o n t e n t  o f  U.S. c r u d e  
--. 

o i l  r e s e r v e s  and p r o d u c t i o n .  T h i s  r e v e a l e d  t h a t  64 p e r c e n t  

o f  a l l  U.S. c r u d e  o i l  r e s e r v e s  were i n  t h e  swee t  c r u d e  c a t e -  

g o r y  ( 0 . 5  p e r c e n t  s u l f u r  o r  l e s s ) .  The same su rvey  i n d i c a t e d  

t h a t  66 p e r c e n t  o f  t h a t  y e a r ' s  p r o d u c t i o n  was swee t  c rude .  



The d i s c o v e r y  o f  t h e  Prudhoe  Bay f i e l d  h a s  r e s u l t e d  i n  o n l y  

4 2  p e r c e n t  of  1975  c r u d e  o i l  r e s e r v e s  b e i n g  i n  t h e  sweet c r u d e  

c a t e g o r y .  I n  1575 ,  68 p e r c e n t  o f  t h e  c r u d e  o i l  p r o d u c t i o n  i n  

t h e  U n i t e d  S t a t e s  was swee t .  However, A la skan  n o r t h  s l o p e  
. . 

c r u d e  o i l  had n o t  y e t  begun p r o d u c t i o n .  By 1978 ,  t h e  sweet/ 

s o u r  s p l i t  i n  U.S. p r o d u c t  ion  w i l l  change  s i g n i f i c a n t l y  toward  

.. a n  i n c r e a s e d  p e r c e n t a g e  o f  s o u r  c r u d e .  Another  f a c t o r  g i v i n g  

impetus  t o  t h i s  s h i f t  w i l l  be  s u c h  p r o j e c t s  a s  enhanced  r e c o v e r y  

which i n  C a l i f o r n i a  is r e f l e c t e d  i n  more p r o d u c t i o n  o f  heavy ,  

h i g h  s u l f u r  c r u a e .  The method o f  a r r i v i n g  a t  t h e  1975 U.S. 

c r u d e  o i l  s p l i t  in r e s e r v e s  is d e t a i l e d  i n  T a b l e  1-2 where 

t h e  r e s e r v e s  a r e  s p l i t  S t a t e - b y - S t a t e  i n  a c c o r d a n c e  w i t h  

l a t e s t  a v a i l a b l e  Bureau o f  Mines d a t a  on  s u l f u r  c o n t e n t  o f  

s p e c  i f  ic c r u d e  f i e l d s .  

I n  T a b l c  1 -3 ,  OPEC r e s e r v e s  and p r o d u c t i o n  a r e  combined 

w i t h  t h o s e  o f  t h e  U n i t e d  S t a t e s .  A s  s u c h ,  t h e  t o t a l  r e p r e -  

s e n t s  a b o u t  79 p e r c e n t  o f  t h e  f r e e  wor ld  r e s e r v e s  and 78 p e r -  

c e n t  o f  t h e  t o t a l  f r e e  wor ld  p r o d u c t i o n .  The combined f i g u r e s  

i l l u s t r a t e  more d r a m a t i c a l l y  t h e  lower  r e s e r v e s  and lower  

r e s e r v e / p r o d u c t i o n  r a t i o  f o r  sweet c r u d e s .  

B a r r i n g  any  u n f o r e s e e n  l a r g e  d i s c o v e r i e s ,  t h e  w o r l d ' s  

r e f i n e r s  w i l l  b e  f o r c e d  t o  r e l y  on s o u r  c r u d e  s u p p l i e s  

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



D e s p i t e  t h e  d i s p r o p o r t i o n a t e l y  g r e a t e r  r e s e r v e s  and 

p r o d u c t i o n  o f  s o u r  c r u d e s ,  t h e  Un i t ed  S t a t e s  c o n t i n u e s  t o  

r e l y  v e r y  h e a v i l y  on  sweet c r u d e  i m p o r t s .  F i g u r e  1-1 

i l l u s t r a t e s  t h i s  g rowing  dependence .  I n  t h e  p e r i o d  from 

1969 t o  t h e  p r e s e n t ,  t h e  p e r c e n t a g e  o f  c r u d e  o i l  i m p o r t s  

t h a t  a r e  sweet h a s  r anged  from a  h i g h  o f  66.9 p e r c e n t  ( 1 9 7 2 )  

t o  a  low o f  54.7 p e r c e n t  ( 1 9 7 7 ) .  

The r a p i d l y  growing  s w e e t  c r u d e  i m p o r t s  a r e  o r i g i n a t i n g  

more and more from OPEC s o u r c e s .  I n  1 9 6 9 ,  t h e  U n i t e d  S t a t e s  

impor t ed  o n l y  5  p e r c e n t  o f  OPEC's sweet c r u d e  p r o d u c t i o n .  

I n  1976 ,  t h e  U n i t e d  S t a t e s  impor t ed  37.5 p e r c e n t  o f  OPEC's 

t o t a l  sweet c r u d e  p r o d u c t i o n .  I n  t h e  f i r s t  4  months  o f  1977 ,  

t h i s  p e r c e n t a g e  grew t o  42 p e r c e n t .  By c o n t r a s t ,  i n  t h e  same 

4-month p e r i o d ,  t h e  Un i t ed  S t a t e s  impor t ed  o n l y  12 .4  p e r c e n t  

o f  OPEC's s o u r  c r u d e  p r o d u c t i o n .  

~ GRAVITY - Data  on g r a v i t y  o f  OPEC c o u n t r i e s '  r e s e r v e s  and 

I p r o d u c t i o n  a r e  p r e s e n t e d  i n  T a b l e  1-4. An a t t e m p t  was made 

t o  d e t e r m i n e  o v e r  a  6-year  p e r i o d  i f  t h e r e  was a  s i g n i f i c a n t  

t r e n d  i n  g r a v i t y  o f  r e s e r v e s  or p r o d u c t i o n .  U n f o r t u n a t e l y ,  

f i r m  d a t a  e x i s t e d  on o n l y  a b o u t  70 p e r c e n t  o f  t h e  r e s e r v e s  

f o r  t h e  two p e r i o d s  which were  compared (1969  and 1 9 7 5 ) .  I n  

t h e  c a s e  o f  t h e s e  c o u n t r i e s ,  r e s e r v e s  a p p e a r  t o  have  become 

v e r y  s l i g h t l y  h i g h e r  i n  g r a v i t y .  A more d i s t i n c t  d i f f e r e n c e  

a p p e a r e d  i n  g r a v i t y  o f  p r o d u c t i o n  which r o s e  f rom 31.7 t o  33.4.  



~ ' i r m  d a t a  e x i s t s  f o r  a d d i t i o n a l  c o u n t r i e s  i n  1975 o n l y .  

I f  t h e s e  a r e  combined w i t h  t h e  o t h e r  c o u n t r i e s ,  i t  shows 

t h a t  a b o u t  94 p e r c e n t  o f  t h e  r e s e r v e s  o f  OPEC c o u n t r i e s  a v e r a g e  

3 3 . 9 "  API.  and 9 2  p e r c e n t  o f  t h e  p r o d u c t i o n  a v e r ' a g e s  ,34.0 API. 

I t  would a p p e a r  t h a t  OPEC c r u d e  o i l  g r a v i t y  is r e l a t i v e l y  

s t a b l e  and shows' no s i g n i f i c a n t  t r e n d .  

The d a t a  p r e s e n t e d  d o  n o t  i n c l u d e  t h e  enormous d e p o s i t s  

o f  heavy  o i l  i n .  t h e  O r i n o c o  b a s i n .  . Should  Venezue la  b e  suc -  

c e s s f u l  i n  d significant amount of  t h i s  o i l ,  i t  

c o u l d  impac t '  on t h e  OPEC a v e r a g e s .  

