
COAL-AN ALTERNATE FUEL FOR THERMAL 
ENHANCED OIL RECOVERY STEAM GENERATION 

Final Report 

Prepared for the Department of Energy 
Under Contract No. EX-77-C-01-2418 

Date Published-August 1979 

Arthur G. McKee 
Cleveland, Ohio 

& Company 

1 

ENERGY 

,;7;R;:;gii@?i ;F ; 



NOTICE 

This report was prepared as an account of work sponsored by the United States 
Government. Neither the United States nor the United States Department of 
Energy, nor any of their employees, nor any of their contractors, subcontractors, 
or their employees, makes any warranty, express or implied, or assumes any 
legal liability or responsibility for the accuracy, completeness or usefulness of 
any information, apparatus, product or process disclosed, or represents that i t s  
use would not infringe privately owned rights. 

Available from the National Technical Information Service, U.S. Department of 
Commerce, Springfield, Virginia 221 61. 

Price: Papercopy $ 6 6  
Microfiche $3.66 



DISCLAIMER 
 
Portions of this document may be illegible in 
electronic image products.  Images are produced 
from the best available original document. 
 



DISCLAIMER 
 

This report was prepared as an account of work sponsored by an 
agency of the United States Government.  Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof.  The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



SANl2418-1 
Distribution Categories UC-90 

UC-92a 

COAL-AN ALTERNATE FUEL FOR 
THERMAL ENHANCED OIL RECOVERY STEAM GENERATION 

Arthur G. McKee & Company 
6200 Oak Tree Boulevard 
Cleveland, Ohio 44131 

Gary D. Peterson, Technical Project Officer 
San Francisco Operations Office 

1333 Broadway 
Oakland, California 9461 2 

(415) 273-7951 

Prepared for the Department of Energy 
Under Contract No. EX-77-C-01-2418 

DISCLAIMER 

rpoovlred by an agency of the Un~ted Srater Government 
~e tnlr the un red stater ~ o v e r n ~ ~ n t  nor agency therwf nor any of thel, emoloyeer maker any 

warranty express or impled or murme. any lqisl l>ab~l~tv  or rewnablllry tor !he accuracy 
r o ~ p ~ e t e n e s i  or u ~ f ~ i n e r r  o f  any ,nf~rmat,on a p ~ a r a t v r  product or process dlwlored or 
reprircnti that ) i s  w u l d  not nfrlnge llrlvarely awned rlghlr Reference hewn fa any rpec(f8c 
comrnarr~al ~ roduct  orocrrs or wrvlce by trade name trademark manufaciurer ar ofherwlw doer 
not n r ~ e r ~ r d y  canrt81uie or imply ,$r endorsement recommendation or tavorlng by Ihe United 
Stater Government or any awncy thereof The vlem and oplnionr of authors exprerred hereln do not 
nwrrrar ly state or reflect chow ol  ,he Unl~ed Stale? Gowrnmn! or any agency thereof 

Date Submitted-May 1979 
Date Published-August 1979 

UNITED STATES DEPARTMENT OF ENERGY 



TABLE OF CONTENTS 

0.0 SUMMARY 

1.0 INTRODUCTION 

1 .1  Purpose o f  t h e  P r o j e c t  

1.2 Bas is  o f  E v a l u a t i o n  

2.0 COAL-OIL MIXTURES 

2.1 Techn ica l  I ssues  

2 .2  R e t r o f i t t i n g  Steam Generators 

2.3 Imp l  ementat i  on 

2.4 Economics 

2.5 Demonst ra t i  on 

3.0 COAL GASIFICATION 

3.1 Techn ica l  I ssues  

3.2 R e t r o f i t t i n g  Steam Generators 

3 . 3  Imp lementa t ion  

3 .4  Economics 

3 .5  Demonst ra t ion 

4 .0  FLUIDIZED BED COMBUSTION 

4.1 Techn ica l  I ssues  

4.2 Impl  ementat i  on 

4 .3  Economics 

4 .4  Demonst ra t i  on 



0 .0  SUMMARY 

T h i s  p r o j e c t  eva lua tes  t e c h n i c a l  and economic aspects  o f  u s i n g  coa l  

t o  r e p l a c e  lower  t i e r  c rude o i l  as f u e l  f o r  thermal  enhanced o i l  

recovery  steam gene ra t i on  i n  Kern County, C a l i f o r n i a .  Replac ing 

t h i s  o i l  by an a l t e r n a t e  f u e l  would i nc rease  t h e  amount o f  o i l  

a v a i l a b l e  f o r  s a l e  by  approx imate ly  30 pe rcen t .  The i n t e n t  o f  t h e  

p r o j e c t  i s  n o t  t o  s e l e c t  a  p a r t i c u l a r  techno logy  t o  be used, o r  t o  

p r o v i d e  an economic comparison o f  t h e  t echno log ies  s e l e c t e d  f o r  

e v a l u a t i o n ,  b u t  r a t h e r  t o  p resen t  t e c h n i c a l  and economic aspects  

assoc ia ted  w i t h  each technology.  

The p r i m a r y  c o n s i d e r a t i o n  i n  t h e  e v a l u a t i o n  i s  compl iance  w i t h  

emiss ion  l i m i t a t i o n s  as proposed i n  t h e  C a l i f o r n i a  A i r  Resources 

Board (CARB), Model Rule on A p r i l  26, 1978. 

Three coa l  techno1 o g i  es were eva l  uated: 

1. Coa l -O i l  M i x tu res  (COM) 

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

3. F l u i d i z e d  Bed Combustion (FBC) 

Coa l -O i l  M i x tu res  and Coal G a s i f i c a t i o n  were eva lua ted  f o r  r e t r o f i t  

a p p l i c a t i o n .  F l u i d i z e d  Bed Combustion was eva lua ted  f rom t h e  

s t a n d p o i n t  o f  p r o v i d i n g  replacement o r  f u t u r e  steam gene ra t i ng  

capac i t y .  

The use o f  Coal O i l  M i x t u res  would r e q u i r e  t h e  i n s t a l l a t i o n  o f  

p o l l u t i o n  c o n t r o l  equipment on t h e  steam genera to rs  t o  reduce 

emiss ions o f  s u l f u r  ox ides  and n i t r o g e n  ox ides  i n  o r d e r  t o  meet t h e  

proposed CARB 1  i m i t a t i o n s .  P a r t i c u l a t e  c o l  l e c t i o n  would a1 so be 

requ i r ed .  Opera t ion  o f  t h e  steam genera to rs  i n  c o n j u n c t i o n  w i t h  



t h i s  equipment t o  meet t h e  proposed CARB 1  i m i t a t i o n s  may p resen t  a  

p o t e n t i a l  problem. Removing ash f rom steam genera to rs  may p resen t  

an a d d i t i o n a l  prob lem,  s i nce  steam genera to r  des ign  does n o t  r e a d i l y  

l e n d  i t s e l f  t o  m o d i f i c a t i o n  t o  a l l o w  f o r  t h i s  removal. 

U n c o n t r o l l e d  emiss ions o f  s u l f u r  ox ides  and n i t r o g e n  ox ides r e s u l t -  

i n g  f rom t h e  use o f  t h e  gas, produced by t h e  proposed Coal G a s i f i -  

c a t i o n  p l a n t ,  t o  f i r e  steam genera to rs  would be below t h e  proposed 

CARB l i m i t a t i o n s .  There fo re ,  no f l u e  gas c l e a n i n g  would be 

requ i r ed .  

The use o f  FBC steam genera to rs  would r e q u i r e  p o l l u t i o n  c o n t r o l  

equipment i n  o r d e r  t o  meet t h e  proposed CARB l i m i t a t i o n  f o r  n i t r o g e n  

ox ide .  P a r t i c u l a t e  c o l l e c t i o n  would a l s o  be requ i r ed .  U n c o n t r o l l e d  

emiss ions o f  s u l f u r  ox ides  would be below t h e  proposed CARB l i m i t a -  

t i o n s  and t h e r e f o r e  sc rubb ing  would n o t  be requ i r ed .  

Implementat ion was based on a  syn thes ized  f i e l d  f o u r  m i l e s  i n  

d iamete r  and c o n t a i n i n g  one hundred-50 m i l l i o n  B t u  p e r  hour steam 

genera to rs .  Economics were developed on t h e  b a s i s  o f  p r o v i d i n g  

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

recogn ized  t h a t  t h e  economics assoc ia ted  w i t h  each techno logy  a r e  

n o t  c o m p e t i t i v e  w i t h  c u r r e n t  ope ra t i ons  u s i n g  lower  t i e r  c rude o i l .  

World o i l  p r i c i n g  would most l i k e l y  be r e q u i r e d  t o  make these 

t echno log ies  economical .  

It must a l s o  be no ted  t h a t  t h e  r e s u l t s  o f  t h e  economic analyses do 

n o t  1  end themselves t o  d i r e c t  comparison. Whereas t h e  Coal - 0 i  1 

M i x t u r e  and Coal G a s i f i c a t i o n  programs would u t i l i z e  e x i s t i n g  steam 

genera to rs ,  and hence a re  eva lua ted  i n  terms o f  a d d i t i o n a l  produc- 

t i o n  cos t s ,  t h e  F l u i d i z e d  Bed Combustion program e n t a i l s  replacement 

o r  a d d i t i o n  o f  steam genera to rs .  I n  t h i s  case, t h e  c a l c u l a t e d  

p r o d u c t i o n  c o s t  more c l o s e l y  r ep resen t s  a  t o t a l  steam p r o d u c t i o n  

cos t .  I n  a d d i t i o n ,  i t  must be emphasized t h a t  Coal G a s i f i c a t i o n  



e x h i b i t s  g r e a t e r  economy o f  s ca le  than  e i t h e r  Coa l -O i l  M i x tu res  o r  

F l u i d i z e d  Bed Combustion. On a  sca le  sma l l e r  than  t h e  syn thes ized  

f i e l d ,  i t  i s  expected t h a t  t h e  inc rementa l  c o s t  p e r  thousand pounds 

o f  steam assoc ia ted  w i t h  these two t echno log ies  would be r e l a t i v e l y  

c l o s e  t o  t h a t  o f  t h e  syn thes ized  f i e l d ,  whereas t h i s  c o s t  f o r  Coal 

G a s i f i c a t i o n  would inc rease .  On a  s c a l e  l a r g e r  t han  t h e  syn thes ized  

f i e l d ,  i t  i s  a n t i c i p a t e d  t h a t  cos t s  assoc ia ted  w i t h  a l l  t h r e e  

t echno log ies  would decrease. 

Based on t h e  assumptions d e t a i l e d  i n  t h e  Bas is  o f  E v a l u a t i o n  d i s -  

cuss ion ,  t h e r e  i s  an a d d i t i o n a l  c o s t  o f  p roduc ing  a  thousand pounds 

o f  steam f rom imp lementa t ion  o f  new coa l  based systems. For  Coal- 

O i l  M i x t u res  t h i s  f i g u r e  i s  approx imate ly  $3.11. For t h e  a l t e r n a -  

t i v e  o f  Coal G a s i f i c a t i o n  t h e  added c o s t  i s  $6.00 p e r  thousand 

pounds o f  steam. Implementat ion o f  F l u i d i z e d  Bed Combustion i n  t h e  

syn thes ized  f i e l d  y i e l d s  a  t o t a l  steam p r o d u c t i o n  c o s t  o f  approx i -  

mate ly  $6.36 p e r  thousand pounds o f  steam. The o p e r a t i n g  c o s t s  and 

f i x e d  charges c o n t r i b u t i n g  t o  these cos t s  a re  shown i n  Table  1. I n  

terms o f  do1 l a r s  p e r  b a r r e l  o f  o i l  a v a i l a b l e  f o r  s a l e ,  these  cos t s  

a re  e q u i v a l e n t  t o  $5.69, $9.00, and $9.54 r e s p e c t i v e l y .  

Cont inued o p e r a t i o n  o f  e x i s t i n g  steam genera to rs  would r e q u i r e  a  

c a p i t a l  expend i t u re  f o r  p o l l u t i o n  c o n t r o l  equipment i n  o r d e r  t o  

meet t h e  proposed CARB l i m i t a t i o n s .  I n  o r d e r  t o  es t ima te  t h e  c o s t  

t h a t  would have t o  be i n c u r r e d  t o  b r i n g  an e q u i v a l e n t  e x i s t i n g  

o p e r a t i o n  i n t o  env i ronmenta l  compl iance, a  Base Case was estab-  

l i s h e d .  I t  i s  es t ima ted  t h a t  t h i s  c o s t  would  add approx imate ly  

$0.48 t o  t h e  c o s t  o f  p roduc ing  a  thousand pounds o f  steam. I n  

terms o f  d o l l a r s  p e r  b a r r e l  o f  o i l  a v a i l a b l e  f o r  sa l e ,  t h i s  would 

r ep resen t  an a d d i t i o n  o f  $1.03 t o  t he  s e l l i n g  p r i c e  p e r  b a r r e l .  

App l y i ng  these  f i g u r e s  as c r e d i t s  t o  t h e  coa l  based system cos t s  

r e s u l t s  i n  a  n e t  a d d i t i o n a l  c o s t  o f  p roduc ing  a  thousand pounds of 

steam of $2.63 f o r  Coal O i l  M i x t u res ,  $5.52 f o r  Coal G a s i f i c a t i o n  

and $5.88 f o r  F l u i d i z e d  Bed Combustion. These cos t s  a re  summarized 

i n  t h e  f o l l o w i n g  t a b l e :  



Added Cost o f  Steam Product ion 

Techno1 ogy Cost ($  per  1000 l b s  Steam) 

Base Case 
Envi ronmental 

Coal Based System Contro l  Net - 
Coal - 0 i  1  Mix tures  3.11 0.48 2.63 

Coal G a s i f i c a t i o n  6.00 0.48 5.52 

F l u i d i z e d  Bed Combustion 6.36 0.48 5.88 

I n  terms o f  d o l l a r s  per  b a r r e l  o f  o i l  a v a i l a b l e  f o r  sa le,  these 

cos ts  a re  equ iva len t  t o  $4.66, $7.97 and $8.51 respec t i ve l y .  I n  

a1 1  cases the  added c o s t  inc ludes the  cos t  o f  new f u e l  r a t h e r  than 

i t s  incremental cos t  over t he  e x i s t i n g  f u e l  cos t  s t ruc tu re .  I n  

o ther  words, no c r e d i t  was taken f o r  cos t  o f  f u e l  c u r r e n t l y  being 

used. 

The r e s u l t s  c l  ear' ly i n d i c a t e ,  however, t h a t  none o f  these tech- 

nologies are  economical ly compet i t i ve  w i t h  the  c u r r e n t  regu la ted  

p r i c e  i n  e f f e c t  on o i l  produced from e x i s t i n g  operat ions.  An 

i n c e n t i v e  i n  t he  form o f  a  h igher  a1 lowable p r i c e  f o r  o i l  produced 

from enhanced techniques would be requ i red  t o  make such ventures 

economical ly v iab le .  

The use o f  coal  i n  t h i s  a p p l i c a t i o n ,  however, cou ld  have f a r  g rea ter  

impact than on l y  t h a t  associated w i t h  increas ing  the  amount o f  o i l  

a v a i l a b l e  f o r  sale. Coal G a s i f i c a t i o n  and F l u i d i z e d  Bed Combustion 

o f f e r  s i g n i f i c a n t  environmental advantages over the  c u r r e n t  opera- 

t i o n ,  i n  terms o f  lower uncon t ro l l ed  emissions. These reduct ions  

cou ld  prov ide  s i g n i f i c a n t  emission o f f  sets,  which i n  t u r n  would 

a l l ow  subs tan t i a l  expansion o f  EOR operat ions o r  even expansion i n  

o ther  i n d u s t r i e s .  I n  t h i s  respect ,  t he  cos t  associated w i t h  these 

technologies would have t o  be evaluated i n  terms o f  t h e  p o t e n t i a l  



expansion i n  ope ra t i ons  t h a t  c o u l d  be a1 lowed t o  occur  as a  r e s u l t  

o f  t h e i r  implementat ion.  