A mor'e s i g n i f i c d n t  change  w i l l  b e  t a k i n g  p l a c e  i n  t h e  

Un i t ed  S t a t e s .  When Nor th  S l o p e  c r u d e  o i l  r e a c h e s  f u l l  a n t i -  

c i p a t ' e d  p r o d u c t i o n ,  U.S. a v e r a g e  c r u d e  g r a v i t y  o f  p r o d u c t i o n  

c o u l d  d r o p  by a b o u t  2 "  API. P r o j e c t s  i n  C a l i f o r n i a  which a r e  

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

a v e r  a g e .  
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Table 1-1 

AVAILABILITY AND CBARACTERISTICS OF OPEC CRUDE OIIS 

1975 Reserves Usable 
Productim 1/1/76 Capacity OAPI 
MFJb MMB m/D Gravity %S 

Metals 
PPM - 

Pour ?oint 
3 7  C m n t  Country Crude Oil 

Arab OPE€ 

Saudi Arabia Aha@ 
Abu.Hadriyah 
Abu Sa'fah. 
Berri 
Darmnan 
Fadhili  
Ghawar 
Khursaniyah 
Manif ah 
Qatif 
Saf aniyah 
Zuluf 

-30 Arabian Light 
*5 Arabian Medium 

+!lo 
3 0  Arabian Heavy 
-40 

Total 

I ran Agha J a r i  
Ahwaz-Asnar i 
Bahregansar 
Bibi Hakimeh 
Dar i u s  
Gach Saran 
Haft Kel 
Karanj i 
Marun 
Mas j id-e-Suleimon 
Naft Saf id 
Nowrouz 
Par i s  
Pazanan 
Rag-e-Sa£ id 
Rostam 

-20 Iranian Light 

0 
-5 Iranian Heavy 

-20 Iranian Light 
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Table 1-1 

AVAILABILITY AND CXMMTERISTICS OF OPE CRUDE OILS 

1975 
Production 
M B D  

178 
47 
41 

Reserves. 
1/1/76 
MMB 

1,093 
100 
100 

Usable 
Metals 

PPM 
Pour Point 

OF C m n t  
Capacity OAPI. 
mD Gravity Country Crude Oil  

Sassan 
Binak 
Kharq" 

Total 

Kuwait 

P 
P 
w 

Ahmadi 
Bahrah 
Burgan 
m a  
Minag ish 
Raudhatain 
Sabr iyah 
[lmn Glldair 

Total 

Rin Zalah 
Bai Hassan 
Kirkuk 
Naft Kaneh 
Rumaila 
Rumaila N. 
Zubair 

I raq  

Total 2,240 34,300 2,600 

Abu Dhabi (UAE) Asab 
Bu Hasa 
Mulbarras 
lhrm Shaif 
Zakum 

-15 Murban 
-30 
+5 
+5 

Total 1,403 29,500 1,920 
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Table 1-1 

AVAILABILITY AND CHARACl'ERlSTICS OF OPEC CRUDE OIIS 

1975 
Product ion 
m.'D 

Reserves 
1/1/76 
MMB 

Usable 
Capacity O A P I  
mb Gravi tx  %S 

Metals 
PPM - 

Pour Eoint 
O F  Country Crude O i l  C m n t  

Dubai [UAE) Fateh 
Fateh, S.Y. 

To ta l  

Sharjah (UAE) Mubarek 

Qatar  Bul Hanine 
IXlkhan 
Idd El Shargi  
myden-Mahzan 

Total 
. . 

441 5,850 650 

Libya Bu M l i f e l  
Amal 
Bahi 
Dahra 
Def a 
Gialo  
I n t l s a r  A 
I n t i s a r  D 
Jebe l  
Nafoora 
Nasser 
R a s h  
Sar  i r  
Waha 
SaIMh 

Trace 

Total 1,488 26,100 3,000 
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Table 1-1 

AVAILABILITY AND CHARACTERISTICS OF OPEC CRUDE OILS 

1975 Reserves Usable 
Production 1/1/76 Capacity O A P I  

Country Crude Oi l  mD MMB m/D Gravi ty  %S 

Neutral  Zone Hout 41 485 
Khaf j i 274 14,043 
S. Unnn Gudair 49 400 

Alger ia  

To ta l  496 6,400 

Awal i 63 185 

To ta l  61  312 

Fahud-Naith 104 698 
Natih-Natih 52 425 
Y ibal-Shuiaba 93 500 

To ta l  342 5,900 

Ed j e l eh  19  128 
E l  Gasi el Agreb 41 125 
Hassi Messaout5 N. . 222 4,685 
Hassi  Messaoud S. 77 4,532 
Rhourde El  Baquel 11 209 
Za rza i t a ine  90 552 
Tin  Foye 8 40 

To ta l  946 7,370 ' 1,100 

Arab OPEC T o t a l s  

S e t  Crudes 
Sour Crudes 
All Crudes 

Metals Pour Point  
PRrl .- OF C m e n t  

14.1 0 
75 -30 

53-59 Waf r a  
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Table 1-1 

Country Crude Oil 

Non-Arab OPEC 

Venezuela Chimire 
Dacion 
Guara 
Leona 
Wata 
Merey 
Nipa 
.Of icina 
Oscurote 
Santa Rosa 
Sot0 
Zapatos 
Morichal 
Or itupano 
Quiriquire 
Santa Barbara 
Ternblador 
Las Mercedes 
Silvestre 
S inco 
mhaquero 
Bascan 
Cabimas 
Centro 
Guces Manueles 
Ceuta . 
La Conception 
Laso 
Lagunillas 
Lama 
Lamar 

AVAILABILITY AND CXWUCTERTSTICS OF OPEC CRUDE OILS 

1975 Reserves Usable 
Prcducticn 1/1/76 Capacity OAPI Metals Pour Point 
mb - MMB MB/D Gravity %S PPM OF C m n t  
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AVAILABILITY AND ~ ~ S T I C S  OF OPEC CRUDE OILS 

1975 
Production 
m/D 

19 
11 
14 

244 
14 

2,345 

33 
44 
79 
88 
74 
38 
30 
60 
i 4  
38 
49 
27 

Reserves 
1/1/76 
MMB -. 

Usable 
Capacity o API 
m/-D Gravity 

Metals Pour Point  
%S PPM OF Comment - .  

Country Crude O i l  

La Paz 
b r a  
Mene Grande 
Tia  Juana 
San Joaquin 

Tota l  

Nigeria Delta 
Delta S. 
F o r e J o n e s  Creek 
Forc-Forc/Y&i 
Meren 
Okan 
Phl-Bomu 
Phl-Imo River 
Phl-Amuechen 
Phs-Cawth, Cannel 
Ugh-Kokori 
Ughdlomoro 

Total  

Ard juna 
Attaka 
Bangko 
Bekasap 
Benakat 
C i n t a  
Dur i 
Ki t ty  
Limau 
Melahin 

f ndonesia 
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AVAILABILITY AND CX?WlCl'ERISTICS .OF .OPEC CRUDE OILS 

1975 
Production 
mD 

Reserves 
1/1/76 
PlMB 

5,270 
75 

135 
84 
87 
38 
12 

357 
180 

9 

14,000 

102 

Usable 
Capacity OAPI 
W'IJ .Gravity 

35.4 
22.7 
31.7 
32.7 . 
48.0 
34.0 
29.3 
35.0 
27.8 
21.6 

1,600 

32.4 

Metals .Pour Point  
%s PPM OF 

0.09 7 +90 

Crude Oil  C m e n t  

Minas 
Nora 
Pematang 
Petani  
Rantau 
sago 
Sanga-Sanga 
Talang Akar 
Talang Jimar 
Tacakan 

r Gabon 
N 
4 

Total  

Ecuador 

+2C Composite 

Reserves/ 
Production 

Ratio 

Non-Arab OPEC Tota l s  

Sweet Crudes 
Sour Crudes 
A l l  Crudes 
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Table 1-1 

Country 

Arab OPEC Totals 

Sweet Crudes 
Sour Crudes 
All Crudes 

A l l  3PEC Totals  

Sw*t Crudes 
m Sour Crudes 

All Crudes 

AVAILABILITY AND CHARACl'ERTSTICS OF OPEC CRUDE OILS 

1975 Reserves Usable 
Production 1/1/76 Capacity O API Metals Pour Point 

Crude O i l  m/D MMB MB/D Gravity %S PPM OF C m n t  

Reserves/ 
Production 

Ratio 

Notes: Oil f i e l d s  l i s t e d  for  an individual country w i l l  not necessarily ~ d d  up t o  "Total" fo r  t h a t  
country. When "Total" is larger  it is because it contains other cnl is ted o i l  f ie lds .  When 
"Tbtal" is smaller, it is beca.~se one o r  m r e  of the o i l  f i e l d s  l i s t e d  is shared by another 
country s o  production and reserves a r e  s p l i t .  

Sources: International Petroleum Encyclopedia 
Petroleum Intel l igence Weekly 
U.S. Bureau of Mines 
Miscellaneous crude assays i n  M3E f i l e s  
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T a b l e  1-2 

U.S. CRUDE OIL RESERVES 

12/31/75 Swee t  
Heserves - 1/ R e s e r v e s  

S t a t e  (MBbls)  % Swee t  - 2/ 
. . (MBbls)  

. . . . 
Alabama 61 ,032  86 .9  
A l a s k a  1 0 , 0 3 7 , 2 6 2  

Nor th  S l o p e  9 ,597 ,809  0.0 
S o u t h  439 ,453  1 0 0 . 0  

A r k a n s a s  95 ,662  7 .5  
C a l i f o r n i a  3 , 6 4 7 , 5 3 7  

C o a s t a l  637 ,615  2 . 1  
L.A. D a s i n  1 , 1 3 7 , 7 0 8  0 .7  
S . J .  B a e i n  1 , 8 7 2 , 2 1 4  23.6  

C o l o r a d o  276 ,066  36 .0  
F l o r i d a  262 ,539  0 .0  
I l l i n o i s  160 .985  99 .9  
I n d i a n a  22 ,029  99.6 
Kansa s  364 ,394  69 .6  
Kentucky  39 ,306  100 .0  
L o u i s i a n a  3 ,827 ,197  

N o r t h  253 ,911  87 .0  
S o u t h  3 ,573 ,276  95 .8  

Mich igan  93 ,312  85 .3  
M i s s i s s i p p i  231 ,158  23 .2  
Montana 163 ,968  55.4  
N e b r a s k a  28 ,376  43 .9  
N e w  Mexico 588 ,110  

N o r t h w e s t  24 ,815  100 .0  
S o u t h e a s t  563 ,295  52 .8  

N e w  Yor k 1 0 , 0 2 4  100 .0  
N o r t h  Dako t a  1 5 8 , 2 4 5  60 .7  
Ohio & P e n n s y l v a n i a  1 6 9 , 2 9 1  100 .0  
Oklahoma 1 , 2 3 9 , 6 8 7  71 .9  
T e x a s  1 0 , 0 8 0 , 0 3 5  

D i s t r i c t  1 126 ,457  25.5  
2 563 ,204  99 .4  
3  1 , 2 4 4 , 5 7 9  99 .3  
4 1 9 3 , 3 7 0  100 .0  
5  91 ,267  9 .2  
6  1 , 7 7 3 , 8 9 3  84 .6  
7 B  227 ,772  100 .0  
7C 1 8 5 , 2 3 4  88 .0  

F o o t n o t e s  a t  e n d  o f  t a b l e .  
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T a b l e  1-2 

- S t a t e  

8  
8A 
9  
1 0  

Utah 
West V i r g i n i a  
Wyoming 
M i s c e l l a n e o u s  
T o t a l  U.S. 