ADDED OPERATING COSTS AND FIXED CHARGES 

COST ($ PER 1000 LBS STEAM) 

ITEM 

Raw M a t e r i a l s  (Not 
Inc rementa l  ) 

Other  Ope ra t i ng  Costs 
( V a r i  ab l  e) 

Labor (Semi -var iab le )  

Ad-Valorem Taxes and 
Insurance 

T o t a l  Inc rementa l  
Opera t ing  Costs 

C a p i t a l  Charges 

COAL 
COM GASIFICATION - FBC 

1.82 2.73 2.35 

T o t a l  Cost 

TABLE 1  



1.0 INTRODUCTION 

1.1 Purpose o f  t h e  P r o j e c t  

The d e c l i n e  o f  domest ic pe t ro leum p r o d u c t i o n  i n  t h e  U n i t e d  S ta tes ,  

a l ong  w i t h  t h e  r i s i n g  demand f o r  pe t ro leum produc ts ,  w i l l  p resen t  

s i g n i f i c a n t  f u t u r e  s t r a i n s  on t h e  n a t i o n a l  economy. Dependence on 

impor ted  o i l  con t inues  t o  i nc rease  as domest ic reserves  d i m i n i s h  a t  

a  r a t e  g r e a t e r  t han  can be compensated f o r  by new expansions and 

d i  s cove r i  es. 

One o f  t h e  near te rm o p t i o n s  f o r  s u b s t a n t i a l  new domest ic energy i s  

Enhanced O i l  Recovery (EOR). I t  i s  es t ima ted  t h a t  i n  e x i s t i n g  

developed o i l  f i e l d s ,  approx imate ly  70 pe rcen t  o f  t h e  o r i g i n a l  o i l -  

i n - p l a c e  remains unrecovered a f t e r  p r o d u c t i o n  by conven t iona l  

methods has been exhausted. EOR w i l l  a l l o w  recovery  o f  a  p o r t i o n  

o f  t h i s  reserve .  

The near  te rm recove ry  o f  t h i s  o i l  r ese rve  i s  p r e s e n t l y  c o n s t r a i n e d  

by major  economic, env i ronmenta l  and t e c h n i c a l  d i f f i c u l t i e s .  Among 

these  a r e  p r i c e  r e g u l a t i o n s ,  env i ronmenta l  r e g u l a t i o n s  and t h e  

t e c h n i c a l  and economic f e a s i b i l i t y  o f  EOR techniques.  I n  an e f f o r t  

t o  a s s i s t  i n d u s t r y  i n  e l i m i n a t i n g  some o f  these problems, t h e  

Department o f  Energy (DOE) has i n i t i a t e d  an EOR Research and 

Development Program. The p r i m a r y  goal  o f  t h i s  program i s  t o  s i g n i f -  

i c a n t l y  i nc rease  t h e  n a t i o n a l  o i l  p r o d u c t i o n  f rom e x i s t i n g  r ese r -  

v o i r s  th rough  t h e  a p p l i c a t i o n  o f  EOR technology.  

P r e s e n t l y ,  approx imate ly  30 pe rcen t  o f  t h e  crude o i l  produced by  

thermal  enhancement i s  consumed i n  gene ra t i ng  steam r e q u i r e d  f o r  

t h e  process. Replacement o f  a1 1  o r  a  p o r t i o n  o f  t h i s  crude o i l  by 

an a1 t e r n a t e  f u e l  would  have cons ide rab le  impact  on t h e  1985-1990 

p r o d u c t i o n  goa ls .  Cons i s t en t  w i t h  t h e  goa ls  o f  t h e  EOR R&D p ro -  

gram, as w e l l  as t h e  n a t i o n a l  energy p o l i c y ,  t h e  p resen t  p r o j e c t  i s  



i n v e s t i g a t i n g  t h e  t e c h n i c a l  aspects  o f  va r i ous  coa l  t echno log ies  

t h a t  c o u l d  be used i n  t h i s  a p p l i c a t i o n ,  as w e l l  as t h e  assoc ia ted  

economics f o r  implementat ion.  It i s  recogn ized  t h a t  r e l a t i v e  t o  

t o d a y ' s  heavy o i l  market ,  a l ong  w i t h  c u r r e n t  p r i c e  r e g u l a t i o n s ,  t h e  

economics assoc ia ted  w i t h  t h e  t echno log ies  be ing  eva lua ted  a r e  n o t  

c o m p e t i t i v e  w i t h  t h e  p resen t  method o f  ope ra t i on .  Much o f  t h e  o i l  

produced by t h e  steam f l o o d  EOR techn ique  i s  p r e s e n t l y  c l a s s i f i e d  

as l owe r  t i e r  o i l .  U n c o n t r o l l e d  o i l  p r i c i n g  would most l i k e l y  be 

r e q u i r e d  t o  make these  t echno log ies  economical. There fo re ,  one o f  

t h e  o b j e c t i v e s  o f  t h e  economic e v a l u a t i o n  w i l l  be t o  g i v e  an i n d i c a -  

t i o n  o f  t h e  o i l  p r i c i n g  i n c e n t i v e  r e q u i r e d  t o  make these  techno lo -  

g i  es economical . 

1 .2  Bas is  f o r  E v a l u a t i o n  

S i x  i tems had t o  be eva lua ted  i n  o r d e r  t o  e s t a b l i s h  t h e  bases f o r  

t h e  p r o j e c t .  These i tems were: 

1. Loca t i on  f o r  e v a l u a t i o n  

2. Emission Regu la t ions  

3. A p p l i c a b l e  t echno log ies  

4. Fuel  p r o d u c t i o n  o r  steam gene ra t i ng  c a p a c i t y  r e q u i r e d  

5. Source and c o s t  o f  raw m a t e r i a l s  

6. Bas is  o f  economic a n a l y s i s  

The ma jo r  p o r t i o n  o f  t h e  p r o j e c t e d  thermal  r ecove ry  p r o d u c t i o n  w i l l  

occur  i n  C a l i f o r n i a .  Approx imate ly  50 pe rcen t  o f  t h i s  p r o d u c t i o n  

i s  a n t i c i p a t e d  t o  t a k e  p l a c e  i n  Kern County. I n  v iew o f  these 

s t a t i s t i c s ,  Kern County, C a l i f o r n i a  was chosen as t h e  l o c a t i o n  f o r  

eva lua t i on .  

The major  problem f a c i n g  t h e  c u r r e n t  thermal  r ecove ry  p r o j e c t s ,  as 

w e l l  as f u t u r e  p r o j e c t s  i n  Kern County, i s  compl iance w i t h  env i r on -  

mental  r e g u l a t i o n s .  The Cal i f o r n i a  A i r  Resources Board (CARB) has 



des igna ted  Kern County as a  non-at ta inment  area f o r  s u l f u r  d i o x i d e  

and t o t a l  suspended p a r t i c u l a t e  ma t t e r .  CARB has proposed a  model 

r u l e  f o r  c o n t r o l l i n g  emissions o f  s u l f u r  ox ides  and ox ides  o f  

n i t r o g e n  f rom f o s s i l  f i r e d  steam genera to rs  hav ing  a  hea t  i n p u t  

g r e a t e r  than  f i v e  m i  11 i o n  B t u '  s  p e r  hour.  

The proposed r u l e  would  impose t h e  f o l  1  owing emiss ion  1  i m i t a t i o n s  

on a f f e c t e d  sources: 

1. A f t e r  September 1, 1980, owners and ope ra to r s  o f  steam 

genera to rs  wh ich  were c o n s t r u c t e d  p r i o r  t o  September 1  , 
1978 would be r e q u i r e d  t o  1  i m i t  s u l f u r  ox i de  and n i t r g o e n  

ox i de  emiss ions f rom such sources t o  200 p a r t s  p e r  m i l l i o n  

and 150 p a r t s  p e r  m i l l i o n  by  volume, r e s p e c t i v e l y .  

Sources s u b j e c t  t o  these  p r o v i s i o n s  would be r e q u i r e d  t o  

comply w i t h  s p e c i f i e d  increments  o f  p rogress .  

2. Sources wh ich  a r e  c o n s t r u c t e d  a f t e r  August 31, 1978 would 

be r e q u i r e d  t o  l i m i t  s u l f u r  ox i de  and n i t r o g e n  ox i de  

emiss ions t o  60 p a r t s  p e r  m i l l i o n  and 100 p a r t s  p e r  

m i l l i o n  by volume, r e s p e c t i v e l y ,  beg inn ing  on t h e  da te  

t h e  steam genera to r (s )  commence ope ra t i on .  

These proposed r e g u l a t i o n s  were used as t h e  a p p l i c a b l e  emissions 

s tandards f o r  t h e  p r o j e c t .  

Two p h i l o s o p h i e s  f o r  coa l  u t i l i z a t i o n  i n  t h i s  a p p l i c a t i o n  were 

i n v e s t i g a t e d .  The f i r s t  ph i l osophy  was t o  examine t echno log ies  

t h a t  cou ld  be r e t r o f i t t e d  t o  e x i s t i n g  steam generators .  The second 

ph i l osophy  was t o  examine t echno log ies  t h a t  c o u l d  be used f o r  

replacement o r  f u t u r e  expansion capac i t y .  



Three coa l  t echno log ies  were se lec ted  f o r  e v a l u a t i o n  

1. Coa l -O i l  M i x tu res  (COM) 

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

3. F l u i d i z e d  Bed Combustion (FBC) 

Coa l -O i l  M i x tu res  and Coal G a s i f i c a t i o n  were eva lua ted  f o r  r e t r o f i t  

a p p l i c a t i o n .  F l u i d i z e d  Bed Combustion was eva lua ted  f rom t h e  

s tandpo in t  o f  p r o v i d i n g  a  d i r e c t  coa l  f i r e d  steam genera to r  which 

c o u l d  be used t o  p r o v i d e  rep1 acement o r  f u t u r e  expansion capac i t y .  

The p r i m a r y  c o n s i d e r a t i o n  i n  e v a l u a t i n g  these  techno1 og ies  was t h e  

emiss ions r e s u l t i n g  f rom t h e i r  a p p l i c a t i o n .  The techno logy  must be 

a b l e  t o  meet t h e  proposed CARB standards e i t h e r  u n c o n t r o l l e d  o r  

th rough  a p p l i c a t i o n  o f  a v a i l a b l e  c o n t r o l  techno log ies .  

I n  o r d e r  t o  determine a  f u e l  p r o d u c t i o n  o r  a  steam gene ra t i ng  

requ i rement ,  a  common b a s i s  f o r  e v a l u a t i o n  was es tab l i shed .  Th i s  

was done by c r e a t i n g  a  syn thes ized  f i e l d .  T h i s  f i e l d  encompasses 

an a rea  f o u r  m i l e s  i n  d iameter  and con ta i ns  one hundred-50 m i l  1  i o n  

B t u  p e r  hour steam genera to rs .  When opera ted  a t  80% u t i l i z a t i o n ,  

t h i s  would r ep resen t  an annual p r o d u c t i o n  c a p a b i l i t y  o f  approx i -  

ma te l y  3 .5  x  10" pounds o f  steam p e r  year .  

Coal reserves  a re  a v a i l a b l e  i n  Colorado, Wyoming, Utah and New 

Mexico. These reserves  a r e  i n  a  r a d i u s  o f  500 t o  1000 m i l e s  o f  

Kern County. R a i l  f a c i l i t i e s  a r e  a v a i l a b l e  t o  d e l i v e r  coa l  f rom 

these  areas t o  Kern County. D e l i v e r e d  coa l  c o s t s  were developed on 

t h i s  bas i s .  A Utah coa l  was used f o r  process eva lua t i on .  The 

a n a l y s i s  o f  t h i s  coa l  i s  shown i n  F i g u r e  1. 

Cost o f  l imes tone  t o  be used i n  t h e  F l u i d i z e d  Bed Combustion s e c t i o n  

o f  p r o j e c t  was developed on t h e  b a s i s  o f  d e l i v e r y  t o  Kern County by 

r a i l  f rom near Las Vegas, 'Nevada. The a n a l y s i s  o f  t h i s  l imes tone  

i s  shown i n  F i gu re  2. 
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The Economic Ana l ys i s  i s  based on t h e  p r o j e c t  i n t e r n a l  r a t e  o f  

r e t u r n  ( I R R ) .  I R R  i s  determined by t h e  d i s c o u n t  f a c t o r s  f o r  un i f o rm  

compounding o f  t h e  p r o j e c t  cash f l o w  over  each yea r  o f  t h e  s tudy  

p e r i o d .  The s tudy  p e r i o d  s t a r t s  a t  t h e  t ime  o f  r e l ease  o f  t h e  

eng inee r i ng  c o n t r a c t  and f o r m u l a t i o n  o f  t h e  f i n a n c i n g  p l an .  It 

con t inues  th rough  t h e  c o n s t r u c t i o n  p e r i o d  and ends i n  2001. The 

cash f l o w  used i s  f o r  t h e  h y p o t h e t i c a l  case o f  t o t a l  e q u i t y  f i n a n c -  

i n g  (no deb t  o r  i n t e r e s t  payments). The I R R  i s  t h a t  i n t e r e s t  r a t e  

which, when a p p l i e d  t o  t h e  f u t u r e  cash f l ows  t o  d i s c o u n t  them t o  

t h e i r  p resen t  va l ue  (1979), makes t h e  cumula t i ve  d iscoun ted  cash 

f l o w  equal  t o  ze ro  a t  t h e  end o f  t h e  s tudy  p e r i o d  (2001). I n  t h i s  

method o f  a n a l y s i s ,  t h e  r e t e n t i o n  va lue  o f  t h e  bus iness (book va lue  

o f  f i x e d  asse ts  p l u s  wo rk i ng  c a p i t a l )  a t  t h e  c l o s e  o f  t h e  f i n a l  

y e a r  o f  t h e  s tudy  p e r i o d  i s  taken  as a  cash i n f l o w  t o  c l o s e  t h e  

a n a l y s i s .  

I n  t h e  e v a l u a t i o n  o f  each o f  t h e  t h r e e  a l t e r n a t e  f u e l  o p t i o n s  f o r  

enhanced o i l  recovery ,  t h e  I R R  i s  assumed t o  be 15 pe rcen t  a f t e r  

t a x ,  w h i l e  t h e  f u t u r e  annual cash f l ows  a r e  unknown. These f l ows  

can be developed however, by  c a l c u l a t i n g  t h e  p roduc t  (i . e. , steam) 

s e l l i n g  p r i c e ,  g i ven  t h e  p r o d u c t i o n  volume. S ince t h i s  p r i c e  

r ep resen t s  a  c o s t  t h a t  must be added t o  t h e  p r e s e n t  c o s t  o f  p ro -  

duc ing  steam an inc rementa l  a n a l y s i s  i s  i m p l i e d .  However, t h e  f u e l  

c o s t  f o r  t h e  p r e s e n t  o p e r a t i n g  system i s  n o t  known. There fo re ,  i n  

t h e  Economic Analyses t h a t  f o l l o w  t h e  inc rementa l  steam p r i c e  

covers  t h e  f u e l  c o s t ,  a l l  i nc rementa l  o p e r a t i n g  cos t s  and i n c r e -  

mental  c a p i t a l  charges, which y i e l d  an a f t e r - t a x  I R R  o f  15 pe rcen t  

on t h e  inc rementa l  investment .  

Each a n a l y s i s  i s  per formed i n  cons tan t  1978 d o l l a r s .  No i n f l a t i o n  

o r  e s c a l a t i o n  i s  appl  i e d  t o  succeeding years .  

The McKee Venture Ana l ys i s  computer program i s  used t o  develop cash 

f l ows  f o r  t h e  yea rs  i n c l u d e d  i n  t h e  s tudy  p e r i o d  (1979-2001). 



The program o u t p u t  i nc l udes  a  s e n s i t i v i t y  m a t r i x  o f  t h e  i n t e r n a l  

r a t e  o f  r e t u r n  ( I R R )  f o r  changes i n  i n d i v i d u a l  i n p u t  v a r i a b l e s  as 

d i  scussed 1  a t e r .  