U . S .  CRUDE OIL RESERVES 
2-/ /,g-.--- 

-- R e s e r v e s  - 1/ 
(MBbls) % Sweet  

Swee t  
R e s e r v e s  

2/ ' - (MBbls)  

829;958 
1 , 3 0 2 , 2 2 6  

201., 586 
154.. 7 1 1  
198 .944  

3 1  ,-418 
311 ,472  

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

- 

.1/ - " R e s e r v e s .  o f .  C rude  O i l ,  N a t u r a l  G a s  L i q u i d s ,  and  ' N a t u r a l  
G&S i n  t h e  U n i t e d  S t a t e s  and  Canada A s  o f  December. 31, .  
1 9 7 5 , "  American P e t r o l e u m  I n s t i t u t e .  

2/ D e r i v e d  f rom " O i l . A v a i l a b l l i t y  b y  Sulfur T.pvpls 
. . - ," p r e p a r e d  

by  t h e  Bureau  o f  Mines  f o r  t h e  Env i ron rnen t a l  P r o t e c t i o n  
Agency,  O f f i c e  o f  A i r  P rog rams ,  Augus t  1971 ,  T a b l e  2. 



-- 

TABLE 1-3 1 
U.S. AND OPEC CRUDE OIL RESERVES AND PRODUCTION 

OPEC - 
M Bbls  ~ e s e r . v e s  

Sweet 
Sour 
T o t a l  

P roduc t i on  B/D 
Sweet 
Sour 
T o t a l  

M Bb ls  Reserves  
Sweet 
Sour 
T o t a l  

P roduc t i on  B/D 
Sweet 
Sour 
T o t a l  

UNITED STATES 6 OPEC . .- .. . 

M B b l s  Reserves  
Sweet 
Sour 
T o t a l  

P roduc t i on  B/D 
Sweet 
Sour 
T o t a l  

UNITED STATES 



Table 1-4 

AVERAGE CRUDE GRAVITY I N  OPEC COUNJIES 

1975 Production . 12/31/75 Reserves - 
W t .  Aver. W t .  Aver. 

1969 Production 12/31/69 Reserves - 
W t  . Aver. W t .  Aver. 

OPEC Country D . OAPI MMB O API m/D O API MMB . -- 
Firm Data -- 
Saudi Arabia 6,827 34.2 148,600 33.6 3,216 33.5 137,069 32.3 
I ran  5,350 32.3 64,500 32.2 3,375 29.2 55,000 32.5 
I r a q  2,240 35.3 34,300 35.2 1,512 35.7 28,505 35.4 
Abu Dhabi 1,403 .40.0 29,500 40.0 59 0 39.2 15,000 38.7 
Duba i 254 32.0 1,350 32.0 10 31.0 1,000 31.0 
Libya 1,488 38.2 26,100 37.6 3,109 38.8 30,000 37.7 
Venezuela 2,345 25.3 17,700 3,594 23.4 -- 25.1 - - .- - 16,005 24.1 - 

Total  

P a r t i a l  Data 

Kuwait 
P 
p3 Qatar 
W , Neutral Zone 

.Bahrain 
cinan 
Algeria 
Indonesia 

Total  5,406 36.0 
Subtota l  25,313 34.0 

Inadequate Gravity Data 

Shar j ah 38 37.4 
Ecuador 160 30.6 
Nigeria 1,787 (1 
Gabon 200 .-. (1) 

Total  2,185 
Grandtotal  27,498 

(1) . I n s u f f i c i e n t  g rav i ty  .data  ava i l ab le  t o  be representa t ive  of f u l l  ,producti,on or reserves .  . 
Sources: In te rna t iona l  Petroleum Encyclopedia; U.S. Bureau of Mines; and, mi%ellaneous crude assays  i n  DOE 

. f i l e s .  





J. Analysis of PAD V S i t u a t i o n  

A s p e c i a l  s i t u a t i o n  e x i s t s  on the  west coas t  due t o  the  

in t roduct ion  of Alaskan North Slope crude o i l .  Although ample 

! r e f i n e r y  capaci ty  e x i s t s  i n  the area  t o  meet l o c a l  re f ined  

~ product needs, the  volume of sour Ca l i fo rn ia  crude p l u s  sour 

I 
North Slope crude.exceeds the  sour crude capaci ty  i n  t he  area .  

I Extensive conversion of Puget Sound r e f i n e r i e s  and some 

Ca l i fo rn ia  r e f i n e r i e s  would be required t o  absorb most or 

a l l  of t h e  North Slope crude. 

A paper on t h i s  problem is presented i n  the  Appendix of 

t h i s  r epor t .  The paper was prepared e a r l y  i n  1977 i n  response 

t o  a  request  by Congressman Harold Runnels a s  a  r e s u l t  of a  

hearing by the  Committee on I n t e r i o r  and Insu la r  A f f a i r s ,  

which was held on Apri l  29, 1977. 

I T h i s  paper compares f o r e c a s t s  prepared by oeveral  e n t i t i e s  

I and g ives  a  genera l  idea of t h e  expected su rp lus  on t h e  west 

coas t  during the  next few years .  
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Demand f o r  Crude O i l  --- 
A s  long a s  re f ined  product imports remain small i n  PAD 

V ,  crude o i l  demand w i l l  be a  funct ion  of t h e  d i s t r i c t ' s  

petroleum product requirements. Required crude o i l  volumes 

- w i l l  be equal t o  t o t a l  r e f ined  product demand, l e s s  product 

I 
I imports, l e s s  processing ga in ,  p lus  provis ion f o r  any inven- 
I 
I J 

t o r y  changes over t h e  s p e c i f i c  per iod i n  ques t ion .  Another 

1 small adjustment w i l l  be necessary t o  the  e x t e n t  n a t u r a l  gas  

I l i q u i d s  cont r ib l l te  t o  ~ n t i s f y i r l y  pr,oduct demand. 

Several  crude demand f o r e c a s t s  have been made by var ious  

I o i l  companies, consu l t an t s  and DOE. The DOE f o r e c a s t  i s  compared 

w i t h  t he  average of a l l  f o r e c a s t e r s  below i n  thousands of b a r r e l s  

. per day. 

Crude O i l  Demand - MB/D 

1 Aver age ' For A l l  
DOE Forecas ters  

I 

1975 (ac tua l . )  
1976 
1977 
1978 
1979 . 

I ~ o E - d a t a  f o r  the  years  1977 and 1978 were der ived from 

) product demand d a t a  based on t h e  l a t e s t  short-range f o r e c a s t  

I . of the  Off i c e  of O i l  and Gas Analysis ,  Data and Analysis.  

I The yea r s  1980 and 1985 were der ived from t h e  l a t e s t  a v a i l -  

I ab le  da ta  .of the  National Energy Outlook ( N E O )  of 1977 (now 



Although t h e  DOE c r u d e  demand f i g u r e s  a g r e e  c l o s e l y  w i t h  

t h e  a v e r a g e  f o r  a l l  f o r e c a s t e r s ,  t h e r e  is  s i g n i f i c a n t  d i v e r g e n c e  

i n  some i n d i v i d u a l  c a s e s .  

C u r r e n t  S o u r c e s  o f  Crude O i l  

Crude o i l  i m p o r t s  a r e  shown i n  T a b l e  1 f o r  t h e  year o f  1975 .  

T h i s  b r e a k s  down c r u d e  o i l  i m p o r t s  by c o u n t r y  o f  o r i g i n ,  s u l f u r  
L 

c o n t e n t ,  q u a n t i t i e s ,  and r e f i n i n g  a r e a  o f  PAD V.  Domest ic  

p r o d u c t i o n  i n  PAD V i n  t h e  p a s t  h a s  b e e n  l i m i t e d  t o  s o u t h e r n  

A l a s k a ,  which i s  sweet c r u d e ,  and t o  C a l i f o r n i a  which p r o d u c e s  

p r e d o m i n a n t l y  sour c r u d e .  