The e v a l u a t i o n  o f  t h e  t h r e e  a l t e r n a t e  f u e l  o p t i o n s  a re  based on 

c e r t a i n  c r i t e r i a ,  some o f  which r e s u l t  f rom McKee's exper ience  i n  

t h e  s tudy  and eng inee r i ng  o f  s i m i l a r  t y p e  opera t ions .  The major  

assumptions a re  l i s t e d  below. Unless no ted  o therw ise ,  these a r e  

common t o  a1 1  cases. 

a. The Economic Ana l ys i s  i s  based on c e r t a i n  inc rementa l  and non- 

inc rementa l  c a p i t a l  and o p e r a t i n g  cos t s ;  i. e. , cos t s  t h a t  a r e  

over  and above those  exper ienced i n  t h e  o p e r a t i o n  o f  t h e  100 

e x i s t i n g  o i l - f i r e d  steam genera to rs .  A l l  f i g u r e s  a re  g i v e n  i n  

1978 do1 l a r s  and a r e  accura te  t o  w i t h i n  +25 percen t .  The 

f o l l o w i n g  cos t s  were exc luded f rom t h e  c a p i t a l  c o s t  es t imates :  

- S i t e  p r e p a r a t i o n .  

- Proper ty .  

- Cost o f  i nvestment c a p i t a l  . 

- Rai 1  road  t r a c k  work. 

- R o l l  i n g  s t o c k  such as r a i l r o a d  t a n k  ca rs ,  coa l  c a r s  and 

t a n k  t r u c k s .  

- Royal t i e s  and commissions. 

- Permi ts ,  leases,  t i t l e s ,  concessions, l i c e n s e s ,  easements, 

and r i g h t s - o f - w a y  necessary f o r  t h e  performance o f  t h e  

work. 



- Opera to r '  s  t r a i n i n g  and s t a r t - u p .  

b.  A c o s t  c r e d i t  i s  n o t  taken  f o r  t h e  c o s t  o f  f u e l  o i l  burned i n  

t h e  e x i s t i n g  b o i l e r s ,  as t h e  t r u e  c o s t  p e r  b a r r e l  o f  t h i s  o i l  

i s  n o t  known. 

c. P o l l u t i o n  abatement equipment when r e q u i r e d  f o r  SOx, 
Nox 

and/or p a r t i c u l a t e  c o n t r o l  f o r  t h e  100 steam genera to rs ,  i s  

i n c l u d e d  i n  t h e  c a p i t a l  c o s t  es t imates .  

d. Cont inued o p e r a t i o n  o f  e x i s t i n g  steam genera to rs  would r e q u i r e  

c a p i t a l  and o p e r a t i n g  expend i tu res  f o r  i n s t a l l a t i o n  and opera- 

t i o n  o f  emiss ion c o n t r o l  equipment i n  o r d e r  t o  meet proposed 

CARB l i m i t a t i o n s .  The c o s t  assoc ia ted  w i t h  t h e  equipment 

r e q u i r e d  t o  b r i n g  an e x i s t i n g  o p e r a t i o n  e q u i v a l e n t  t o  t h e  

syn thes ized  f i e l d  i n t o  env i ronmenta l  compl iance f o r  SO and 
X 

NOx i s  es t ima ted  as f o l l o w s :  

C a p i t a l  Cost Ope ra t i ng  Cost 
($/Yr) 

Sox $26,400,000 3,200,000 

Nox 
$ 5,800,000 4,750,000 

T o t a l  32,200,000 7,950,000 

C a p i t a l  and o p e r a t i n g  cos t s  a r e  based on u s i n g  double  a l k a l i  

sc rubb ing  f o r  SOx c o n t r o l  and n o n c a t a l y t i c  ammonia i n j e c t i o n  

f o r  NOx c o n t r o l .  These cos t s  add $0.48 t o  t h e  c o s t  o f  produc- 

i n g  a  thousand pounds o f  steam. I n  terms o f  do1 l a r s  p e r  

b a r r e l  o f  o i l  a v a i l a b l e  f o r  s a l e ,  t h i s  would  r ep resen t  an 

a d d i t i o n  o f  $1.03 t o  t h e  s e l l i n g  p r i c e  p e r  b a r r e l .  

e. The syn thes ized  f i e l d  generates approx imate ly  3.504 x  l o 7  
thousand pounds o f  steam p e r  year .  Based on an 80 pe rcen t  

u t i l i z a t i o n  r a t e ,  t h i s  amount o f  steam would a n n u a l l y  produce 



23,360,000 b a r r e l s  o f  o i l .  Th i s  f i g u r e  was a r r i v e d  a t  by 

c a l c u l a t i n g  t h e  amount o f  o i  1 t h a t  would be r e q u i r e d  t o  gener- 

a t e  3.504 x  l o 7  thousand pounds o f  steam. S ince t h e  c u r r e n t  

method o f  o p e r a t i o n  produces approximate1.y 3 .3  b a r r e l s  o f  o i  1  

p e r  b a r r e l  burned, t h i s  f u e l  consumption was m u l t i p l i e d  by a  

f a c t o r  o f  3.3 i n  o r d e r  t o  es t ima te  t h e  volume o f  o i l  f o r  sa l e .  

f .  Imp lementa t ion  o f  e i t h e r  Coal G a s i f i c a t i o n  o r  F l u i d i z e d  Bed 

Combustion would r e s u l t  i n  making t h e  e n t i r e  o i  1  p r o d u c t i o n  

volume o f  23,360,000 b a r r e l s  p e r  yea r  ava i  1  a b l e  f o r  sa l e .  

Imp lementa t ion  o f  Coa l -O i l  M i x tu res  would save approx imate ly  

40 pe rcen t  o f  t h e  o i l  p r e s e n t l y  b e i n g  used t o  f i r e  steam 

genera to rs .  There fo re ,  use o f  COM would y i e l d  19,155,200 

b a r r e l s  p e r  yea r  f o r  sa l e .  

g. Inc rementa l  o p e r a t i n g  cos t s  a r e  c a l c u l a t e d  f rom t h e  f o l l o w i n g  

u n i t  p r i c e s  f o r  l a b o r  and raw m a t e r i a l s :  

o  Coal: $40/ton; d e l i v e r e d  

o  Lower T i e r  O i  1  : $5.00/bbl ;  d e l i v e r e d  ( f o r  COM 

p l a n t  use on l y )  

o  Limestone: $15.00/ton; d e l i v e r e d  

o  E l e c t r i c i t y :  $. 035/KWH 

o  Labor (noncons t ruc t ion ) :  $1 l.OO/hr 

h. The sum o f  t h e  yea rs  d i g i t s  a c c e l e r a t e d  d e p r e c i a t i o n  schedule 

used on major  p l a n t  and equipment i tems a re  as f o l l o w s :  

P o l l u t i o n  Con t ro l  Equipment 5  years  ( s t r a i g h t  l i n e  

method) 

COM P l a n t  15 years  

Other  P l a n t  and Equipment 20 years  

P i p e l i n e  D i s t r i b u t i o n  System 20 yea rs  



Steam Generators 

Bui  1  d ings  

25 years  

40 years  ( s t r a i g h t  l i n e  

method) 

i. Each o p t i o n  qua1 i f i e s  f o r  a  20 pe rcen t  investment  t a x  c r e d i t  

a p p l i e d  t o  80 pe rcen t  o f  t h e  t o t a l  equipment c a p i t a l  cos t .  

j. Prope r t y  taxes  f o r  t h e  B a k e r s f i e l d  area a re  e q u i v a l e n t  t o  

3.2 pe rcen t  o f  t h e  t o t a l  p l a n t  cos t .  

k. Land can be acqu i r ed  a t  zero c a p i t a l  cos t .  

1. A t o t a l  o f  two man-years o f  t e c h n i c a l  ass i s t ance  a re  p rov i ded  

d u r i n g  t h e  f i r s t  two yea rs  o f  p l a n t  ope ra t i on .  

m. In  t h e  a n a l y s i s  o f  Coal G a s i f i c a t i o n  and Coa l -O i l  M i x tu res ,  

t h e  e x i s t i n g  steam genera to rs  a re  assumed t o  l a s t  th rough  t h e  

s tudy  p e r i o d  (1979-2001). 



2.0 COAL-01 L MIXTURES 

2.1 Techn ica l  I ssues  

The a p p l i c a t i o n  o f  Coa l -O i l  M i x tu res ,  COM, i n  enhanced o i l  recovery  

steam gene ra t i on  was eva lua ted  f rom t h e  s tandpo in t  o f  p roduc ing  a  

f u e l  t h a t  c o u l d  be used t o  f i r e  e x i s t i n g  steam genera to rs .  

The COM concept i s  based on p r e p a r i n g  a  l i q u i d  f u e l ,  c o n t a i n i n g  an 

app rec i ab le  f r a c t i o n  of p u l v e r i z e d  c o a l ,  which can be burned i n  

e x i s t i n g  combustors w i t h  a  minimum o f  m o d i f i c a t i o n .  The r e s u l t i n g  

f u e l  would have c h a r a c t e r i  s t i c s  which a re  weighted averages o f  t h e  

c o n s t i t u e n t  f u e l s ,  f o r  most p r o p e r t i e s .  Consequently, COM would 

have a  h e a t i n g  va lue ,  ash c o n t e n t  and s u l f u r  con ten t  which a re  

between those  o f  t h e  coa l  and o i l  o f  which i t  i s  composed. App l y i ng  

t h i s  concept r e s u l t s  i n  reduced o i l  consumption. Us ing COM con ta i n -  

i n g  a  coa l  c o n c e n t r a t i o n  o f  50 pe rcen t  by  we igh t  would reduce o i l  

consumption by approx imate ly  40 pe rcen t .  

The major  i ssues  t h a t  must be cons idered  i n  t h e  use o f  a  COM f u e l  

concern s t a b i l i t y ,  hand l i ng ,  p r e p a r a t i o n  and s to rage ,  combust ion 

c h a r a c t e r i s t i c s  and s e l e c t i o n  o f  process equipment. The term 

" s t a b i l i t y , "  as a p p l i e d  t o  COM, r e f e r s  t o  t h e  r a t e  a t  which coa l  

s e t t l e s  o u t  o f  t h e  m i x tu re .  A s t a b l e  COM would be one t h a t  e x h i b i t s  

minimum s e t t l i n g  over  a  g i v e n  p e r i o d  o f  t ime.  The l e v e l  o f  s t a b i l -  

i t y  and methods used f o r  s t a b i l i z a t i o n  can va ry  cons ide rab l y  depend- 

i n g  upon t h e  a p p l i c a t i o n .  Long te rm s t a b i l i t y  would be r e q u i r e d  i n  

a p p l i c a t i o n s  t h a t  r e q u i r e  l o n g  s to rage  p e r i o d s  p r i o r  t o  consump- 

t i o n .  Sho r t e r  te rm s t a b i l i t y  c o u l d  be t o l e r a t e d  i n  a p p l i c a t i o n s  

where consumption keeps pace w i t h  p roduc t i on .  

S t a b i l i t y  can be accompl ished th rough  t h e  use o f  a d d i t i v e s ,  by ve r y  

f i n e  p u l v e r i z a t i o n  o f  coa l  p a r t i c l e s  o r  by  cont inuous a g i t a t i o n .  

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



agents o r  s u r f a c t i v e  agents. S t a b i l i z a t i o n  by the  use o f  add i t i ves  

i s  achieved i n  two manners. Coal i s  e i t h e r  prevented from s e t t l i n g  

ou t  o f  the  mix ture  o r ,  coal  i s  a l lowed t o  s e t t l e  ou t  o f  the  mix ture  

b u t  i s  prevented from hard packing. I n  the  l a t t e r  case, the  COM 

must be remixed o r  a g i t a t e d  t o  u n i f o r m i t y  p r i o r  t o  combustion. 

S tab i  1  i z a t i o n  by f i n e  p u l v e r i z a t i o n  requ i res  p u l v e r i z i n g  coal t o  

p a r t i c l e  s izes  o f  l e s s  than 15 microns. P u l v e r i z i n g  t o  t h i s  s i z e  

requ i res  increased horsepower, which increases cos t .  Commercial 

coal  g r i n d i n g  equipment can reduce coal  p a r t i c l e  s izes  i n  t he  range 

of-200 mesh t o  -325 mesh. The genera l l y  accepted p r a c t i c e  f o r  

g r i n d i n g  coal  t o  be used i n  COM f u e l s  i s  t o  reduce coal  t o  p a r t i c l e  

s izes  o f  approximately 80 percent  -200 mesh. S t a b i l i z a t i o n  by f i n e  

p u l v e r i z a t i o n  requ i res  p u l v e r i z i n g  coal t o  p a r t i c l e  s izes  o f  l ess  

than 15 micron, which i s  approximately f i v e  t imes f i n e r  than 200 

mesh. P u l v e r i z i n g  t o  t h i s  s i z e  requ i res  increased horsepower, 

which increases costs. The economics o f  g r i n d i n g  beyond 80 percent  

-200 mesh, r e l a t i v e  t o  the  ga in  i n  s t a b i l i t y  however, have no t  y e t  

been determined. 

S t a b i l i t y  can a l so  be accomplished by continuous a g i t a t i o n .  This  

method keeps coal  i n  suspension by cont inuous rem ix i  ng. When t h i s  

approach i s  used, a  system must be prov ided t o  f l u s h  f u e l  l i n e s  

w i t h  o i l  du r i ng  per iods  o f  shutdown. Th is  i s  done i n  order  t o  

prevent  coal  from s e t t l  i ng i n  the  1  i nes. 

S t a b i l i t y  i s  very important  i n  t h a t  i t  can e f f e c t  handl ing and 

combustion. S e t t l i n g  of coal i n  p ipe  l i n e s  cou ld  cause p lugg ing  

problems. Non-uniform COM cou ld  cause incomplete combustion. Due 

t o  i t s  c r i t i c a l  nature,  a  good engineer ing approach t o  insure  

s t a b i  1 i t y  may be t o  use a d d i t i v e s  i n  con junc t ion  w i t h  continuous 

a g i t a t i o n .  



The most economical approach t o  a  COM f u e l  i s  t o  ach ieve t h e  h i g h e s t  

coa l  c o n c e n t r a t i o n  t h a t  i s  t e c h n i c a l l y  f e a s i b l e .  Th i s  c o n c e n t r a t i o n  

i s  l i m i t e d  by t h e  v i s c o s i t y  o f  t h e  prepared f u e l .  As t h e  coa l  con- 

c e n t r a t i o n  i s  increased,  t h e  r e l a t i v e  v i s c o s i t y  o f  t h e  COM inc reases  

t o  a  p o i n t  where pumping would become d i f f i c u l t .  Th i s  f a c t o r  

l i m i t s  maximum coa l  c o n c e n t r a t i o n  t o  approx imate ly  50 pe rcen t  by 

we igh t .  

V i s c o s i t y  i s  a l s o  a  f u n c t i o n  o f  temperature.  COM e x h i b i t s  a  tem- 

p e r a t u r e  p r o f i l e  ve r y  s i m i l a r  t o  t h a t  o f  i t s  base o i l .  As tempera- 

t u r e  inc reases ,  v i s c o s i t y  decreases. I n  o rde r  t o  decrease hand l i ng  

problems, COM shou ld  be heated d u r i n g  s torage.  A d d i t i o n a l  h e a t i n g  

may be r e q u i r e d  p r i o r  t o  combustion. The temperatures r e q u i r e d  

depend on t h e  c h a r a c t e r i s t i c  o f  t h e  base o i l .  Us ing a  No. 6  o i l  as 

a  base would r e q u i r e  s to rage  temperatures i n  t h e  range o f  120°F t o  

140°F, w i t h  h e a t i n g  t o  approx imate ly  160°F t o  180°F p r i o r  t o  

combustion. 

Tests  conducted on a  package o i l  f i r e d  b o i l e r  have shown t h a t  COM 

can be burned u s i n g  conven t i ona l  combust ion equipment. Combustion 

c h a r a c t e r i s t i c s  f o r  COM composed o f  30% t o  50% coa l  and No. 6 f u e l  

o i l  were ve r y  s i m i l a r  t o  those o f  o i l  a lone.  The f lame s t a b i l i t y  

and envelop were as good as t h a t  o f  o i l  a lone.  E m i s s i v i t y  was 

equal o r  h i ghe r  t h a n  t h a t  o f  o i l ,  and h i g h  coa l  carbon burnou t  was 

achieved. A i r  atomized burners  per formed b e t t e r  t han  steam atomized 

burners .  Steam atomized burners  had a  tendency t o  p l u g  due t o  

t h e i r  sma l l e r  p o r t s .  No evidence o f  s l a g g i n g  o r  ash b u i l d u p  was 

noted. I t  was es t ima ted  t h a t  99% o f  t h e  ash i n p u t  t o  t h e  b o i l e r  

went o u t  t h e  s tack .  N i t r o g e n  ox i de  emissions were h i ghe r  t han  when 

u s i n g  o i l .  T h i s  was p a r t i a l l y  a t t r i b u t e d  t o  t h e  h i ghe r  n i t r o g e n  

l e v e l  o f  t h e  coa l .  P a r t i c u l a t e  emissions were a l s o  h i ghe r  due t o  

t h e  ash i n  t h e  c o a l .  No con t inuous  h i g h  l o a d  o p e r a t i o n  was w i t -  

nessed, and t h e r e f o r e  t h e  e f f e c t  on b o i l e r  e f f i c i e n c y  was n o t  

determined. Th i s  t e s t i n g  covered a  p e r i o d  o f  approx imate ly  750 



hours.  A1 though r e s u l t s  were p o s i t i v e ,  l onge r  t e s t  p e r i o d s  would 

be r e q u i r e d  t o  determine t h e  e f f e c t  on b o i l e r  e f f i c i e n c y  and poten-  

t i a l  l o n g  te rm ash problems. 

A major  c o n s i d e r a t i o n  i n  t h e  s e l e c t i o n  o f  process equipment f o r  

p r e p a r a t i o n  and u t i l i z a t i o n  o f  COM i s  t h e  ab ras i ve  na tu re  o f  s l u r r y  

f ue l s .  To da te ,  o n l y  s h o r t  d u r a t i o n  t e s t s  have been per formed 

u s i n g  s tandard  equipment. Burner nozz le  e r o s i o n  may be a  l o n g  term 

maintenance problem. I n t e r n a l  a t om iz i ng  nozz les ,  where a t o m i z a t i o n  

takes  p l a c e  b e f o r e  t h e  f u e l  and a tom iz i ng  media leave  t h e  nozz le ,  

a re  h i g h l y  s u s c e p t i b l e  t o  e ros i on .  Ex te rna l  a t om iz i ng  nozz les 

appear t o  p r o v i d e  some r e l i e f  i n  t h i s  area. Pumps, va lves ,  p i p i n g  

and i n s t r u m e n t a t i o n  a re  a l s o  s u b j e c t  t o  t h e  same e r o s i o n  problem. 

As p r e v i o u s l y  i n d i c a t e d ,  t e s t  programs have been o f  s h o r t  du ra t i on .  

The e f f e c t  t h a t  e r o s i o n  w i l l  have on equipment r e l i a b i l i t y  w i l l  

have t o  be determined by l onge r  te rm t e s t  programs. The Department 

o f  Energy i s  p r e s e n t l y  i n v o l v e d  i n  severa l  Coal - 0 i  1  M i x t u r e  demon- 

s t r a t i o n  p r o j e c t s .  The o b j e c t i v e s  o f  these p r o j e c t s  a re  t o  demon- 

s t r a t e  COM i n  i n d u s t r i a l  and u t i l i t y  a p p l i c a t i o n s  and t o  address 

t h e  t e c h n i c a l  i ssues  assoc ia ted  w i t h  i t s  p r e p a r a t i o n  and use. When 

these  p r o j e c t s  reach  t h e  a c t u a l  demonst ra t ion phases, many ques t ions  

shou ld  be answered r e l a t i v e  t o  l o n g  te rm re1  i a b i  1  i t y  o f  equipment. 

A t  p resen t ,  however, e r o s i o n  shou ld  be recogn ized  as a  p o t e n t i a l  

problem and t h e r e f o r e  shou ld  be a  major  c o n s i d e r a t i o n  i n  t h e  des ign  

of p i p i n g  systems and s e l e c t i o n  o f  process equipment. 

2 .2  R e t r o f i t t i n g  Steam Generators 

The two major  i t e c ,  t h a t  must be cons idered  when r e t r o f i t t i n g  steam 

genera to rs  t o  bu rn  COM concern (1) emiss ion c o n t r o l  requ i rements  

and (2)  m o d i f i c a t i o n  t o  a l l o w  f o r  ash removal .  

Est imates of emiss ions r e s u l t i n g  f rom combust ion o f  a  COM c o n t a i n i n g  

50% by we igh t  Utah coa l  and 50% by we igh t  lease  crude o i l  w i t h  



a n a l y s i s  shown i n  F igu re  3,  i n d i c a t e  t h a t  s u l f u r  ox i de  and n i t r o g e n  

ox ide  emissions would have t o  be reduced by approx imate ly  73% and 

67% r e s p e c t i v e l y  t o  meet t he  CARB l i m i t a t i o n s  f o r  e x i s t i n g  steam 

generators .  P a r t i c u l a t e  c o l  l e c t i o n  would a1 so be requ i red .  

The r e d u c t i o n  r e q u i r e d  f o r  s u l f u r  ox ide  cou ld  be achieved by t h e  

use o f  scrubbers.  Both double a1 k a l i  and s i n g l e  a1 k a l  i scrubbers 

can achieve removal e f f i c i e n c i e s  g r e a t e r  than  t h e  73% r e q u i r e d  i n  

t h i s  a p p l i c a t i o n .  Inasmuch as b o t h  types have t h e  same c a p a b i l i t y ,  

s e l e c t i o n  o f  which approach t o  use would have t o  be based on c a p i t a l  

and o p e r a t i n g  cos t s ,  a1 ong w i t h  o p e r a t i n g  cond i t i ons .  I n  genera l  , 
t h e  f o l  l ow ing  comparisons can be made: 

1. C a p i t a l  cos t s  f o r  double a l k a l i  scrubbers a r e  a t  l e a s t  t w i c e  

t h e  c o s t  o f  s i n g l e  a l k a l i  scrubbers f o r  comparable s i zes .  

2. Water requi rements f o r  double a l k a l i  scrubbers a re  cons ide rab l y  

l e s s  than  those o f  s i n g l e  a1 k a l  i scrubbers.  

3. Waste d isposa l  i s  l e s s  o f  a  problem w i t h  double a1 k a l i  scrub- 

bers ,  s i nce  t h e  g r e a t e s t  percentage o f  i t  i s  wate r  i n s o l u b l e .  

Accord ing ly  , waste d i sposa l  cos t s  should be 1 ower. 

It i s  conce ivab le  t h a t  t h e  h i ghe r  c a p i t a l  c o s t  f o r  double a l k a l i  

scrubbers c o u l d  be o f f s e t  by lower  o p e r a t i n g  cos t s  when a comparison 

i s  made. For t h e  purpose o f  making an economic e v a l u a t i o n  o f  t h e  

o v e r a l l  p r o j e c t ,  we have e l e c t e d  t o  use double a l k a l i  scrubbing. 

Th i s  was based p r i m a r i l y  on lower  water  requi rements and e a s i e r  

d i sposa l  o f  s o l  i d  waste. 

The g e n e r a l l y  accepted methods o f  reduc ing  NOx emissions a re  through 

combustion m o d i f i c a t i o n s  o r  f l u e  gas t reatment .  Reduct ion by 

combustion m o d i f i c a t i o n  i s  accomplished by reduc ing  f lame tempera- 

t u r e  o r  oxygen a v a i l a b i l i t y .  These techniques a r e  most e f f e c t i v e  
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i n  reduc ing  NOx generated thermal l y  , b u t  do n o t  s i g n i f i c a n t l y  

reduce NOx formed by n i t r o g e n  i n  t h e  f u e l .  The o n l y  m o d i f i c a t i o n  

technique t h a t  c o u l d  be used i n  t h i s  a p p l i c a t i o n  would be minimum 

excess oxygen f i r i n g .  Since t h e  major p o r t i o n  o f  t h e  NOx generated 

i n  t h i s  a p p l i c a t i o n  would come from n i t r o g e n  i n  f u e l ,  i t  i s  e s t i -  

mated t h a t  t h i s  m o d i f i c a t i o n  would o n l y  reduce NOx emissions by 

approx imate ly  15 percen t .  

C a t a l y t i c  and n o n - c a t a l y t i c  ammonia i n j e c t i o n  processes a re  a v a i l -  

a b l e  t o  t r e a t  f l u e  gas i n  o rde r  t o  reduce NOx emissions. Both 

approaches r e a c t  ammonia w i t h  NOx t o  produce n i t r o g e n  and water .  

Both approaches a1 so r e q u i r e  a  narrow and c r i t i c a l  temperature 

range f o r  optimum e f f e c t i v e n e s s .  The c a t a l y t i c  process r e q u i r e s  a  

temperature range o f  approx imate ly  600°F t o  800°F, w h i l e  t h e  non- 

c a t a l y t i c  process r e q u i r e s  a  temperature range o f  approx imate ly  

1700°F t o  1800°F. 

C a t a l y t i c  ammonia i n j e c t i o n  does n o t  r e a d i l y  l e n d  i t s e l f  t o  steam 

genera to r  a p p l i c a t i o n .  I t  would be d i f f i c u l t  t o  p r o v i d e  t h e  tem- 

p e r a t u r e  range r e q u i r e d  by t h i s  process. I n  a d d i t i o n ,  i t  i s  a n t i c -  

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

gas would have adverse e f f e c t s  on t h e  c a t a l y s t .  

N o n - c a t a l y t i c  ammonia i n j e c t i o n  i s  more a p p l i c a b l e  t o  steam genera- 

t o r  design. Tests  conducted on a  50 m i l l i o n  B t u  p e r  hour steam 

genera to r  i n d i c a t e  t h a t  temperatures a t  t h e  j u n c t i o n  o f  t h e  r a d i a n t  

and convec t ion  sec t i ons  were f avo rab le  f o r  t h i s  process. NOx 

r educ t i ons  averaging 70% were achieved. I t  must be emphasized t h a t  

t h i s  t e s t  was o f  s h o r t  d u r a t i o n ,  under c o n t r o l l e d  c o n d i t i o n s  and on 

a  s p e c i f i c  u n i t .  It i s  n o t  known i f  these r e s u l t s  c o u l d  be d u p l i -  

ca ted  on o t h e r  u n i t s  under a c t u a l  o p e r a t i n g  cond i t i ons .  I n  genera l ,  

n o n - c a t a l y t i c  ammonia i n j e c t i o n  has reduced NO, by over  90% under 

l a b o r a t o r y  c o n d i t i o n s ,  b u t  r educ t i ons  i n  commercial a p p l i c a t i o n s  

have been l e s s  than  70 percen t .  



Using combust ion m o d i f i c a t i o n s  and ammonia i n j e c t i o n ,  i t  would 

appear t h a t  t e c h n i c a l l y ,  under c o n t r o l l e d  c o n d i t i o n s ,  r educ t i ons  o f  

NOx emissions i n  excess o f  t h e  67% r e q u i r e d  i n  t h i s  a p p l i c a t i o n  

c o u l d  be achieved. These reduc t i ons  , however, were ach ieved under 

r e l a t i v e l y  c o n t r o l l e d  c o n d i t i o n s .  Due t o  t h e  na tu re  o f  t h e  opera- 

t i o n ,  steam genera to rs  i n  o i l  f i e l d  use r e q u i r e  broad o p e r a t i n g  

margins.  Th i s  must be taken  i n t o  c o n s i d e r a t i o n  when a t t emp t i ng  t o  

app l y  r e s u l t s  from o t h e r  a p p l i c a t i o n s  t o  t h i s  a p p l i c a t i o n .  

The second major  i t e m  t h a t  must be cons idered  i s  m o d i f i c a t i o n  t o  

t h e  steam genera to rs  t o  a l l o w  ash removal. D u p l i c a t i o n  o f  t h e  

p r e v i o u s l y  descr ibed  t e s t  r e s u l t s  i n  t h i s  appl  i c a t i o n  would r e s u l t  

i n  accumulat ion o f  approx imate ly  f o r t y  pounds o f  ash p e r  day i n  t h e  

steam genera to r .  Even w i t h  t h i s  r e s u l t ,  m o d i f i c a t i o n s  would have 

t o  be made t o  a l l o w  f o r  ash removal. It i s  l i k e l y  t h a t  m o d i f i c a t i o n  

c o u l d  be made t o  t h e  convec t ion  s e c t i o n  o f  t h e  steam genera to r  t o  

accommodate soo t  b l ow ing  equipment, b u t  t h e  des ign  o f  t h e  steam 

genera to r  r a d i a n t  s e c t i c n  does n o t  r e a d i l y  l e n d  i t s e l f  t o  t h i s  

m o d i f i c a t i o n .  One approach t h a t  may be used would be t h e  i n s t a l l a -  

t i o n  o f  a lance  t ype  soo t  b lower  i n  t h e  bot tom o f  t h e  r a d i a n t  

s e c t i o n  which would t r a v e r s e  t h e  l e n g t h  o f  t h e  steam genera to r .  

The o b j e c t i v e  would be r e - e n t r a i n  depos i t ed  ash o r  move t h e  ash t o  

one end o f  t h e  steam genera to r  f o r  removal. A c o l l e c t i o n  hopper 

would have t o  be i n s t a l l e d  a t  one end o f  t h e  steam genera to r  t o  

r e c e i v e  t h e  ash. The f e a s i b i l i t y  and success o f  t h i s  approach i s  

specu la t i ve .  

As can be seen f rom t h e  p rev i ous  d i scuss ion ,  b u r n i n g  COM i n  an 

env i r onmen ta l l y  accep tab le  manner would r e q u i r e  scrubbers ,  non- 

c a t a l y t i c  ammonia i n j e c t i o n  and f l y  ash c o l l e c t i o n .  I n s t a l  l a t i o n  

o f  t h i s  equipment would have cons ide rab le  impact  on t h e  c u r r e n t  

method o f  ope ra t i on .  S l  agg i  ng, ash removal and p o t e n t i a l  steam 

genera to r  d e r a t i n g  may p resen t  a d d i t i o n a l  problems. I n  o rde r  t o  

make an economic e v a l u a t i o n ,  we have assumed t h a t  emiss ion l i m i t a -  



t i o n s  cou ld  be achieved by t h e  methods d iscussed and c a p i t a l  and 

o p e r a t i n g  cos t s  were developed acco rd ing l y .  I n  a d d i t i o n  we have 

assumed t h a t  a  steam genera to r  cou ld  be m o d i f i e d  t o  a l l o w  ash 

removal. 

2.3 Implementat ion 

The p l a n  f o r  implement ing COM i n  t h e  syn thes ized  f i e l d  c a l l s  f o r  

one p r e p a r a t i o n  p l a n t  t o  s e r v i c e  t h e  f i e l d .  Th i s  p l a n t  w i l l  be 

l o c a t e d  on t h e  pe r ime te r  o f  t h e  f i e l d .  It i s  assumed t h a t  COM 

would be d i s t r i b u t e d  t o  t h e  steam generators  u s i n g  an e x i s t i n g  o i l  

d i s t r i b u t i o n  system. 

The COM p r e p a r a t i o n  p l a n t  f o r  t h e  p r o j e c t  i s  a  cont inuous process 

designed t o  produce approx imate ly  27,900 b a r r e l s  p e r  day (405.6 

m i l  l i o n  g a l l o n s  p e r  yea r )  o f  s t a b l e  COM w i t h  a  50% by we igh t  coa l  . 
concen t ra t i on .  Th i s  p r o d u c t i o n  r e q u i r e s  approx imate ly  3000 tons  o f  

coa l  p e r  day, 15,800 b a r r e l s  o f  crude o i l  p e r  day and 155 b a r r e l s  

o f  s t a b i l i z e r /  a d d i t i v e  p e r  day. The a n a l y s i s  o f  t h e  coa l  and o i l  

used i n  p roduc ing  t h i s  COM a r e  shown i n  F igures  1  and 3  

r e s p e c t i v e l y .  

The m a t e r i a l  f l o w  diagram and equipment requi rements f o r  t h e  prepa- 

r a t i o n  p l a n t  a r e  shown i n  drawing 4598-A-081478-1. Drawing 4598-A- 

081478-2 shows p l o t  p l a n s  and e l e v a t i o n s  f o r  t h e  p r e p a r a t i o n  p l a n t .  