PAD V R e f i n e r y  C a p a b i l i t y  t o  P r o c e s s  
Sour  Crude and Nor th  S l o p e  Crude  

I t  is  d i f f i c u l t  t o  f o r e c a . s t  t h e  d i s t r i b u t i o n  o f  A laskan  

c r u d e ,  f o r e i g n  c r u d e ,  and  d o m e s t i c  c r u d e s  among t h e  PAD V 

r e f i n i n g  c e n t e r s .  Much w i l l  depend on  t h e  la id-down p r i c e  

o f  Nor th  S l o p e  o i l  i n  compar i son  w i t h  o t h e r  f o r e i g n  c r u d e s .  

I t  is known t h a t  a  c e r t a i n  amount o f  sweet c r u d e  w i l l  h ave  

t o  c o n t i n u e  t o  b e  i m p o r t e d ,  p a r t i c u l a r l y  f o r  mos t  P u g e t  Suund 

r e f i n e r i e s .  T h e r e  i s  no  i n d i c a t i o n  y e t  t h a t  any  e f f o r t s  a r e  

b e i n g  made t o  c o n v e r t  t h e s e  r e f i n e r i e s  i n t o  s o u r  c r u d e  capa -  

b i l i t y .  

PAD V r e f i n e r i e s  have  t h e  c a p a b i l i t y  o f  m e e t i n g  a l l  r e q u i r e -  

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



capaci ty .  The ' d i s t r i c t ' s  percent  of u t i l i z a t i o n  of capaci ty  

a s  been c o n s i s t e n t l y  lower than t h e  na t iona l  averabe. For 

a  6-year average,  t h i s  has been 85 percent  fo r  PAD V versus 

87 percent  fo r  a  na t iona l  average. Planned expansions insure 

.- t h a t  t h i s  capaci ty  w i l l  s u f f i c e  t o  meet a l l  a rea  requirements. 

Most of the  completed expansions,  and those i n  progress ,  a re  

.,'. 
designed t o  handle sour crude. While t h e r e  i s  not  a  problem i n  

meeting a rea  requirements,  t h e  main problem is  i n  a b i l i t y  t o  

process  the  a n t  i-cipated volume sf Nor t11 Slope  Alaskan crude 

a f t e r  meeting a l l  needs for  processing o ther  domest ical ly  

produced crude o i l s  from PAD V. 

Sweet and sour crude capaci ty  i n  PAD V can be genera l ly  

grouped a s  follows: 

PAD V 

Hawai i 
Alaska 
Washington 
Ca l i fo rn ia  
Oregon & Arizona 

MB/CD Refining Capacity - 1 /1 /76  
--. 

Sour sweet Total  

Total  1 . ,670 .2  756.6 2,426.8 

The above breakdown is purely a  DOE es t ima te  based on 

equipment c a p a b i l i t i e s .  I n  a d d i t i o n ,  many s i g n i f i c a n t  add i t ions  . 
t o  sour crude capaci ty  have been made or a r e  i n  the  process  

of being made s ince  January 1, 1976. There a r e  many o ther  

f a c t o r s  t o  be taken i n t o  account before any judgement can 



be made o n  t h e  c a p a b i l i t y  t o  r u n  any  s p e c i f i c  s o u r  c r u d e  i n  . 

PAD V equ ipmen t  t o  d i s p l a c e  o t h e r  impor t ed  c r u d e s .  Some o f  

t h e s e  items a r e :  

o  L i m i t a t i o n s  due  t o  p r o d u c t  mix and e f f e c t s  o f  

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

g r a v i t y .  
O.. 

o  E f f e c t  on s p e c i f i c a t i o n s  o f  p r o d u c t  o u t p u t .  

o  D e l i v e r e d  p r i c e  o f  t h e  new c r u d e  i n  r e l a t i o n  

t o  o t h e r  c r u d e s .  

o  T r a n s p o r t a t i o n  and g e o g r a ~ h i c a l  p rob lems .  

o  Committments t o  r u n  c u r r e n t l y  produced  

C a l i f o r n i a  c r u d e s .  

o  P o t e n t i a l  f o r  sweet c r u d e  r e f i n e r i e s  t o  h a n d l e  

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

normal  sweet c r u d e  f e e d s t o c k s .  

An example  o f  t h e  s e n s i t i v i t y  o f  c e r t a i n  r e f i n i n g  a r e a s  

t o  such  f a c t o r s  a s  s u l f u r  c o n t e n t  and g r a v i t y  o f  c r u d e  o i l s  is  

d e m o n s t r a b l e  i n  t h e  Ch icago  a r e a .  T h i s  a r e a  h a s  s l i g h t l y  

l e s s  t h a n  one  m i l l i o n  b a r r e l s  p e r  d a y  o f  r e f i n i n g  c a p a c i t y .  

C o n v e r s a t i o n s  w i t h  r e p r e s e n t a t i v e s  o f  compan ie s  o p e r a t i n g  
" 

t h e s e  r e f i n e r i e s  r e v e a l e d  t h a t  p r o b a b l y  n o t  more t h a n  130 t o  

200 MB/,D o f  N o r t h  S l o p e  c r u d e  c o u l d  b e  a b s o r b e d  i n  t h a t  a r e a .  



The problem i s  more complex t han  mere equipment c a p a b l e  o f  hand l i ng  

Iur  c r u d e  and d e s u l f  ur i z a t i o n  o f  p roduc t  s t r e ams .  Res idua l  

f u e l  o i l  o u t l e t  i n  t h e  a r e a  i s  l i m i t e d  and i n f l e x i b l e .  I n t r o -  

d u c t i o n  o f  sma l l  amounts o f  h e a v i e r  c r u d e s ,  such a s  North S lope ,  

- w i l l  d i s p l a c e  l i g h t e r  c r u d e s ,  c aus ing  s i g n i f i c a n t  r e d u c t i o n s  i n  

th roughput .  Large inves tments  w i l l  be r e q u i r e d  t o  m a i n t a i n  t h e  

p roduc t  s l a t e ,  i f  h eav i e r  c rude  i s  i n t roduced .  T h i s  s i t u a t i o n  

d i r e c t i o n a l l y  i n d i c a t e s  a  n o r t h e r n  t i e r  p i p e l i n e  t o  be l e s s  

f a v o r a b l e  than  snme o t h c r  a l t e r n d t i v e s .  

Other  r e f i n i n g  c e n t e r s  a r e  l e s s  s e n s i t i v e  t o  c rude  changes .  

For example,  on t h e  g u l f  c o a s t  t h e r e  i s  a  ve ry  s u b s t a n t i a l  

amount o f  r e f i n e r y  c a p a c i t y  c a p a b l e  of  p r o c e s s i n g  sour  c rude .  

The i n j e c t i o n  of  a  heav i e r  sour  c rude  a t  t h i s  l o c a t i o n  is no t  

a s  g r e a t  a  concern  s i n c e  any i n c r e a s e s  i n  p roduc t i on  o f  r e s i -  

d u a l  f u e l  merely  back u u t  an e q u i v a l e n t  q u a n t i t y  o f  r e s i d u a l  

impor t s .  

Es t ima t e s  of  PAD V ' s  a b i l i t y  t o  ab so rb  Ngrth S lope  c rude  

and hence ,  t h e  amount which w i l l  become s u r p l u s ,  have been 

made by a  number of  o i l  companies,  c o n s u l t a n t s  and t h e  

DOE. These a r e  l i s t e d  below: 

1. SOH10 - 
2 .  Exxon 

5 .  P r o p r i e t a r y  

6 .  Arco 

p 3 .  A. D.  L i t t l e  7 .  Socal  

4 .  DOE 8 .  Rand 



Some o f  t h e s e  s u r v e y s  . d e a l t  with d i f f e r i n g  p e r i o d s  o f  

time and d i s t i n c t l y  d i f f e r i n g  means o f  a p p r o a c h  t o  t h e  problem.  I 
The summary o f  a l l  i n d i c a t e d  s u r p l u s e s  a p p e a r s  i n  T a b l e  2. I 

An a v e r a g e  o f  a l l  f o r e c a s t s  f o r  t h e  a n t i c i p a t e d  PAD. V I 
s u r p l u s  is  a s  f o l l o w s ;  

Year - 
MB/D - S u r p l u s  N.S. Crude 

Aver a q e  Extreme V a r i a t i o n s  

DOE.conducted a  r e f i n e r y - b y - r e f i n e r y  s u r v e y  from which I 
was d e r i v e d  an e s t i m a t e  of  t h e  c a p a b i l i t y  o f  a b s o r b i n g  Nor th  I 
S l o p e  c r u d e  i n  1978 .  T h i s  a p p e a r s  i n  T a b l e  3 .  Many o f  t h e  I 
r e s p o n s e s  f rom i n d i v i d u a l  r e f i n e r s  e x p r e s s e d  u n c e r t a i n t i e s  I 
o v e r  many f a c t o r s  . . .  i n c l u d i n g  p r i c e ,  Government c o n t r o l s  and I 
q u e s t i o n s  o v e r  Nor th  S l o p e  c r u d e  a s s a y s .  The r e s u l t  i n d i c a t e d  I 
t h a t  f r o m  601  t o  969 .#B/D c o u l d  b e  a b s o r b e d .  