Run o f  mine coa l  i s  d e l i v e r e d  t o  t h e  p r e p a r a t i o n  p l a n t  s i t e  by r a i l  

and i s  d ischarged  t o  below grade t r a c k  r e c e i v i n g  hoppers. I t  i s  

d ischarged f rom these hoppers by v i b r a t i n g  feeders and t r a n s p o r t e d  

t o  t h e  s to rage  y a r d  by b e l t  conveyors. Crude o i l  i s  d e l i v e r e d  t o  

t h e  s i t e  and pumped t o  o i l  s to rage  tanks.  S t a b i l i z e r / a d d i t i v e  i s  

d e l i v e r e d  t o  t h e  s i t e  by t r u c k  and pumped t o  a d d i t i v e  s to rage  

tanks.  



Coal i s  rec la imed f rom l i v e  s to rage  by  two u n d e r p i l e  hoppers 

equipped w i t h  v i b r a t i n g  feeders .  Reclaimed coa l  i s  t r a n s p o r t e d  by 

b e l t  conveyor t o  t h e  p r e p a r a t i o n  area. Th i s  area c o n s i s t s  o f  two 

i d e n t i c a l  COM p r e p a r a t i o n  t r a i n s .  Coal r ece i ved  i n  t h i s  area i s  

d ischarged  i n t o  two s to rage  s i l o s .  I t  i s  wi thdrawn f rom t h e  s to rage  

s i l o s  by  v i b r a t i n g  feeders  and conveyed t o  r o l l e r  m i l l s  where i t  i s  

subsequent ly  p u l v e r i z e d  t o  approx imate ly  80% - 200 mesh. P u l v e r i z e d  

coa l  i s  t h e n  c l a s s i f i e d  by a  cyc lone  c o l l e c t o r .  C l a s s i f i e d  p u l v e r -  

i z e d  coa l  i s  d i scharged  t o  surge b i n s  by  means o f  r o t a r y  feeders .  

Coal ,  o i l  and a d d i t i v e  a re  t hen  metered, i n  t h e  c o r r e c t  p r o p o r t i o n s ,  

i n t o  m i x i n g  tanks.  These tanks a re  equipped w i t h  a g i t a t o r s  which 

mix  t h e  c o a l ,  o i l  and a d d i t i v e  t o  t h e  d e s i r e d  s p e c i f i c a t i o n .  COM 

i s  then  pumped f rom t h e  m i x i n g  tanks  t o  s to rage  tanks .  These tanks  

a r e  a l s o  equipped w i t h  a g i t a t o r s  i n  o r d e r  t o  i n s u r e  s t a b i l i t y  

d u r i n g  s torage.  



2.4  Economics 

Th i s  s e c t i o n  con ta i ns  t h e  r e s u l t s  o f  an economic a n a l y s i s  o f  imple-  

ment ing Coal-Oi 1  M i x tu res  (COM) i n  t h e  syn thes ized  f i e l d .  Th i s  

f i e l d  would  generate  approx imate ly  3.504 x  l o 7  thousand pounds o f  

steam p e r  yea r .  

The Economic Ana l ys i s ,  as exp la i ned  i n  t h e  I n t r o d u c t i o n ,  i s  based 

upon c a p i t a l  c o s t s  ( i n c l u d i n g  p o l  1  u t i  on c o n t r o l  equipment) which 

a r e  over  and above those  o f  t h e  e x i s t i n g  f a c i l i t i e s .  S i m i l a r l y ,  

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

o f  steam b u t  r a t h e r ,  t h e  c o s t  t o  cover  o n l y  those i tems r e l a t e d  t o  

t h e  new f a c i l i t i e s .  T h i s  i nc l udes  t h e  t o t a l  f u e l  c o s t ,  however. 

Conc lus ions 

Using d e l i v e r e d  cos t s  o f  $40.00 p e r  t o n  o f  coa l  and $5.00 p e r  

b a r r e l  o f  l ower  t i e r  o i l  a t  t h e  COM p l a n t ,  an added p r i c e  o f  $3.11 

p e r  thousand pounds o f  steam i s  necessary i n  o rde r  f o r  t h e  COM 

o p e r a t i o n  t o  o b t a i n  an a f t e r - t a x  I R R  o f  15 percen t .  Assuming a  n e t  

19,155,200 b a r r e l s  o f  o i l  a n n u a l l y  a v a i l a b l e  f o r  s a l e  f rom t h e  

enhanced recovery  program, t h e  above p r i c e  equates t o  $5.69 added 

t o  t h e  c o s t  o f  p roduc ing  one b a r r e l  o f  o i l  f o r  sa le .  Th i s  p r i c e  i s  

based upon a  p l a n t  investment  o f  $72.9 m i l  1  i o n  and a  work ing  

c a p i t a l  requ i rement  o f  $1 2 .6  m i  11 i o n .  

The s e n s i t i v i t y  o f  t h e  I R R  t o  a  change i n  t h e  va lue  o f  a  s p e c i f i c  

i n p u t  v a r i a b l e  i s  measured by t h e  index  o f  s e n s i t i v i t y .  For  t h e  

v a r i a b l e s  l i s t e d  below, t h e  i n d i c e s  o f  s e n s i t i v i t y  a r e  as f o l l o w s :  



Index  o f  S e n s i t i v i t y  
(Percentage P o i n t  Change i n  

V a r i a b l e  

Incrementa l  P r i c e  

Incrementa l  Investment  

Inc rementa l  V a r i a b l e  Costs 

I R R  Per 1  Percent  Change i n  
Value o f  I n p u t  Va r i ab l e )  

The i n t e r n a l  r a t e  o f  r e t u r n  i s ,  t h e r e f o r e ,  most s e n s i t i v e  t o  t h e  

inc rementa l  p r i c e  of steam. I t s  index  va lue  i n d i c a t e s  t h a t  a  one 

pe rcen t  change i n  steam p r i c e  e f f e c t s  a  change o f  0.51 percentage 

p o i n t  i n  t h e  I R R .  

2.4.2 I n p u t  Va r i ab l es  

The f o l l o w i n g  paragraphs d e t a i l  t h e  va lues t h a t  a r e  used as i n p u t s  

t o  t h e  computer program f o r  t h e  COM imp lementa t ion  a n a l y s i s .  

The COM p l a n t  i s  assumed t o  a t t a i n  i t s  expected p r o d u c t i o n  l e v e l  

approx imate ly  two years  a f t e r  s t a r t - u p .  Costs and o t h e r  da ta  

r e l a t i n g  t o  o p e r a t i o n  a t  r a t e d  c a p a c i t y  a re  as f o l l o w s :  

2.4.2a P roduc t i on  Volume and Opera t ing  Schedule 

P roduc t i on  cos t s  a r e  based on an annual steam p r o d u c t i o n  o f  3.504 x 

l o 7  thousand pounds o f  steam. The p l a n t  operates 347 days p e r  

year .  

2.4.2b Added Oper t i n g  Costs 

The es t ima ted  annual a d d i t i o n a l  o p e r a t i n g  c o s t s  assoc ia ted  w i t h  t h e  

COM p l a n t  and r e l a t e d  p o l l u t i o n  c o n t r o l  equipment on t h e  e x i s t i n g  

steam genera to rs  a re  based on t h e  l a b o r  and raw m a t e r i a l  cos t s  



d e t a i  l e d  i n  t h e  Bas is  o f  Eva1 u a t i o n  d i scuss ion .  These es t imates  

a re  cons idered  t o  be a t t a i n a b l e  a t  f u l l  p roduc t i on .  

Added Opera t ing  Costs 

Cost 

V a r i a b l e  Costs ($1 000) ($ p e r  1000 1  bs. Steam; Approx. - ) 

Raw M a t e r i a l s  a t  COM P l a n t  63,908 

(Not Inc rementa l )  

Coal $35,666 

O i  1  23,117 

A d d i t i v e  5,125 

Other  Ope ra t i ng  Costs 
(Va r i ab l e )  

( I n c l  udes r e p a i  r and 
mai ntenance, u t i  1 i ti es , 
s u p p l i e s  and consumables, 
ash hand1 i ng (s  1  udge) 
and NOx, SOx and 
p a r t i c u l a t e  c o n t r o l  ) 16,027 

T o t a l  V a r i a b l e  Costs 79,935 

Semi -var iab le  Costs 

Labor 2,650 

Semi -var iab le  Expenses 

Ad-valorem taxes  and 
insurance  

TOTAL ADDED OPERATING 
COSTS 



2 . 4 . 2 ~  Caoi t a l  Cost Est imates 

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

abatement equipment f o r  t h e  e x i s t i n g  b o i l e r s  i s  es t ima ted  t o  be 

$72.9 m i l l i o n  i n  1978. T h i s  es t ima te  i s  accura te  t o  w i t h i n  +25 

pe rcen t  and i s  i t e m i z e d  as f o l  1  ows: 

S ta r t -Up  
Year - 3  - 2  - 1  0  T o t a l  

( M i l l i o n s  o f  D o l l a r s )  

Bu i  1  d i  ngs - 1 .9  1.9 - 3 .8  

P o l l u t i o n  Con t ro l  8.4 16.7 8 . 4  - 33.5 

COM P l a n t  & Equipment 8.9 17.8 8 . 9  - 35.6 

2.4.2d Inc rementa l  Working C a p i t a l  

Working c a p i t a l  i s  p r o v i d e d  t o  cover  c u r r e n t  cash r e q u i  rements , 
accounts r e c e i v a b l e ,  i n v e n t o r y  o f  o p e r a t i n g  m a t e r i a l s ,  as w e l l  as 

accounts payable.  

Cash i s  s u f f i c i e n t  f o r  a  four-month p a y r o l l ,  accounts r e c e i v a b l e  

a r e  17 pe rcen t  o f  sa l es  (60 day payment), accounts payable  a re  

17 pe rcen t  o f  o p e r a t i n g  cos t s  e x c l u d i n g  l a b o r  (60 day payment), and 

i n v e n t o r y  volumes a re  s u f f i c i e n t  f o r  annual needs. 

Inc rementa l  T o t a l  Working C a p i t a l  = 12 Percent  o f  Incrementa l  

Sales.  

2.4.3 I n t e r n a l  Rate o f  Return 

The added p r i c e  of steam generated f rom t h e  COM-fired steam gener- 

a t o r s  i s  $3.11 p e r  thousand pounds o f  steam i n  o rde r  t o  o b t a i n  t h e  

assumed 15 pe rcen t  a f t e r - t a x  I R R .  



The i n d i v i d u a l  components o f  t h a t  p r i c e  a re  as f o l l o w s :  

Added Opera t ing  Costs and F i xed  Charges 

Cost - 
I tem ($1000) ($ p e r  1000 l b s .  Steam; Approx. - ) 

Raw M a t e r i a l s  (Not 63,908 
Inc rementa l  ) 

Other  Ope ra t i ng  Costs 16,027 
( V a r i a b l e )  

Labor (Semi -var iab le )  2,650 

Ad-valorem Taxes and 
Insurance  2,916 

T o t a l  Inc rementa l  85,501 
Ope ra t i ng  Costs 

C a p i t a l  Charges 

T o t a l  Cost 108,974 3.11 

Annual c a p i t a l  charges no ted  above a re  r e q u i r e d  t o  o b t a i n  an I R R  o f  

15 pe rcen t  a f t e r  t a x  on t h e  added investment .  These t o t a l  approx i -  

mate ly  32 pe rcen t  o f  t h e  t o t a l  c a p i t a l  c o s t  d iscussed e a r l i e r  i n  

t h i s  s e c t i o n .  

2.4.4 S e n s i t i v i t y  Ana l ys i s  

The f o l l o w i n g  i s  a  summary o f  v a r i a b l e s  i n c l u d i n g  inc rementa l  steam 

p r i c e ,  i nves tments ,  and cos t s  as t hey  a f f e c t  t h e  s e n s i t i v i t y  o f  t h e  

i n t e r n a l  r a t e  o f  r e t u r n  f o r  t h e  proposed p r o j e c t .  



2.4.4a Incrementa l  P r i c e  

An inc rementa l  p r i c e  o f  $3.11 p e r  thousand pounds o f  steam was 

c a l c u l a t e d  t o  be t h e  p r i c e  "most l i k e l y "  t o  y i e l d  an a f t e r - t a x  I R R  

o f  15 pe rcen t .  

To gauge s e n s i t i v i t y ,  t h i s  p r i c e  was v a r i e d  f rom a  low o f  $2.47 p e r  

thousand pounds o f  steam t o  a  h i g h  o f  $3.73 p e r  thousand pounds o f  

steam. The cor respond ing  va lues of t h e  I R R  was -2.0 and 23.7 

pe rcen t  r e s p e c t i v e l y .  

Incrementa l  P r i c e  

$ / I000 l b s .  Steam I R R ,  % 

-2.0 

15.0 

23.7 

2.4.4b Inc rementa l  Investment  

The inc rementa l  p l a n t  and equipment inves tment  f o r  t h e  proposed COM 

a l t e r n a t i v e  has a  "most l i k e l y "  t o t a l  o f  $72.9 m i l l i o n  spent  over  

an approximate th ree-year  p e r i o d .  Th i s  t o t a l  was v a r i e d  by  25 pe r -  

cen t  on t h e  h i g h  and low s i d e  t o  y i e l d  investment  t o t a l s  f rom $54.7 

m i l l i o n  t o  $91.9 m i l l i o n .  The r e s u l t i n g  I R R  va lues  were 18.7 and 

12.8 p e r c e n t  r e s p e c t i v e l y .  

Inc rementa l  Investment  

P l a n t  C a p i t a l  Cost 

$54,700,000 

72,900,000 

91,100,000 

I R R ,  % 

18.7 

15.0 

12.8 



Inc rementa l  V a r i a b l e  Cost 

V a r i a b l e  c o s t  i nc l udes  a l l  i t ems noted i n  t h e  d i s c u s s i o n  o f  opera t -  

i n g  c o s t s ,  w i t h  t h e  excep t i on  o f  t h e  sem i - va r i ab l e  components. A 

25 pe rcen t  f a c t o r  was a p p l i e d  f o r  t h e  h i g h  and low inc rementa l  

v a r i a b l e  c o s t  va lues ,  r e s u l t i n g  i n  a  range o f  1.71 t o  2.85 p e r  

thousand pounds o f  steam. The corresponding I R R  va lues  were 23.5 

and 1.2 r e s p e c t i v e l y .  

Inc rementa l  V a r i a b l e  Cost 

Cost p e r  1000 1  bs. Steam I R R ,  % 

$1.71 23.5 

$2.28 15.0 

$2.85 1 .2  

As can be seen f rom t h e  t a b l e  o f  Added Ope ra t i ng  Costs and F i xed  

Charges, t h e  ma jo r  p o r t i o n  o f  t h e  v a r i a b l e  c o s t  i s  a t t r i b u t e d  t o  

t h e  c o s t  o f  raw m a t e r i a l s  and i n  p a r t i c u l a r  coa l .  F i gu re  4 p resen ts  

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

o f  coa l .  Va ry i ng  t h e  p r i c e  o f  coa l  by  25 pe rcen t  above and below 

t h e  va lue  o f  $1.72 p e r  m i l l i o n  B t u  used i n  t h e  s tudy  y i e l d s  cos t s  

p e r  thousand pound o f  steam o f  $3.37 and $2.86 r e s p e c t i v e l y .  

Coal Cost  

D e l i v e r e d  P r i c e  
($ p e r  M i l l i o n  B tu )  

1.29 

Steam Cost 
($ p e r  1000 1  bs) 

2.86 



COAL-OIL MIXTURES 

SENSITIVITY TO COAL COST 

DELIVERED PRICE OF COAL - S PER MILLION BTU 

- 

- 

- 

- 

- 

- 

F I G U R E  4 

/' 

Value Used in Study: $1.72 

.90 1.20 1.50 1.80 2.10 2.40 



2.4.4d Index  o f  S e n s i t i v i t v  

The s e n s i t i v i t y  a n a l y s i s  can be summarized by  n o t i n g  t h a t  an index 

o f  s e n s i t i v i t y  can be c a l c u l a t e d  f o r  each o f  t h e  v a r i a b l e s  d iscussed 

e a r l i e r .  The l a r g e r  t h i s  index  number, t h e  more s e n s i t i v e  t h e  I R R  

i s  t o  a  pe rcen t  change i n  t h a t  v a r i a b l e .  