DOE a l s o  c o n d u c t e d  a  R e f i n i n g  and P e t r o c h e m i c a l  Model ing 

Sys tem (RPMS) s u r v e y  o f ,  t h e  d i s p o s i t i o n  o f  A laskan  Nor th  

S l o p e  c r u d e  i n  west c o a s t  r e f i n e r i e s ,  T h i s  s u r v e y  was nuL I 
d e s i g n e d  t o  p i n p o i n t  s p e c i f i c  c o n s u m p t i o n s  and e x c e s s e s  o f  

Nor th  S l o p e  c r u d e  i n  s p e c i f i c  f o r e c a s t  y e a r s .  . Rathe r , ,  i t  1 
was d e s i g n e d  t o ' , , e v a l u a t e  t h e  c.ompet i t i v e -  p r i c e  l e v e l s  r e q u i r e d  . 
f o r  t h i s  c r u d e  v e r s u s  : c u r r e n t l y , i m p o r t e d  c r u d e s  a s  g r a d u a l l y  I 

. i n c r e a s i n g  i n c r e m e n t s  o f  N o r t h  S l o p e  c r u d e  a r e  i n j e c t e d  i n t o  - I 
west c o a s t  r e f i n e r y  c r u d e  s l a t e s .  I n  a  1978 a n a l y s i s ,  a 1 

I 



"probable market range" a t  the  $12 l e v e l ,  indica ted  p o t e n t i a l  

fo r  absorpt ion  of 500 t o  800 MB/D leaving from 400 t o  700 

MB/D a s  excess .  

, . 

Forecas ts  of Crude Imports 

Forecas ts  of crude o i l  imports a r e  e s s e n t i a l  f o r  the  

purposes of t h i s '  s tudy because they po in t  up a  very l a r g e  

p o t e n t i a l  supply su rp lus  f o r  f u t u r e  years .  The s i z e  of t h e  

west c o a s t  supply su rp lus  i n  each of the  a v a i l a b l e  f o r e c a s t s  

is l a r g e l y  influenced by the  volume of fo re ign  imports which 

is assumed. Forecas ts  of crude o i l  imports a r e  shown i n  Table 

4 .  The ' t ab le  ind ica tes  t h a t  most f o r e c a s t e r s  be l i eve  t h a t  

crude o i l  imports w i l l  cont inue a t  approximately 500,000 b a r r e l s  

per day through 1980. Imports provide sweet and l i g h t  crudes 

with which r e f i n e r s  balance feedstocks.  Also', . r e f i n e r s  lack 

the  incent ive  t o  run exc lus ive ly  or predominantly on heavy . 

crudes without some guarantee t h a t :  

(1) they w i l l  be pr iced .  much lower than 

1 fo re ign  a l t e r n a t i v e s ,  and; 

( 2 )  the  conversion c o s t s  can be'.passed on . . 

t o  consumers i n  product p r i c e s .  

The i m p o r t , f o r e c a s t s  a r e  l e s s  s imi la r  f o r  1985 than 

for  1980. Exxon f o r e c a s t s  ,no fo re ign  imports i n  t h a t  year.  



Standard of Ca l i fo rn ia  f o r e c a s t s  a  maximum fo re ign  import 

of 260 MB/D although i t  is unclear t o  what e x t e n t  t h i s  

impl ies  crude o i l  or re f ined  product imports. A.  D.  L i t t l e  

f o r e c a s t s  3 3 9  MB/D (Bes t  Est imate)  when 650 p l u s  volume 

f r a c t i o n  and crude s u l f u r  content  a r e  held cons tan t .  Rand 

Corporation assumed no imports of fo re ign  crude a f t e r  North 

Slope became a v a i l a b l e .  T h i s  appears t o  be one of the  

major shortcomings i ~ r  t he  Rand f o r e c a s t ,  a s  i t  is c l e a r  t h a t  

a t  l e a s t  the  Puget' Sound and Hawaiian r e f i n e r i e s  w i l l  con- 

t i n u e  t o  run on l i g h t  sweet crudes of l imi ted  a v a i l a b i l i t y .  

Indonesia w i l l  probably cont inue t o  be the  most ilnpurtant 

source of t h i s  kind of o i l .  

Conversion Costs 

The forecas ted  imports which might remain once Alaskan 

North Slope crude o i l  i s  a v a i l a b l e  a r e  l a r g e l y  made up o f .  

sweet and l i g h t  crudes needed t o  balance feedstocks". Refinery 

conversions t o  run on predominantly heavy crude a r e  poss ib le  

with a  2 t o  3  year lead time depending upon the  magnitude of 

t h e  conversion and assuming a v a i l a b i l i t y  of c a p i t a l .  

Estimates of the  c o s t s  of convert ing r e f i n e r s  which were 

s p e c i f i c a l l y  designed and cons t ruc ted  t o  u t i l i z e  low s u l f u r ,  

l i g h t  crudes t o  u t i l i z e  heavy, high-sulfur North Slope crude 

vary from r e f i n e r y  t o  r e f i n e r y .  Estimates of t h e  c a p i t a l  

investment c o s t  range between $1,200 t o  $3,000 per b a r r e l  

per day, depending on the  s i z e  of t h e  r e f i n e r y .  



In another separate study for the DOE of Crude Supply 

Alternatives'for the Northern Tier States, Bonner and Moore 

Associates, Inc., estimated how much investment would have 

to be made in desulfurization in those refineries that'would 

.. process Alaskan North Slope crude as.a substitute for Canadian 

crude. Average cost of capital investment per barrel per day 
* 

would equal approximately $570. Operating costs for this add- 

on desulfurizaing package would be approximately $.73 per 

barrel, or $53.59 million per year for a 200 MB/D refinery. 

These calculations are presented in Table 5. 



TABLE 1 

PAD V 1MPOHTS.OF FOREIGN CRUDE O I L  BY REFINING A R E A  - _ __------------ - ---------- ------------.-- -L- 

( M B ~ D  1 9 7 5 )  

S u l f u r  
C o n t e n t  PADD V . P u g e t  SF Bay LA 
(Wt % )  -- T o t a l  --- Sound ---- A r e a  --- B a s i n  

OAPEC 
S a u d i  A r a b i a  
u n i t e d  A r a b  

E m i r a t e s  0.74 49.9 1 6 . 8  1 0 . 9  22.2 
Algeria 0 .13  1.1 -- -- 1.1 
L i b y a  0 .20 7 . 3  -- -- 7 . 3  
Q a t a r  1 . 2 9  1 0 . 9  8 . 8  2.1 -- -- - 

T o t a l  1 6 4 . 8  2 1 . 9  8 6 . 2  56.7 

O t h e r  OPEC --- 
I r a n  
V e n e z u e l a  
N i g e r i a  
I n d o n e s i a  
E c u a d o r  

T o t a l  

Non OPEC -.- 
M a l a y s i a  
B o l i v i a  
C a n a d a  
Oman 

T o t a l  

. Grand T o t a l  

S w e e t  
S o u r  

1/ Does n o t  i n c l u d e  HIRI r e f i n e r y  i n  H a w a i i  ( 4 8 . 3  MB/D sweet).  - I I 
S o u r c e :  B u r e a u  o f  Mines  d a t a  a n d  m i s c e l l a n e o u s  a s s a y  i n f o r m a t i o n .  



Table  2 

Sohio  

Exxon 

FORECASTS OF WEST COAST (PADD V) 
CRUDE 'OIL SURPLUSES 

 and (Med U s e .  
Med Pr,od) 

A.D. L i t t l e  ( B e s t )  

C a l  S t a n d a r d  

P r o p r i e t a r y  

FEA 

The above d a t a  are p re sen ted  t o  show t h e  wide d ivergence  
between i n d i v i d u a l  f o r e c a s t s  of  volumes t o  be cons ide red  
excess .  Although most of  t h e  f o r e c a s t e r s  assumed i n i t i a l  
Trans-Alaskan P i p e l i n e  c a p a c i t y  of 1 . 2  m i l l i o n  b a r r e l s  pe r  day 
with  expansion l a t e r  t o  2 m i l l i o n  b a r r e l s  p e r  day,. we a r e  n o t  
aware of t h e  e x a c t  c a p a c i t y  assumed i n  t h e  c a s e  of each  s p e c i f i c  
f o r e c a s t  number shown above. 



Table 3 

FEA Survey 
1978 Potential Distribution of North Slope 

and Foreign Imports in PAD V 
(MB/D) 

Alaska 
Refinery * Capacity North .. Slope . Foreign Imports 

LOS ANGELES 
Union of Calif. 
Ar co 4 

Stand.of Calif. 
Shell 
Nobil 
Gulf 
Douglas of Calif. 
Texaco 
'Powerinc! 

Total 1,133 275-480 143-240 

SAN FRANCISCO 

Exxon 
Stand. of Calif. 
Shell 
Tosco 
Union of Calif. 