Ma thema t i ca l l y ,  t h e  index  o f  s e n s i t i v i t y  can be expressed as: 

I R R  = Abso lu te  change i n  I R R  ob ta i ned  by v a r y i n g  a  

s p e c i f i c  i n p u t  v a r i a b l e  (e. g. , s e l l i n g  p r i c e )  

V1 = I n i t i a l  i n p u t  v a r i a b l e  va lue  

v2 = F i n a l  i n p u t  v a r i a b l e  va l ue  

The va lue  "I" g i v e s  t h e  change i n  I R R  u n i t s  p e r  percentage change 

i n  t h e  s p e c i f i c  v a r i a b l e .  

Us ing  t h i s  equa t i on  r e s u l t s  i n  t h e  f o l l o w i n g  i n d i c e s  o f  

s e n s i t i v i t y :  

V a r i a b l e  

Inc rementa l  P r i c e  

Inc rementa l  Investments  

Inc rementa l  V a r i a b l e  Costs 

Index  o f  S e n s i t i v i t y ,  I 



The I n t e r n a l  Rate o f  Return i s ,  t h e r e f o r e ,  most s e n s i t i v e  t o  t h e  

inc rementa l  p r i c e  o f  steam. A one pe rcen t  change i n  t h a t  p r i c e  

w i l l  r e s u l t  i n  a  change o f  0.36 i n  t h e  I R R .  

2 .5  Demonst ra t ion 

Demonst ra t ion o f  Coa l -O i l  M i x tu res  c o u l d  be accompl ished by u s i n g  

COM t o  f i r e  one steam genera to r .  Demonst ra t ion i n  t h i s  manner 

would r e q u i r e  c o n s t r u c t i o n  o f  a  COM p r e p a r a t i o n  p l a n t  and i n s t a l  1  a- 

t i o n  o f  emiss ion  c o n t r o l  equipment on t h e  steam genera to r .  

The f o l l o w i n g  i s  an es t ima te  o f  t h e  c o s t  o f  t h i s  program based on 

c o n s t r u c t i n g  a  p r e p a r a t i o n  p l a n t  designed t o  produce a 50/50 COM t o  

f i r e  one 50 m i l l i o n  B t u  p e r  hour steam genera to r .  C a p i t a l  cos t s  

i n c l u d e  c o s t s  such as eng ineer ing ,  equipment, i n s t a l  l a t i o n  and 

c o n s t r u c t i o n  o f  t h e  COM p r e p a r a t i o n  p l a n t  and emiss ion c o n t r o l  

equipment. D i r e c t  o p e r a t i n g  cos t s  were developed on t h e  b a s i s  o f  

one y e a r ' s  o p e r a t i o n  a t  80% u t i l i z a t i o n .  T h i s  c o s t  covers  i tems 

such as raw m a t e r i a l s  ( coa l ,  o i l ,  a d d i t i v e s  and chemica ls) ,  l a b o r ,  

u t i  1  i t i e s ,  r e p a i r  and mai ntenace and waste d i  sposal  . 

C a p i t a l  Cost $2,320,000 

D i  r e c t  Ope ra t i  ng Cost 1,260,000 

TOTAL DEMONSTRATION COST $3,580,000 



3.0 COAL GASIFICATION 

3 .1  Techn ica l  I ssues  

The a p p l i c a t i o n  o f  Coal G a s i f i c a t i o n  i n  enhanced o i l  recovery  steam 

gene ra t i on  was eva lua ted  f rom t h e  s tandpo in t  o f  p roduc ing  a  low-Btu 

o r  medium-Btu gas which c o u l d  be u t i l i z e d  t o  f i r e  e x i s t i n g  steam 

genera to rs .  

The s e l e c t i o n  o f  a  g a s i f i e r  techno logy  was based on t h e  a b i l i t y  o f  

t h e  techno logy  t o  s a t i s f y  t h e  f o l l o w i n g  t h r e e  b a s i c  c r i t e r i a .  

1. The g a s i f i e r  must be a b l e  t o  accept  coa l  f i n e s .  

2. The g a s i f i e r  c o u l d  be opera ted  w i t h o u t  p roduc ing  by- 

p r o d u c t  t a r s .  

3. The techno logy  must be demonstrated and commerc ia l ly  

a v a i l a b l e .  

A f t e r  e v a l u a t i n g  t h e  v a r i o u s  g a s i f i e r s  t h a t  a re  commerc ia l l y  a v a i l -  

ab l e ,  t h e  W ink le r  process,  o f fe red  by  Davy Powergas I n c . ,  was 

chosen f o r  t h e  p r o j e c t .  I n  a d d i t i o n  t o  s a t i s f y i n g  t h e  t h r e e  base 

c r i t e r i a ,  t h e  W ink le r  process p rov i des  t h e  o p t i o n  o f  u t i l i z i n g  

e i t h e r  a i r  o r  oxygen i n  t h e  g a s i f i c a t i o n  r e a c t i o n .  W i t h  t h i s  

o p t i o n ,  i t  would be p o s s i b l e  t o  demonstrate t h e  techno logy  on a  

smal l  s c a l e  u s i n g  a i r ,  and subsequent ly  s w i t c h  t o  oxygen f o r  l a r g e r  

s c a l e  implementat ion.  T h i s  a l l ows  implementat ion o f  t h e  techno logy  

i n  a  c o s t  e f f i c i e n t  s t e p  w ise  manner. When a i r  i s  u t i l i z e d  a  low- 

B t u  gas w i t h  a  h e a t i n g  va lue  o f  approx imate ly  135 B tu / sc f  i s  p ro -  

duced. When oxygen i s  used, a  medium-Btu gas w i t h  a h e a t i n g  va lue  

o f  approx imate ly  290 B t u / s c f  i s  produced. The gas composi t ions,  

based on t h e  Utah coa l  a n a l y s i s  shown i n  F i gu re  1,  a r e  shown i n  

F i gu re  5. 



GAS COMPOSITION 

Component 

Hydrogen 

Carbon Monoxide 

Carbon D iox ide  

Methane 

N i t rogen 

Hydrogen Sul f i d e  

Heating Val ue 

Low Btu  
Vol ume % 

Medium Btu  
Vol ume % 

F igure  5 



Other  a t t r a c t i v e  f e a t u r e s  o f fe red  by t h e  W ink le r  process are:  

- A wide v a r i e t y  o f  coa l s  can be handled by t h e  system. 

- I t  i s  n o t  necessary t o  d r y  t h e  coa l  feed  i f  i t  i s  i n  a  

f r e e  f l o w i n g  s t a t e .  

- The system i s  t o l e r a n t  o f  b o t h  h i g h  and v a r i a b l e  coa l  ash 

con ten t .  

- The system has a h i g h  t u r n  down r a t i o  and can be "banked" 

f o r  p e r i o d s  when gas p r o d u c t i o n  i s  n o t  r equ i r ed .  

Process D e s c r i p t i o n  

The W ink le r  process g a s i f i e s  coa l  i n  a  f l u i d i z e d  bed. F i gu re  6 

shows a t y p i c a l  g a s i f i e r  t r a i n  c o n s i s t i n g  o f  a  feed  system, gas i -  

f i e r ,  waste hea t  r ecove ry  b o i  1  e r ,  cyc lone  and v e n t u r i  scrubber.  

Run of  mine coa l  i s  c rushed t o  a  3/8" x 0" s i z e  and f e d  t o  t h e  

g a s i f i e r  th rough  l o c k  hoppers and screw conveyors. The bed f l u i d i -  

z a t i o n  i s  ma in ta ined  a t  t h e  s p e c i f i e d  o p e r a t i n g  temperature by  t h e  

i n j e c t i o n  o f  a  m i x t u r e  o f  steam and a i r  o r  oxygen a t  severa l  p o i n t s  

w i t h i n  t h e  bed. A i r  i s  u t i l i z e d  f o r  p r o d u c t i o n  o f  low-Btu gas, 

w h i l e  oxygen i s  used f o r  p r o d u c t i o n  o f  medium-Btu gas. A p o r t i o n  

o f  t h e  steam i s  f e d  as a  pu re  component i n t o  t h e  bot tom o f  t h e  bed 

t o  coo l  t h e  l a r g e r  ash p a r t i c l e s  t h a t  f a l l  t o  t h e  bot tom o f  t h e  

bed. These p a r t i c l e s  a r e  d ischarged  f rom t h e  bot tom o f  t h e  g a s i f i e r  

th rough  1 ock hoppers and screw conveyors.  

The o p e r a t i n g  temperature and p ressu re  o f  t h e  g a s i f i e r  a r e  ex t reme ly  

impo r tan t  t o  t h e  process economics. Opera t ion  a t  p ressures  above 

atmospher ic a l l o w s  t h e  p r o d u c t i o n  o f  g r e a t e r  q u a n t i t i e s  o f  gas f rom 

a g i ven  g a s i f i e r .  I t  a l s o  a l l ows  sav ings by e l i m i n a t i n g  t h e  need 

f o r  f u e l  gas compression, because t h e  volume o f  feed  a i r  o r  oxygen 

i s  s u b s t a n t i a l l y  l e s s  t h a n  t h e  p roduc t  gas. 



The o p e r a t i n g  temperature o f  t h e  bed i s  a l s o  ve r y  impo r tan t  i n  t h a t  

i t  e f f e c t s  t h e  carbon convers ion  e f f i c i e n c y  o f  t h e  process.  The 

a Wink le r  system i s  capable o f  ope ra t i ng ,  i f  des i r ed ,  above t h e  ash 

s o f t e n i n g  temperature o f  t h e  coa l .  Th i s  i s  ach ieved by i n j e c t i n g  a  

p o r t i o n  o f  t h e  a i r  o r  oxygen above t h e  dense phase o f  t h e  bed. The 

so f tened  e n t r a i n e d  ash i s  coo led  and r e s o l i d i f i e d  by t h e  use o f  a  

r a d i a n t  b o i l e r  above t h e  bed, o u t  o f  t h e  l i n e  o f  gas f low.  Th i s  

c o o l i n g  o f  t h e  ash avo ids  r e f r a c t o r y  damage t h a t  can r e s u l t  f rom 

ash s i n t e r i n g .  Opera t ion  a t  temperature above 1700°F e l i m i n a t e s  

t h e  f o rma t i on  o f  t a r s  and phenols  t h a t  can c r e a t e  a  d i sposa l  problem 

i n  t h e  gas c l e a n i n g  sec t i on .  

A f t e r  l e a v i n g  t h e  g a s i f i e r ,  t h e  gas i s  coo led  i n  a  waste hea t  

b o i l e r .  By r e c o v e r i n g  waste hea t  i n  t h e  r a d i a n t  and waste hea t  

b o i l e r s  i t  i s  p o s s i b l e  t o  produce steam i n  excess o f  t h e  process 

requi rements .  Th i s  excess steam can e i t h e r  be expor ted ,  o r  u t i l i z e d  

t o  supp ly  p a r t  o f  t h e  horsepower necessary t o  r u n  t h e  p l a n t  by  

u s i n g  t u r b i n e  d r i v e n  pumps o r  compressors. A d d i t i o n a l  char  p a r t i -  

c l e s  a re  c o l l e c t e d  a t  t h e  base o f  t h e  waste hea t  b o i l e r .  

Gas l e a v i n g  t h e  waste hea t  b o i l e r  i s  passed th rough  a  cyc lone  f o r  

t h e  removal o f  a d d i t i o n a l  char  p a r t i c u l a t e s .  Char c o l l e c t e d  f rom 

t h e  g a s i f i e r ,  waste hea t  b o i l e r ,  and cyc lone  i s  c o l l e c t e d  and can 

be used as f u e l  i n  a  s o l i d  f u e l  b o i l e r .  The use o f  t h e  recovered 

char  as a  supplemental  b o i l e r  f u e l  improves t h e  thermal  e f f i c i e n c y  

o f  t h e  process. The rema in ing  char  p a r t i c u l a t e  m a t t e r  i s  removed 

i n  a  v e n t u r i  scrubber  t o  a  l e v e l  o f  l e s s  than  t e n  g r a i n s  p e r  

thousand s tandard  cub i c  f e e t .  A d d i t i o n a l  p a r t i c u l a t e  w i l l  be 

removed i n  t h e  s u l f u r  removal process.  Because t h e  process does 

n o t  produce phenols  and t a r s ,  t h e  blowdown stream f rom t h e  v e n t u r i  

scrubber  p resen ts  min imal  waste-water t r ea tmen t  problems. 

E s s e n t i a l l y  a l l  t h e  s u l f u r  i n  t h e  coa l  f eed  appears i n  t h e  p roduc t  

gas as e i t h e r  H2S o r  COS. Approx imate ly  85 p e r c e n t  i s  H2S. Fo l low-  



i n g  p a r t i c u l a t e  removal , t h e  gas can be t r e a t e d  f o r  s u l f u r  removal. 

The removal process c o n s i s t s  o f  a  COS h y d r o l y s i s  s t ep  t o  H2S, 

f o l l o w e d  by  an H2S a b s o r p t i o n  s tep.  The absorbed H2S i s  then  

s t r i p p e d  f rom t h e  a b s o r p t i o n  s o l u t i o n  and conver ted  t o  e lementa l  

s u l f u r .  

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

mo i s tu re  c o n t e n t  t o  p reven t  condensat ion i n  d i s t r i b u t i o n  l i n e s .  

T h i s  i s  done by r e f r i g e r a t i n g  a  p o r t i o n  o f  t h e  gas, removing t h e  

condensed mo i s tu re ,  and t hen  r e h e a t i n g  t h e  t o t a l  gas stream above 

i t s  dew p o i n t .  



3 .2  R e t r o f i t t i n a  Steam Generators 

a The major  m o d i f i c a t i o n  r e q u i r e d  t o  r e t r o f i t  e x i s t i n g  steam genera- 

t o r s  t o  gas f i r i n g  would be t h e  i n s t a l l a t i o n  o f  a  f u e l  supp ly  t r a i n  

and p r o p o r t i o n i n g  system designed f o r  gaseous f u e l s .  The e x i s t i n g  

o i l  bu rner  c o u l d  be rep laced  by  a  dual  f u e l  bu rne r  ( o i l  o r  gas). 

Leav ing t h e  e x i s t i n g  o i l  supp ly  and p r o p o r t i o n i n g  system i n t a c t  

would g i v e  t h e  c a p a b i l i t y  o f  r e t u r n i n g  t o  o i l  f i r i n g  i f  so des i red .  

The des ign  o f  t h i s  burner  would d i f f e r  f rom t h a t  used f o r  n a t u r a l  

gas, due t o  t h e  inc reased  gas volume r e q u i r e d  f o r  t h e  same B t u  

i n p u t ,  a l ong  w i t h  t h e  s p e c i f i c  combust ion c h a r a c t e r i s t i c s  assoc ia ted  

w i t h  these lower  B t u  gases. A l though cons ide rab le  work has been 

done on combust ion o f  l ower  B t u  gaseous f u e l s ,  i t  i s  a n t i c i p a t e d  

t h a t  work would be r e q u i r e d  t o  develop a burner  which would p r o v i d e  

a f lame geometry compat ib le  w i t h  t h e  combust ion chamber o f  a  steam 

genera to r .  

One f a c t o r  assoc ia ted  w i t h  t h e  use o f  e i t h e r  medium-Btu o r  low-Btu 

i s  steam genera to r  d e r a t i n g .  I t  i s  es t ima ted  t h a t  approx imate ly  a  

f i v e  pe rcen t  d e r a t i n g  would r e s u l t  when u s i n g  medium-Btu gas, w h i l e  

d e r a t i n g  would be i n  t h e  neighborhood o f  t e n  pe rcen t  i f  low-Btu gas 

were u t i  1  i zed. 

Est imates o f  emissions o f  SO2 r e s u l t i n g  f rom t h e  combustion o f  

e i t h e r  medium-Btu o r  low-Btu gas i n d i c a t e  t h a t  b o t h  gases w ~ u l d  be 

i n  compl iance w i t h  t h e  CAR0 s tandard  f o r  e x i s t i n g  steam genera to rs ,  

as w e l l  as t h e  s tandard f o r  new steam genera to rs .  The use o f  t h e  

proposed medium-Btu gas, w i t h  a  H2S con ten t  o f  100 ppm, would 

generate  approx imate ly  30 ppm o f  SO2 i n  t h e  f l u e  gas o f  a  50 m i l l i o n  

B t u  p e r  hour steam genera to r  when f i r e d  a t  r a t e d  capac i t y .  Th i s  i s  

w e l l  below t h e  CARB l i m i t  o f  60 ppm f o r  new steam genera to rs .  

Est imates o f  NOx emiss ions i n d i c a t e  t h a t  b o t h  low-Btu gas and 

medium-Btu gas would meet t h e  CARB s tandard  f o r  e x i s t i n g  steam 



genera to rs .  Low-Btu gas would a l s o  meet t h e  s tandard  f o r  new steam 

genera to rs ,  however medium-Btu gas may n o t  ach ieve t h i s  s tandard.  

The d i f f e r e n c e  r e s u l t s  f rom a  h i ghe r  f lame temperature produced by 

medium-Btu gas. The a d i a b a t i c  f lame temperature o f  medium-Btu gas 

i s  approx imate ly  3550°F, compared t o  approx imate ly  2935OF f o r  low- 

B t u  gas. A t  t h i s  h i ghe r  temperature,  o x i d a t i o n  o f  a  g r e a t e r  p o r t i o n  

o f  t h e  n i t r o g e n ,  a v a i l a b l e  i n  t h e  combust ion a i r ,  c o u l d  r e s u l t  i n  

h i g h e r  NOx emiss ions.  I n  v iew o f  t h i s  i t  may be necessary t o  use 

low NOx burner  techno logy  t o  reduce f o rma t i on  o f  NOx. Labora to ry  

t e s t  work would be necessary t o  r e s o l v e  t h i s  i ssue .  

Based on t h e  above d i s c u s s i o n  i t  i s  b e l i e v e d  t h a t  t h e  need f o r  f l u e  

gas c l e a n i n g  dev ices  t o  meet t h e  CARB standards f o r  s u l f u r  ox i de  

and n i t r o g e n  ox i de ,  would n o t  be requ i r ed .  A lso ,  p a r t i c u l a t e  

c o n t r o l  would n o t  be requ i r ed .  

3 . 3  Imp lementa t ion  

The p l a n  f o r  implement i  ng Coal G a s i f i c a t i o n  i n  t h e  syn thes ized  

f i e l d  c a l l s  f o r  one g a s i f i e r  complex t o  s e r v i c e  t h e  f i e l d .  Th i s  

complex w i l l  be l o c a t e d  on t h e  pe r ime te r  o f  t h e  f i e l d ,  w i t h  gas 

be ing  d i s t r i b u t e d  th roughou t  t h e  f i e l d  by p i p e l i n e .  I n  o rde r  t o  

es t ima te  t h e  c o s t  o f  t h e  gas d i s t r i b u t i o n  system, a  h y p o t h e t i c a l  

p i p i n g  system was es tab l i shed .  The major  des ign  c r i t e r i a  f o r  t h i s  

system was t o  p r o v i d e  gas a t  10 p s i g  a t  each group o f  steam genera- 

t o r s .  The maximum d i s t r i b u t i o n  d i s t a n c e  would be f o u r  m i l es .  

The s e l e c t i o n  o f  low-Btu gas o r  medium-Btu gas f o r  t h e  implementa- 

t i o n  p o r t i o n  o f  t h e  p r o j e c t  was based on economic cons ide ra t i ons .  

Work done by Davy Powergas I n c .  i n d i c a t e s  t h a t  t h e  economics a re  

f avo rab le  f o r  medium-Btu gas over  low-Btu gas a t  t h e  sca le  r e q u i r e d  

f o r  our  syn thes ized  f i e l d .  P roduc t i on  of e q u i v a l e n t  B t u  c a p a c i t y  

o f  low-Btu gas would r e q u i r e  more g a s i f i e r s  and m a t e r i a l  h a n d l i n g  

equipment. The c o s t  o f  t h i s  equipment would be g r e a t e r  than  t h e  



c o s t  o f  oxygen p l a n t s  needed t o  produce medium B t u  gas w h i l e  us i ng  

fewer g a s i f i e r s .  A t  t h i s  sca le  t h e  equipment sav ings ,  a l ong  w i t h  

improvement i n  thermal  e f f i c i e n c y  assoc ia ted  w i t h  t h e  p r o d u c t i o n  o f  

medium-Btu gas, j u s t i f y  t h e  c o s t  o f  oxygen p roduc t i on .  I t  i s  

es t ima ted  however t h a t  these economics would change i n  f a v o r  o f  

low-Btu gas a t  a  requ i rement  o f  approx iamate ly  30 pe rcen t  o f  t h a t  

needed f o r  our  syn thes ized  f i e l d ,  

For  purposes of  t h i s  p r o j e c t ,  we have e l e c t e d  t o  eva lua te  t h e  use 

o f  medium-Btu gas because of i t s  i n d i c a t e d  economic advantage. The 

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

17.8 m i l l i o n  SCFH o f  296 B t u / s c f  gas. The gas compos i t i on ,  based 

on t h e  Utah coa l  s e l e c t e d  f o r  t h e  p r o j e c t ,  i s  shown i n  F i gu re  5. 

The p r o d u c t i o n  o f  t h i s  gas r e q u i r e s  approx imate ly  6800 t ons  o f  coa l  

p e r  day, 4500 tons  o f  oxygen p e r  day and 305,000 pounds o f  steam 

p e r  hour.  An a d d i t i o n a l  540 tons  o f  coa l  p e r  day i s  r e q u i r e d  t o  

produce process steani f o r  t h e  p l a n t .  The use o f  coa l  t o  generate  

a d d i t i o n a l  steam t o  supp ly  o p e r a t i n g  horsepower, a l l ows  t h e  use o f  

t h e  recovered  char  as a  supplemental  f u e l  and improves t h e  thermal  

e f f i c i e n c y  o f  t h e  p r o j e c t .  

The m a t e r i a l  f l o w  diagram and equipment requi rements  f o r  t h e  gas i -  

f i e r  complex a r e  shown i n  Drawing 4598-A-081478-3. Drawing 4598-A- 

081478-4 shows p l o t  p l ans  and e l e v a t i o n s  f o r  t h e  g a s i f i e r  complex. 

F a c i l  i t i e s  r e q u i r e d  f o r  t h e  imp lementa t ion  p l a n  are:  

- Coal un load ing ,  s to rage  and hand1 i n g  f a c i  1  i t i e s  

- S i x  W ink l e r  g a s i f i e r  t r a i n s  
- Three 1  r "3  T/D oxygen p l a n t s  

- Two 250,000 1  b /h r  s o l  i d  f u e l  b o i l e r s  

- Three gas t r ea tmen t  p l a n t s  (COS h y d r o l y s i s ,  H2S absorp- 

t i o n ,  d r y i n g )  

- One Claus P l a n t  
- One raw wate r  t r ea tmen t  p l a n t  



- One b o i l e r  feed  water  t r ea tmen t  p l a n t  
- One waste wa te r  t r ea tmen t  p l a n t  

Coal ,  d e l i v e r e d  t o  t h e  g a s i f i e r  s i t e  by r a i l ,  i s  d i scharged  t o  

below grade t r a c k  r e c e i v i n g  hoppers. I t  i s  d ischarged  f rom these 

hoppers by v i b r a t i n g  feeders  and t r a n s p o r t e d  by b e l t  conveyors t o  

t h e  coa l  s to rage  yard .  

Coal i s  r ec l a imed  f rom l i v e  s to rage  by two u n d e r p i l e  hoppers 

equipped w i t h  v i b r a t i n g  feedex.  Reclaimed coa l  i s  d e l i v e r e d  by  

b e l t  conveyor t o  a  v i b r a t i n g  screen f o r  s i z i n g .  Unders ize c o a l ,  - 

3/8", passes th rough  t h e  screen, whi 1  e  ove rs i ze  coa l  , +3/8", passes 

over  t h e  screen and i s  subsequent ly  crushed t o  s i z e  by  a  r o l l  

c rusher .  Unders ize c o a l ,  f rom t h e  v i b r a t i n g  screen, and crushed 

coa l ,  f rom t h e  r o l l  c rushe r ,  a re  then  d ischarged  on t o  a  common 

b e l t  conveyor. The s i z e d  coa l  i s  t hen  conveyed t o  e i t h e r  t h e  

g a s i f i e r  day b i n s  o r  t o  t h e  b o i l e r  coa l  bunker. Coal d e l i v e r e d  t o  

t h e  g a s i f i e r  day b i n s  i s  wi thdrawn f rom these b i n s  by b e l t  feeders  

and d e l i v e r e d  t o  t h e  i n d i v i d u a l  g a s i f i e r  t r a i n s  by s i x  feed  

conveyors.  

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

I n  t h i s  des ign  t h e  g a s i f i e r s  a re  assumed t o  operate  a t  70 p s i a  and 

a  maximum temperature o f  2100°F. Opera t ing  t h e  g a s i f i e r s  a t  70 

p s i a ,  versus atmospher ic p ressure ,  p rov i des  a  s i g n i f i c a n t  i nc rease  

i n  t h e  q u a n t i t y  o f  gas t h a t  can be produced i n  each g a s i f i e r  and 

e l i m i n a t e s  t h e  need f o r  f u e l  gas compression f o r  d i s t r i b u t i o n .  The 

2100°F o p e r a t i n g  temperature p rov i des  an o v e r a l l  carbon convers ion  

e f f i c i e n c y  o f  95%. Each t r a i n  c o n s i s t s  o f  a  g a s i f i e r ,  waste hea t  

b o i l e r ,  cyc lone  and v e n t u r i  scrubber  as shown i n  F i gu re  6. The 

thermal  e f f i c i e n c y  o f  t h e  e n t i r e  p l a n t  i s  es t imated  t o  be 75%. 

Oxygen f o r  t h e  g a s i f i c a t i o n  r e a c t i o n  i s  p r o v i d e d  by t h r e e  1500 t o n  

p e r  day p l a n t s .  Oxygen f rom these p l a n t s  i s  supp l i ed  t o  t h e  gas i -  



f i e r  a t  90 p s i a .  By-product  n i t r o g e n  i s  used t o  sea l  t h e  l o c k  

hoppers and t o  convey and coo l  t h e  h o t  char  recovered  f o r  use as a  

a supplemental  b o i l e r  f u e l .  The p r ima ry  source o f  power f o r  t h e  

oxygen p l a n t  i s  s u p p l i e d  by h i g h  p ressure  steam produced f rom t h e  

g a s i f i e r ,  and two coa l / char  f i r e d  b o i l e r s .  Less than  5% o f  t h e  

t o t a l  p l a n t  horsepower i s  s u p p l i e d  by e l e c t r i c i t y .  

As i n d i c a t e d ,  steam i s  produced b o t h  f rom t h e  g a s i f i e r s  and two 

250,000 I b / h r  s o l i d  f u e l  b o i l e r s .  The b o i l e r s  a re  necessary f o r  

b o t h  power and s t a r t - u p  steam. Steam i s  produced a t  1050 p s i g  and 

superheated t o  900°F. Low pressure  steam i s  s u p p l i e d  f rom back 

p ressure  t u r b i n e s .  A p o r t i o n  o f  t h e  steam used t o  supp ly  t h e  l a r g e  

power requ i rement  o f  t h e  oxygen p l a n t  u t i l i z e s  su r f ace  condensers. 

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

b u r n i n g  char  as w e l l  as c o a l .  Approx imate ly  5% o f  t h e  carbon 

c o n t e n t  o f  t h e  coa l  i s  conver ted  t o  char .  N i n e t y  pe rcen t  o f  t h i s  

i s  recovered  f o r  use as f u e l .  A l l  char  c o l l e c t e d  ahead o f  t h e  

v e n t u r i  scrubbers  i s  c o l l e c t e d  f o r  use as f u e l .  P o t e n t i a l  SO2 

emissions f rom t h e  coa l  f i r e d  b o i l e r s  a re  reduced by more t han  90% 

by use o f  t h e  Wellman-Lord f l u e  gas d e s u l f u r i z a t i o n  process. Th i s  

process uses a  b u f f e r e d  sodium s u l f i t e / b i s u l f i t e  system t o  absorb 

SO2 from t h e  f l u e  gas. The a b s o r p t i o n  s o l u t i o n  i s  regenerated i n  

an evapora to r  c r y s t a l l i z e r  which produces a  concen t ra ted  stream o f  

SO2. T h i s  SO2 can be conver ted  i n t o  e i t h e r  s u l f u r i c  a c i d  o r  e l e -  

mental  s u l f u r .  For  t h i s  p r o j e c t ,  i t  has been assumed t h a t  t h e  SO2 

i s  conver ted  t o  e lementa l  s u l f u r  i n  a  Claus p l a n t ,  u t i l i z i n g  H2S 

recovered  f rom t h e  p roduc t  gas. The Claus p l a n t  t a i l  gas i s  a l s o  

t r e a t e d  w i t h  t h e  Wellman-Lord process,  w i t h  t h e  recovered  SO2 be ing  

r e c y c l e d  t o  t h e  Claus p l a n t .  Approx imate ly  40 tons  p e r  day o f  

e lementa l  s u l f u r  a re  recovered by t h e  Claus p l a n t  f o r  sa le .  

A f t e r  p a r t i c u l a t e  removal i n  t h e  v e n t u r i  scrubbers ,  t h e  p roduc t  gas 

i s  sen t  t o  a  gas t r ea tmen t  p l a n t  where s u l f u r  compounds a re  



removed. E s s e n t i a l l y  a l l  t h e  s u l f u r  i n  t h e  coa l  i s  conver ted  t o  

H2S and COS. Approx imate ly  85% o f  t h e  s u l f u r  i s  i n  t h e  form o f  H2S 

and 15% as COS. The f i r s t  s t e p  i s  t o  conve r t  COS t o  H2S i n  a  

h y d r o l y s i s  u n i t .  T h i s  i s  f o l l o w e d  by  an A l k a z i d  H2S a b s o r p t i o n  

u n i t .  T h i s  system s e l e c t i v e l y  absorbs H2S so t h a t  t h e  p roduc t  

con ta i ns  l e s s  t han  100 ppm o f  H2S The absorbed H2S i s  s t r i p p e d  

and sen t  t o  t h e  Claus p l a n t  f o r  convers ion  t o  e lementa l  s u l f u r .  

The f i n a l  gas t r ea tmen t  s t ep  i s  t o  reduce t h e  mo i s tu re  con ten t  o f  

t h e  gas t o  a v o i d  condensat ion i n  t h e  d i s t r i b u t i o n  system. T h i s  i s  

done by  r e f r i g e r a t i n g  t h e  gas, removing t h e  condensed wate r  vapor,  

and by  r e h e a t i n g  t h e  gas. Steam i s  used t o  power t h e  r e f r i g e r a t i o n  

compressor and t o  r ehea t  t h e  gas. The t r e a t e d  d r y  gas i s  then  

d ischarged  i n t o  t h e  gas d i s t r i b u t i o n  system a t  approx imate ly  50 

p s i a .  



3.4  Economics 

a T h i s  s e c t i o n  con ta i ns  t h e  r e s u l t s  o f  an economic a n a l y s i s  o f  imple-  

ment ing coa l  g a s i f i c a t i o n  i n  t h e  syn thes ized  f i e l d .  Th i s  f i e l d  

would generate  approx imate ly  3.504 x  l o 7  thousand pounds o f  steam 

p e r  year .  

The Economic Ana l ys i s ,  as exp la i ned  i n  a  p reced ing  s e c t i o n ,  i s  

based upon c a p i t a l  cos t s  ( i n c l u d i n g  p o l l u t i o n  c o n t r o l  equipment) 

which a re  over  and above those o f  t h e  e x i s t i n g  f a c i l i t i e s .  S imi -  

l a r l y ,  t h e  o p e r a t i n g  cos t s  used a re  n o t  t h e  t o t a l  cos t s  f o r  t h e  

p r o d u c t i o n  o f  steam b u t  r a t h e r  t h e  c o s t  t o  cover  o n l y  those  i tems 

r e l a t e d  t o  t h e  new f a c i l i t i e s .  T h i s  i nc l udes  t h e  t o t a l  f u e l  cos t ,  

however. 