Total 

PUGET SOUND 

Ar co 
I4ob i 1 
Shell 
Texaco 

Total 336 

West Coast Total 2,248 

* I n c l u d e s  o n l y  t h o s e  r e f i n e r i e s  l i k e l y  t o  u t i l i z e  North S lope  
c r u d e  o i l .  



Table 4 

FOHI-:CAST 
P A D  DISTHI  CT V CRIJDE O J L  1E"rOH'rS 

( N B / D )  

.1 

F O R E C A S T  --- 1 9 7 6  1977  -- 1 9 7 8  -- 1 9 8 0  -- 1985 --- 

FEA 832 

E>:XON 9 4 2  . 
A . D .  L I T T L E  ( 4 0 % )  - 1/ 

(60%) 
( 7 5 % )  : 

S O H 1 0  ( H I  ) 
( LOW) 

STANDARD O F  C A L I F O R N I A  

PROPRIE'I 'ARY 893 

1/ Percentage of N o r t h  Slope c r u d e  o i l  r e f i n e d  i n  PAD V. - 1/1/77 
p r io r  to. ~ d m i n i s t r a t i b n  Energy Message 



DESULFURIZING PACKAGE "ADD-ON" FOR 
EXISTING REFINERY I N V E ~ F E E ~ F - S ~ Y  -- 

Capacity = 200,000 B/CD Alaska North Slope Crude 
($MM per year) . 

ON- OFF- 
SITE SITE 

v 

PROCESS UNITS: 

, .  as Oil Desulfurization 16.56 3.31 
Residuum Desulfurization 48.39 13.56 
Hydrogen Production by 
Partial Oxidation 2.75 -- 

Sulfur Recovery 5.93 1.18 

UTILITIES: 

Steam Generation 4.64 2.33 
Electric Power Generqtion 10.79 -- 
Electric Power Distribution 1.51 -- 
Cooling Water 3.22 -- 

Total Investment $93.79 $20.38 

. .. Grand Total $114.17 

OPERATING COST: 

Operating Labor 
Maintenance, Insurance, Taxes, 
Overhead 

Fuel and H Feedstock 
( @  siz/si?i) 

Capital Recovery . 

Total Operating Cost 

Per Barrel 

Source: Crude Supply Alternative for the Northern Tier 
States, Volume I1 ~echnical Report, prepared by 
Bonner and Moore Associates, Inc. for the FEA, 
July 25, 1976, 



APPENDIX B 

Tables Supporting Section A Data of Report, 
, , 



U.S. REFINERS THEPJvIAL =FINING PROCESSES WHICH SEGREGATE SULFUR, PAD DISTRICTS I-V 
(Including Hawaiian Trade Zone) Barrels Per Stream Day (As  of January 1 of Indicated Year) 

Page 1 of 2 

TABLE 1 

Vacuum Distillati~n 1/ 
% of Crude Oil 

Visbreaking 1/ 
% of Crude Oil 

*Footnotes at end of table. 

% of Crude Oil 
Oyer. Cap. 

3.9 
4.6 
4.8 
4.6 
4.4 

5.6 
6.4 
6.5 
6.0 
6.0 

4.5 
4.9 
4.5 
4.6 

Coking 1,' 
Fluid Delayed Total 
B ~ ~ / S D  B ~ ~ / S D  Bbl/SD 

DISTRICT I 

DISTRICT I1 

--- 212,900 212,900 --- 260,300 260,300 
12,000 260,700 272,700 
--- 261,600 261,600 
--- 262,300 262,300 

DISTRICT I11 

--- 
--- 
--- 
--- 
--- 

261,000 
306,300 
297,300 
300,400 

261,000 
306,300 
297,300 
300,400 

309,800 

2.8 
2.6 
4.7 
5.2 
4.3 

309,800 ' 
DISTRICT IV 

4.3 

13,200 
13,700 
27,200 
30,000 
24,800 

5,200 
13,700 
5,200 

11,500 
6,300 

8,000 --- 
22,000 
18,500 
18,500 



TABLE 1 

U.S. REFINERS THERMAL REFINING PROCESSSS WHICH SEGREGATE SULFUR, PAD DISTRICTS I-V 
(Including Eawaiian Trade Zone) Barrels Per Stream Day (As of January 1 of Indicated Year) 

DISTRICT 

71,000 287,600 
70,600 295,500 
73,600 295,400 
73,300 302,300 
126',900 220,000 

I I I 1 I I I I I I 

1/ Oil and Gas Journal, April 2, 1973; April 1, 1974; April 17, 1975; March 29,'1976; - 
March 28, 1977; "Annual Refining Issues." 

2/ ~as'is: "Trends in Refinery Capacity and Utilization," June 1977, Department of - 
Energy, Bbl/CDf 0.95, Operating Capacity. 

Note: Percentages may not add up because of rounding. 

Year 

Sulfur Segreg. 
Cap. As % of 
Total Crude 
Oil' Capacity 

Grand 
Total 

Visbreaking 1/ Coking I/, 
% of Crude Oil Fluid D~laye % of Crude OiT 

Crude Oil z / .  
Dist. Oper. 
Cap. As of 
January 1 

Vacuum Distillation 1/ 

Bbl/SD Bbl/SD Oper. Cap. Bbl/SD Bjl/SD Oper-. Cap. 
% of Crude Oil 
Oper. Cap. 

I I 1 I 



TABLE 2  

U .S .  REFINERS PROJECTED THERMAL R E F I N I N G  PROCESSING 
CAPACITY YHTCH SEGREGATES S~JLFUR -- PAD DISTRICTS I-v 

(INCLUDING HAWAIIAN TRADE ZONE) 
B a r r e l s  P e r  C a l e n d a r  Day a n d  E s t i m a t e d  On-St ream T i m e s  

B a s i s :  O . i l '  a n d  Gas J o u r n a l ,  4 /25/77  a n d  10 /3 /77 .  

:: 
Vacuum D i s t i l l a t i o n  V i s b r e a k i n  - C o k i n g  3/ 

Bbl/CD On-S t ream Bbl/CD O n - S t T e a 6  B b l / c ~  On-S t ream ... 
D i s t r i c t  I kg 

D i s t r i c t  I1 

T o t a l  2 5 , 2 0 0  

D i s t r i c t  I11 

T o t a l  8 9 , 4 0 0  

D i s t r i c t  I V  

D i s t r i c t  V  - 
1 6 , 0 0 0  

G r a n d  T o t a l .  
B ~ ~ / C D  1 3 5 , 6 0 0  

G r a n d  T o t a l  
Bbl/SD - 1/ 1 5 0 , 7 0 0  

2/ B u r e a u  o f  M i n e s ,  " P e t r g l e u m  ~ e f  i n e r s  i n  t h e  U n i t e d  S t a t e s  - 
a n d  P u e r t o  R i c o , "  Jan. 1, 1 9 7 7 .  

3/  T y p e  o f  c o k i n g  n o t  i n d i c a t e d .  - 



TABLE 3 

U.S. REFINERS 1980 ESTIMATED TOTAL THERMAL RE:FINING PROCESSING CAPACITY KHICH SEGREGATES SULFUR 
PAD DISTRICTS I - V (Including Hawaiian Trade Zone) 

Barrels Per Stream Day 

Sulfur 
Segregating 
Ca~acitv As 

Vacuum Distillation Visbreaking Coking Crude Oil % of ~oial 
% of Crude Oil % of Crude Oil % of Crude Oil Operating Crude Oil 

Bbl/SD 3/ Oper. Cap. Bbl/SD 3/ Oper. Cap. Bbl/S3 3/ Oper. Cap. Grand Total Capacity 1/ 2/ Capacity 

2/ June 1977, "Trends in Refinery Capacity and Utilization," - 
1980OperableCapaclty x 0 . 9 5  5 U Y ! I  . . 

3/ Total Bbl/SD capacities on Table 1 and Table 2. - 
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TABLE 4 

Country 
1977 

Antigua 
Bahamas 
Netherland Antilles 
Panama 
Puerto Rico 
Trinidad 
Venezuela 

Virgin Islands 

Total, B/CD 
B/SD g/ 

Vacuum 4/ 
 ist till at ion 

Antigua S 
Bahamas 94,000 
Netherland Antilles 230,000 
Panama 14,000 
Puerto Rico 114,200 
Trinidad 194,000 
Venezuela 352,200 

Virgin Islands 140,000 

Total, B/CD 1,138,400 
B/SD 1,264,900 

CARIBBEAN '"EXPORT" REFINERIES THERMAL.REFINING PROCESSES 
WHICH SEGREGATE SULFUR, 1973-1977 

Barrels Per Calendar Day 
(As of January 1 of Indicated Year) 

Sulfur 
Segregating 

Fluid and Total Capacity as 
% of Crude Oil % of Crude Oil Delayed Thermal Crude Oil a % of Crude 
Capacities Visbreaking 1/ Capacities Coking 4/ Processes Capacity.S/ Oil Capacity 

0 W N 
500,000 
310,000 
LOO, 000 
283,800 
461,000 

1,423,000 

Footnotes at end of table. 



TABLE 4 

Country 
1975 

Antigua 
Bahamas 
Netherland Antilles 
Panama 

& Puerto Rico 
w Trinidad 

Venezuela 

Vacuum :/ 
Distillation 

Virgin Islands 105,000 

Total, B/CD 1,019,000 
B/SD 1,132,200 

Antigua 2,000 
Bahamas 70,000 
Netherland Antilles 130,000 
Panama 14,000 
Puerto Rico 114,200 
Trinidad 187,000 
Venezuela 367,300 

Virgin Islands 

Total, B/CD 989,500 
B/SD 1,099,400 

CARIBBEAN "EXPORT" REFIBERIES THERMAL REFINING PROCESSES 
WHICH SEGREGATE SULFUR, 1973-1977 

Barrels Fer Calendar Day 
(As of January 1 of Indicated Year) 

Fluid and Total 
% of Crude Oil % of Crude Oil Delayed Thermal Crude Oil 
Capacities  isb break in^ 1/ , Capacities . Coking 4/ Processes Capacity 5/ 

Sulfur 
Segregating 
Capacity As 
a % of Crude 
Oil Capacity 

Footnotes at end of table. 
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TABLE 4 

Country 
1973 - 
Antigua 
Bahamas 
Netherland Antilles 
Panama 
Puerto Rico 

vl Trinidad 
4 Venezuela 

Virgin Islands 

Total, B/CD 
B/SD 

Vacuum 4/ 
 ist till at ion 

CARIBBEAN "EXPORT." REFINERIES THERMAL REFINING PROCESSES 
WHICH SBGREGATE SULFUR, 1973-1977 

Barrels Per Calendar Day 
(As of January 1 of Indicated Year) 

(Continued) 

% of Crude Oil 
Capacities Visbreaking 1/ 

.Fluid and Total 
8 of Crude Oil Delayed Thermal 
Capacities Coking 4/ Processes 

Crude Oil 
Capacity 5/ 

.I/ - Petroleum Times:: Jan 26, 1973; Mar. 8, 1974; Jan. 24, 1975; Jan. 23, 1976;,Mar. 18, 1977. 

2/ Converted to Barrels/Calendar Day by 0.9 factor. - 
3/ Visbreaking capacity converted to pipestill. - 
4/ Oil and Gas Journal: Dec. 27, 1976; Dec. 29, 1975; Dec. 30, 1974; Dec 31, 1973; Dec. 25, 1972. - -- 
5/ "Trends in Refinery Capacity and Utilization," June 1977, June 1976, June 1975,, June 1974, Department of Energy - 

Publications. 

Sulfur 
Segregating 
Capacity as 
a % of Crude 
Oil Capacity 



TABLE 5 

CARIBBEAN "EXPO#r" REFINERIES 1980 PFOlECED 
PROCESSES WHICH SEGFEGATE SULmTR 
Barrels Per Calendar Day 

(Basis: Oil and Gas Journal, April 25, 1977) 

Fluid and 
Country or Vacuum Delayed 
Territory Distillation On-Stream Visbreaking On-Stream Coking On-Stream. 

84 ; 200 1978 -- --- --- --- Venezuela 

Virgin Is- 
lands 105,000 



CARZBBEAN "EXWKP" REFINERIES 1980 -1 'PDZAL'- IWTNlNG' 
maEmNG CAPACITY WHICH SULFUR 

Barrels Per Calendar Day 

Vacuum Distillation 
'Ilotal Sulfur 

V i s b r e a k h q  Coking 
% of Crude Oil 5 of (Irude Oil 

Segregating 

Bbl/CD 
% of Oil 'Ibtal Thermal Crude Oil Capacity As % of 

Oper. .Cap.. 3bl/CD Oper. Cap. Bbl/CD Oper . Cap. Processes. Capacity Crude Oil .Capacity -. 
1,452,500 IJ 31.4. 348,400 lJ 7.5 - - 1,800,900 4,627,800 38.9 ' 

(1,613,900 B/SD) (387,100 B/SD) (2,001,000 B/SD) . 

1/ Basis: Tables 4 .and 5 - 
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I TABLE 7 

U.S. REFINERS CATALYTIC SULFUR REMOVING HYDROPROCESSING &/ 
PAD DISTRICTS I-V (Including Hawaiian Trade Zone) 

Barrels Per Stream Day 
(As of January b of Indicated Year) 

Catalytic 
Hydrocracking 3/ 

% of Total 
Year Bbl/SD Oper. Ref. Cap. 

Catalytic Hydrorefining Catalytic Hydrotreating 4/ 
% of Total % of Total 

Bbl/SD Oper. Ref. Cap. Bbl/SD Oper. Ref. Cap. 
DISTRICT I 

DISTRICT I1 

DISTRICT I11 

Operating 2/ 
Grand Refinery 
Total Capacity 

DISTRICT IV 

I 1977 5,900 1.2 40,588 7.1 137,394 34.3 143,882 575,000 
1976 6,020 1.1 36,144 6.2 177,094 30.5 119,258 581,000 
1975 6,020 1.0 22,144 3.8 ' 194,094 33.6 222,258 577,000 
1974 5,900 1.0 22,444 4.2 187,544 35.2 215,888 533,000 
1973 5,400 0.9 45,694 9.6 130,494 28.2 ;81,588 477,000 

~ydroprocessing 
As % of Total 
Ref. Cap. 

Footnotes at end of table. 
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TABLE 7 

U.S. REFINERS CATALYTIC SULFUR REMOVING HYDROPROCESSING Ij 
PAD DISTRICTS I-V ( Inc lud ing  Hawaiian Trade Zone) 

B a r r e l s  Per  Stream Day 
(As of  January  1 o f  I n d i c a t e d  Year) 

C a t a l y t i c  
Hydrocracking 3/ C a t a l y t i c  Hydroref in ing  C a t a l y t i c  Hydro t r ea t ing  4 /  Opera t ing  2/ Hydroprocessing 

% o T o t a l  % of  T o t a l  % of  T o t a l  Grand Ref inery  As % o f  T o t a l  
Year B ~ ~ / S D  O p e r .  'Ref. Cap. Bbl/SD Oper. Xef. Cap. Bbl/SD Oper. Ref. Sap. T o t a l  Capaci ty  Ref. Cap. 

DISTRICT V 

COTAL DISTRICTS I - V 

1/ Bas i s :  O i l  and Gas J o u r n a l  - March 28, 1977: March 29, 1976: A p r i l  17 ,  1975; A p r i l  1, 1974; A p r i l  2, 1973. - 

2/ "Trends i n  Ref inery  Capaci ty  and U t i l i z a t i o n , "  Table  1, June 1977. Converted t o  s t ream days  by 0.95 f a c t o r .  - 
3/ Does n o t  i n c l u d e  l u b e  o i l  manufacture.  - 
4/  Does n o t  i n c l u d e  naphtha o l e f i n  o r  arcanatics s a t u r a t i o n  o r  l u b e  o i l  p o l i s k i n g .  - 



TABLE 8 

U.S. REFINERS PROJECTED CATALYTIC SULFUR REMOVING HYDROPROCESSING 
PAD DISTRICTS I-V (Including Hawaiian Trade Zone) 

Barrels Per Calendar Day 
Basis: Oil and Gas Journal, April 25, 1977 

Catalytic Catalytic Catalytic 
~~drotreating 

Bbl/CD On-Stream 
~~drocracking 

~bl/cD On-Stream 
Hydrorefining 

Bbl/CD On-Stream PAD Districts 

I 

Sub-Total 

Sub-Total 

. "  
Sub-Total 

IV 

Sub-Total 

V 3,000 197 8 ---- ---- 1,800 1978 
---- ---- ---- ---- 10,300 1979 

Sub-Total 3,000 12,100 

Grand Total, 
B/CD 8,000 ---- 365,350 ---- 452,950 ---- 

Grand Total, 
B/SD I/ 8,900 ---- 405,940 ---- 503,280 ---- - 



TABLE 9 

1981 ESTIMATED TOTAL CATALYTIC SULFUR REMOVING HYDROPROCESSING 
PAD DISTRICTS I-V (Including Hawaiian Trade Zone) . 

Barrels Per Stream Day 

Catalytic Hydrocracking Catalytic Hydrorefining Catalytic Hydrotreating Hydroprocessing 
% of Crude % of Crude % of Crude Total Crude C.il 1/ Capacity As % of 

Bbl/SD 2/ Oil Oper. Cap. Bbl/SD 2/ Oil Oper. Cap. Bbl/SD 2/ Oil Oper. Cap. Grand Total Operating ~apacicy Total Oper. Cap. 

902,080 5.0 2,234,110 12.3 5,757,800 31.7 8,894,000 18,192,000 48.9 

1/ June 1977, "Trends in Refinery Capacity and Utilization," - 
1980 Operable Capacity x.0.95 + 0.95. 

2/ 1977 Capacity from Table 7 plus estimated expansions f m m  Table 8. - 
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U.S. REFINERS' CATALYTIC SULFUR REMOVING HYDROPROCESSING - 1/ 
PAD DISTRICT I-V (Including Hawaiian Trade Zone) 

Barre ls  Per Stream Day ( A s  of January 1 of Indicated Year) 

Ca ta ly t i c  Hydrocrackinq 2/ 
Distillate Residual 

PAD Distr ict  Year - Upgrading U ~ r a d i n q  Other Sub-Total 

Tbtal: I-V 1973 845,838 12,000 -- 1 857,838 
1974 816,638 3,000 26,000 845,638 
1975 767,688 - 102,120 869,808 
1976 778,988 -- 104,120 883,108 
1977 783,678 1,000 108,500 893,178 

Footnotes a t  end of table .  
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TABLE 10 

U.S. REFINERS CATALYTIC SULFUR REPDVING HYDROPROCESSING 1/ - 
PAD DISTRICT I-V (Including Hawaiian Trade Zone) 

Barrels Per Stream Day ( A s  of January 1 of Indicated Year) 
(Cant  in^.& ) 

Catalyt ic  Hydrorefining 
Heavy Cat. Cracker 

PAD Residual Gas O i l  and Middle 
D i s t r i c t  - Year Desulfur. Desulfur. Cycle Stock D i s t i l l a t e s  Other Sub-Total 

~ o t d :  I-V ,1973 
1974 

. 1975 
1976 
1977 

Footnotes a t  end of  table .  
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TABLE 10 

U.S. REFINER3 CATALYTIC SULFUR RFMOVING HYDROPROCESSING - 1/ 
PAD DISTRICT I-V ( Inc luding Hawaiian Trade Zone) 

B a r r e l s  Per Stream Day ( A s  of January 1 of Indica ted  Year) 
6 (Continued) 

I*.. 
Catalytic Hydrotreating 3/ 

? P r e t r e a t  
PAD Cat. Reformer Naphtha Straight-Run Other 

District Year -. Feeds &sul fur .  Distillate Distillates Other Sub-Total 

V 1973 
1974 

b 1975 
$$ 1976 

1977 
'I 
Total :  1973 
I-V 1974 

' 1975 
1976 
1977 

I p m t n o t e s  a t  end of t a b l e .  
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TABLE 10 

U.S. REFINERS CATALYTIC SULFUR REMOVING HYDROPROCESSING 1/ - 
PAD DISTRICT I-V (Including Hawaiian Trade Zone) 

B a r r e l s  Per Stream Day ( A s  of January 1 of  Indicated Year) 
(Continued ) 

Summary C a t a l y t i c  Hydrocracking, Hydrorefining & Hydrotreating 
*rating 4/ Operating 5/ Hydro-Processing 

Refinery ~ a p z c i t y  Refinery capac i ty  Capacity A s  % of 
PAD Grand Total  January 1 January 1 Total  Refinery 

District - Year Hydro-Processing ( BBL/cD ( BBL/SD ) Capacity 

Total :  1973 5,903,465 13,485,000 14,195,000 41.6 
I-V 1974 6,447,055 14,261,000 15,012,000 43.0 

1975 6,643,282 14,736,000 15,512,000 42.8 
1976 7,116,505 L4,927,000 15,713,000 45.3 
1977 7,975,869 15,921,000 16,759,000 47.6 

1/ Basis: .  Oil  and Gas Journa l ,  Annual Refining I s sues ,  March 28, 1977, March 29, - 
1976, Apri l  17,  1975, Apr i l  1, 1974, Apri l  2, 1973. 

2/ Does no t  include lube o i l  manufacture. - 
3/ Does not  include naphtha o l e f i n ,  aromatics s a t u r a t i o n ,  o r  lube o i l  polishing.  
a/ "Trends in  Refinery Capacity and Ut i l i za t ion , "  Table 1, June 1977, Department of - 

Energy pub1 icat ion. 
5/ Converted t o  stream days by 0.95 f a c t o r .  - 

1 6 4  
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.V "EXR3KP1' R E F ~ S ' C X T A L Y T K :  SuTAJ'R. REWVDG HYDFOPRXESI1UG, 1973-1977 
Barrels Per Calendar Day 

(A. of January 1 of Indicated Year) 

C a t a l y t i c  
Hydroprocess- 
ing As % of 

Crude O i l  Crude O i l  
Capac i t i e s  2/ Capacity 

C a t a l y t i c  
Hydrorefining 1/ 

P of Crude 
Capacity O i l  Capacity 

C a t a l y t i c  
'-treating 1/ 

% of Qrude 
Capaci ty  , O i l  Capacity , 

C a t a l y t i c  Hydrccracking 1/ 
9 of Crude 

D i s t i l l a t e  Residual ,O i l  Capaci ty  Year Country or Other - mtal 

1977 Antigua 
Bahamas 
Netherland A n t i l l e s  
. P m  
Fuerto Rico 
Trinidad 
Venezuela 

w Virgin  I s l ands  
07 
VI 'Ibtal, B/CD 

m w ,  B/= 3/ 

-- s- 
60, oon -- 

185,600 -- -- -- 
107,700 

80,000 -- 
277.800 - 

1976 Antigua 
Bahamas 
NeVudad A n t i l l e s  
P m  
merto Ria3 
Trin idad 
Venezuela 
v i r g i n  Islands 

m a ,  B/(P 
Total, B/sD 

1975 Antigua 
Bahamas 
Netherland Antilles 
P m  
Puerto Ria, 
Trin idad 
Venezuela 
V i rg in  Islands 

mtal, B/(P 
mtal, B/= 

Fbotno+ a t  end of e e .  



ZaBLE 11 I 
i 

" E W O ~ ' '  CATALYTIC SULFUR IlEMMNG HYDR3PKXXSIUG, 1973-1977 
Barre ls  Per Calendar Day 

Vls o f  January 1 o f  InJicated Year) 

catalvtic mtalvtic 
Ca ta ly t i c  H y d r o c r a c ~  1/ ~ y d r o r e i i n i n ~  1/ Hydrotreating 1.1 

% o f  Crude % o f  qvde % o f  Cbide 
Country or Other D i s t i l l a t e  Residual O i l  C a p c i t y  Capacity O i l  Capacity Capacity Oil Capacity mtal 

1974 Antigua 
Baham3s 
Netherlands A n t i l l e s  
PananEi 
PuertoRico 
Trinidad 

P 
Venezuela 

m 
' m  

Virg'in Islads 
mta1, B/O 
mtal, B/SD 

1973 Antigua 
Bahamas 
Netherlands A n t i l l e s  
Panard 
Fuerto Ria, 
Trinidad 
Venezuela 
Virgin Is lands  

mtal, B/O 
Total,  B/SD 

Page 2 o f  2 

catalytic 
H-ss- 
i n g  A. % o f  

Crde O i l  Crude O i l  
-cities 2/ Capacity 

1/ " O i l  and Gas Journal,' Decenkr 27, 1976; Decmber 29, 1975; Decaber 30, 1974; Decanber 31, 1973; Decenkr 25, 1972, 'Worldwide Reports." - 

2/ Trends in Refinery Capacity and Ut i l i za t ion ,  June 1977, June 1976, June 1975, June 1974, l k p r t m %  - . qt. of mergy publications. 

3/ Barrels/cD/.90 - 



TABLE 1 2  

CARIBBEAN "EXPORT1'- R E F I N E R I E S  PROJECTED CATALYTIC SULFUR REMOVING HYDROPROCESSING 
B a r r e l s  Pe r  C a l e n d a r  D a y  and . E s t i m a t e d  O n - S t r e a m  D a t e  

( A s  of January 1 o'f Indicated Y e a r )  
. B a s i s :  O i l  and G a s  J o u r n a l ,  A p r i l  2 5 ,  1 9 7 7  

C o u n t r y  or C a t a l y t i c  H y d r o c r a c k i n g  C a t a l y t i c  H y d r o r e f i n i n g  C a t a l y t i c  H y d r o t r e a t i n g  
T e r r i t o r y  B b l / C D  O n - S t r e a m  B ~ ~ / C D  O n - S t r e a m  B ~ ~ / C D  O n - S t r e a m  

P 
V i r g i n  

cn I s l a n d s  
4 

---- 1 0 0 , 0 0 0  A f t e r  , 1 9 8 0  4 5 , 0 0 0  A f t e r  1 9 8 0  



TABLE 13 
CARIBBEAN "EXPOHT" KEFINEXES. 1980 Sl'DRED TO?aZI cAT?LYTIC SULEUR ~~ H Y D K l P ~ X  

Barrels Per Calendar Day 

Catalyt ic  
Catalytic Hydmcracking Catalyt ic  Hydrorefining Catalyt ic  -eating Yrdroprocessing 

% of Crude % of Cru& % of Crude Crude 3 i l  As % of Crude 
Bbl/CD Oi lCapac i ty  Bbl/CD Oi l  Capacity Bbl/CD Oi l  Capacity Rrtal Operating 2apacity 2/ O i l  Oper. Cap. 

1/ Basis: Wle 11. - 
2/ "Trends in Refinery Capacity and Ut i l i za t ion ,"  June 1977, - 

D e p x h m x t  of Energy publication. 