3.4.1 Conc lus ions 

Us ing  a  d e l i v e r e d  c o s t  o f  $40.00 p e r  t o n  o f  coa l  and a  c r e d i t  o f  

$30.00 p e r  t o n  o f  s u l f u r ,  an added p r i c e  o f  $6.00 p e r  thousand 

pounds o f  steam i s  necessary i n  o r d e r  f o r  t h e  coa l  g a s i f i c a t i o n  

o p e r a t i o n  t o  o b t a i n  an a f t e r - t a x  I R R  o f  15 pe rcen t .  Assuming 

23,360,000 b a r r e l s  o f  o i l  a n n u a l l y  a v a i l a b l e  f o r  s a l e  f rom t h e  

enhanced recovery  program, t h e  above p r i c e  equates t o  $9.00 added 

t o  t h e  c o s t  o f  p roduc ing  one b a r r e l  o f  o i l  f o r  sa l e .  T h i s  p r i c e  i s  

p r e d i c a t e d  upon a  p l a n t  inves tment  o f  $261.4 m i l l i o n  and a work ing  

c a p i t a l  requ i rements  o f  $29.4 m i  1  1  i o n .  

The s e n s i t i v i t y  o f  t h e  I R R  t o  a  change i n  t h e  va lue  o f  a  s p e c i f i c  

i n p u t  v a r i a b l e  i s  measured by t h e  i ndex  o f  s e n s i t i v i t y .  For  t h e  

v a r i a b l e s  l i s t e d  below, t h e  i n d i c e s  o f  s e n s i t i v i t y  a r e  as f o l l o w s :  



V a r i a b l e  

Index o f  S e n s i t i v i t y  
(Percentage P o i n t  Change i n  

I R R  Per 1  Percent  Change i n  
Value o f  I n p u t  V a r i a b l e  

Inc rementa l  P r i c e  .21 

Inc rementa l  Investment  .09 

Inc rementa l  V a r i a b l e  Costs .ll 

The i n t e r n a l  r a t e  o f  r e t u r n  i s ,  t h e r e f o r e ,  most s e n s i t i v e  t o  t h e  

inc rementa l  p r i c e  o f  steam. I t s  index  va lue  i n d i c a t e s  t h a t  a  

one pe rcen t  change i n  steam p r i c e  e f f e c t s  a  change o f  .21 percentage 

p o i n t s  i n  t h e  I R R .  

3 .4 .2  I n p u t  V a r i a b l e s  

The f o l l o w i n g  paragraphs d e t a i l  t h e  va lues  t h a t  a re  used as i n p u t s  

t o  t h e  computer program f o r  t h e  Coal G a s i f i c a t i o n  a n a l y s i s .  

The g a s i f i c a t i o n  p l a n t  i s  assumed t o  a t t a i n  i t s  expected p r o d u c t i o n  

l e v e l  approx imate ly  two yea rs  a f t e r  s t a r t - u p .  Costs and o t h e r  da ta  

r e l a t i n g  t o  o p e r a t i o n  a t  r a t e d  c a p a c i t y  a r e  as f o l l o w s :  

3.4.2a P roduc t i on  Volume and Opera t ing  Schedule 

P roduc t i on  cos t s  a re  based on an annual steam p r o d u c t i o n  o f  3.504 x  

l o 7  thousand pounds o f  steam. The p l a n t  operates 328 days p e r  

year .  

3 .4 .2b Added Opera t ing  Costs 

The es t ima ted  annual a d d i t i o n a l  o p e r a t i n g  cos t s  assoc ia ted  w i t h  t h e  

coa l  g a s i f i c a t i o n  p l a n t  a re  based on t h e  l a b o r  and raw m a t e r i a l  

cos t s  d e t a i l e d  i n  t h e  Bas is  o f  E v a l u a t i o n  d iscuss ion .  These e s t i -  

mates a re  cons idered  t o  be a t t a i n a b l e  a t  f u l l  p roduc t i on .  



Added Opera t ing  Costs 

Cost - 
V a r i a b l e  Costs 

Raw M a t e r i a l s  (Not 
Inc rementa l )  

Coal $96,160 

Sul f u r  (41 1 )  
( c r e d i t )  

Other  Opera t ing  Costs 
(Va r i ab l e )  

($ p e r  1000 l b s .  Steam) 

( I nc l udes  r e p a i r  and 
maintenance, u t i l i t i e s ,  
s u p p l i e s  and con- 
summables, ash h a n d l i n g  
(s ludge)  and NOx, SOx 
and p a r t i c u l a t e  c o n t r o l )  12,951 

T o t a l  V a r i a b l e  Costs 108,700 

Semi -var iab le  Costs 

Labor 

Semi -var iab le  E x ~ e n s e s  

Ad-valorem taxes  and 
i nsurance 10,456 

TOTAL ADDED OPERATING COSTS 124,056 

3 . 4 . 2 ~  C a p i t a l  Cost Est imates 

The i n s t a l l e d  c o s t  o f  t h e  coa l  g a s i f i c a t i o n  f a c i l i t i e s  and r e l a t e d  

p o l l u t i o n  abatement equipment f o r  t h e  e x i s t i n g  steam genera to rs  i s  



es t imated  t o  be $261.4 m i l l i o n  i n  1978 d o l l a r s .  Th i s  es t ima te  i s  

accura te  t o  w i t h i n  +25 pe rcen t  and i s  i t e m i z e d  as f o l l o w s :  

S t a r t - u p  
- 4  - 3  - 2  - 1  0  T o t a l  

( M i l l i o n s  o f  D o l l a r s )  

Bu i  1  d ings  .86 2.15 3.87 1.72 - 8 .6  

D i s t r i b .  Pipe1 i n e  .50 1.25 2.25 1.00 - 5.0  

P l a n t  Equipment 24.78 61.95 111.51 49.56 - - -- - 247.8 

26.14 65.35 117.63 52.28 261.4 

3.4.2d Inc rementa l  Working C a p i t a l  

Working c a p i t a l  i s  p r o v i d e d  t o  cover  c u r r e n t  cash requi rements ,  

accounts r e c e i v a b l e ,  i n v e n t o r y  o f  o p e r a t i n g  m a t e r i a l s ,  as w e l l  as 

accounts payable .  

Cash i s  s u f f i c i e n t  f o r  a  four-month p a y r o l l ,  accounts r e c e i v a b l e  

a r e  18 pe rcen t  o f  sa l es  (60 day payment), accounts payable  a r e  

18 pe rcen t  o f  o p e r a t i n g  c o s t s  e x c l u d i n g  l a b o r  (60 day payment), and 

i n v e n t o r y  volumes a re  s u f f i c i e n t  f o r  annual needs. 

Inc rementa l  T o t a l  Working C a p i t a l  = 14 Percent  o f  Inc rementa l  

Sales.  

3.4.3 I n t e r n a l  Rate o f  Return 

The added p r i c e  o f  steam generated by u s i n g  gas t o  f i r e  steam 

genera to rs  i s  $6.00 p e r  thousand pounds o f  steam i n  o r d e r  t o  o b t a i n  

t h e  assumed 15 pe rcen t  a f t e r - t a x  I R R .  

The i n d i v i d u a l  components o f  t h a t  p r i c e  a re  as f o l l ows :  



Added Opera t ing  Costs and F i xed  Charges 

I tem 

Raw M a t e r i a l s  (Not 
Incrementa l  ) 

Other Opera t ing  Costs 
(Va r i  ab l  e) 

Labor (Semi-var iab le)  

Ad-valorem Taxes and 
Insurance 

T o t a l  Incrementa l  
Opera t ing  Costs 

Cost 

($1 000) ($ p e r  1000 l b s .  Steam) 

C a p i t a l  Charges 86,184 2.46 

TOTAL COST 210,240 6.00 

Annual c a p i t a l  charges noted above a r e  r e q u i r e d  t o  o b t a i n  an I R R  o f  

15 pe rcen t  a f t e r  t a x  on t h e  added investment .  These t o t a l  approx i -  

mate ly  33 pe rcen t  o f  t h e  t o t a l  c a p i t a l  c o s t  d iscussed e a r l i e r  i n  

t h i s  sec t i on .  

S e n s i t i v i t y  Ana l ys i s  

The f o l l o w i n g  i s  a  summary o f  v a r i a b l e s  i n c l u d i n g  incrementa l  steam 

p r i c e ,  investments ,  and cos t s  as t hey  a f f e c t  t h e  s e n s i t i v i t y  o f  t h e  

i n t e r n a l  r a t e  o f  r e t u r n  f o r  t h e  proposed p r o j e c t .  



Incrementa l  P r i c e  

An incrementa l  p r i c e  o f  $6.00 p e r  thousand pounds o f  steam was 

c a l c u l a t e d  t o  be t h e  p r i c e  "most l i k e l y "  t o  y i e l d  an a f t e r - t a x  I R R  

o f  15 percen t .  

To gauge s e n s i t i v i t y ,  t h i s  p r i c e  was v a r i e d  from a low o f  $4.50 p e r  

thousand pounds o f  steam t o  a h i g h  o f  $7.50 p e r  thousand pounds o f  

steam. The corresponding va lues o f  t h e  I R R  were 6.7 and 20.5 per -  

cen t  r e s p e c t i v e l y .  

Incrementa l  P r i c e  

$/ I000 1 bs. Steam 

4.50 

6.00 

7.50 

3.4.4b Incrementa l  Investment  

I R R ,  % 

6.7 

15.0 

20.5 

The incrementa l  p l a n t  and equipment investment  f o r  t h e  proposed 

coa l  g a s i f i c a t i o n  a l t e r n a t i v e  has a "most l i k e l y "  t o t a l  o f  $261.4 

m i l  1  i o n  spent over  an approximate f ou r - yea r  per iod .  Th i s  t o t a l  was 

v a r i e d  by 25 pe rcen t  on t h e  h i g h  and low s i d e  t o  y i e l d  investment  

t o t a l s  f rom $196.1 m i l l i o n  t o  $326.8 m i l l i o n .  The r e s u l t i n g  I R R  

va lues were 18.4 and 12.5 pe rcen t  r e s p e c t i v e l y .  

Incrementa l  Investment  

P l a n t  C a p i t a l  Cost 

$196,100,000 

261 ,400,000 

326,800,000 

I R R ,  % 

18.4 

15.0 

12.5 



3 . 4 . 4 ~  Incrementa l  V a r i a b l e  Cost 

V a r i a b l e  c o s t  i nc l udes  a l l  i tems no ted  i n  t h e  d i s c u s s i o n  o f  opera t -  

i n g  cos t s ,  w i t h  t h e  excep t i on  o f  t h e  sem i - va r i ab l e  components. A 

25 pe rcen t  f a c t o r  was a p p l i e d  f o r  t h e  h i g h  and low inc rementa l  

v a r i a b l e  c o s t  va lues,  r e s u l t i n g  i n  a  range o f  $2.33 t o  $3.88 p e r  

thousand pounds o f  steam. The cor respond ing  I R R  va lues were 18.1 

and 11.0 r e s p e c t i v e l y .  

Incrementa l  V a r i a b l e  Cost 

Cost p e r  1000 I b s .  Steam I R R ,  % 

$2.33 18.1 

$3.10 15.0 

$3.88 11.0 

As can be seen f rom t h e  t a b l e  o f  Added Ope ra t i ng  Costs and F i xed  

Charges, t h e  ma jo r  p o r t i o n  o f  t h e  v a r i a b l e  c o s t  i s  a t t r i b u t e d  t o  

t h e  c o s t  o f  raw m a t e r i a l s  and i n  p a r t i c u l a r  coa l .  F i gu re  7  p resen ts  

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

o f  coa l .  Va ry i ng  t h e  p r i c e  o f  coa l  by 25 pe rcen t  above and below 

t h e  va lue  o f  $1.72 p e r  m i l l i o n  B t u  used i n  t h e  s tudy  y i e l d s  cos t s  

p e r  thousand pound o f  steam o f  $6.70 and $5.22 r e s p e c t i v e l y .  

Coal Cost 

D e l i v e r e d  P r i c e  
($ p e r  M i l  l i o n  B tu )  

1.29 

1.72 

Steam Cost 
($ p e r  1000 l b s )  

5.22 
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Index  o f  S e n s i t i v i t y  

The s e n s i t i v i t y  a n a l y s i s  can be summarized by n o t i n g  t h a t  an index  

o f  s e n s i t i v i t y  can be c a l c u l a t e d  f o r  each o f  t h e  v a r i a b l e s  d iscussed 

e a r l i e r .  The l a r g e r  t h i s  index  number, t h e  more s e n s i t i v e  t h e  I R R  

i s  t o  a  pe rcen t  change i n  t h a t  v a r i a b l e .  

Ma thema t i ca l l y ,  t h e  i ndex  o f  s e n s i t i v i t y  can be expressed as: 

I = 
I R R  

- 
) x  100 

1  

I R R  = Abso lu te  change i n  I R R  ob ta i ned  by v a r y i n g  a  s p e c i f i c  

i n p u t  v a r i a b l e  (e. g. , s e l l  i n g  p r i c e )  

1  = I n i t i a l  i n p u t  v a r i a b l e  va lue  

"2 = F i n a l  i n p u t v a r i a b l e v a l u e  

The va lue  " I"  g i ves  t h e  change i n  I R R  u n i t s  p e r  percentage change 

i n  t h e  s p e c i f i c  v a r i a b l e .  

Us ing  t h i s  equa t i on  r e s u l t s  i n  t h e  f o l l o w i n g  i n d i c e s  o f  

s e n s i t i v i t y :  

V a r i a b l e  

Inc rementa l  P r i c e  

Incrementa l  Investments  

Incrementa l  V a r i a b l e  Costs 

Index  o f  S e n s i t i v i t y ,  I 

. 21  

.09 

.ll 



The I n t e r n a l  Rate o f  Return i s ,  t h e r e f o r e ,  most s e n s i t i v e  t o  t h e  

inc rementa l  p r i c e  o f  steam. A one pe rcen t  change i n  t h a t  p r i c e  

w i l l  r e s u l t  i n  a  change o f  0.21 i n  t h e  I R R .  



3.5 Demonst ra t ion 

The p r ima ry  o b j e c t i v e s  o f  a  Coal G a s i f i c a t i o n  demonst ra t ion program 

would be t o  eva lua te  t h e  o p e r a t i o n a l  and env i ronmenta l  impact  o f  

low-Btu o r  medium-Btu gas on an o i l - f i r e d  steam genera to r .  Demon- 

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

f i e l d  i s  n o t  r equ i r ed .  Cons iderab le  work has a1 ready been done t o  

demonstrate g a s i f i c a t i o n  technology.  The W ink le r  process, a l ong  

w i t h  severa l  o t h e r  processes, a re  proven t echno log ies  t h a t  a re  

commerc ia l ly  a v a i l a b l e -  The c o s t  o f  demons t ra t ion  i n  t h e  f i e l d ,  

even a t  t e n  pe rcen t  t h e  sca le  o f  t h e  syn thes ized  f i e l d ,  would be 

p r o h i b i t i v e .  I n  a d d i t i o n ,  a lmost  100 pe rcen t  o f  t h i s  c o s t  would be 

d i r e c t e d  a t  demons t ra t ing  proven technology.  

The o b j e c t i v e s  o f  t h e  demonst ra t ion program c o u l d  be ach ieved i n  a  

more c o s t  e f f e c t i v e  manner th rough  subscale  combust ion t e s t i n g .  

Synthes ized gas c o u l d  be used f o r  t h i s  purpose. T h i s  t e s t i n g  would 

determine f lame c h a r a c t e r i s t i c s  and emiss ion l e v e l s .  I t  would a l s o  

determine i f  any burner  development work would be requ i r ed .  Tes t  

r e s u l t s  c o u l d  t hen  be compared w i t h  o i l  f i r i n g  t o  determine t h e  

impact  on t h e  steam genera to r .  It i s  a n t i c i p a t e d  t h a t  t h i s  work 

c o u l d  be accompl ished f o r  under $500,000. Commercial ly a v a i l a b l e  

g a s i f i e r  techno logy  c o u l d  then  be used f o r  implementat ion,  i f  so 

des i red .  



4.0  FLUIDIZED BED COMBUSTION 

Techn ica l  I ssues  

A f t e r  exami n i  ng va r i ous  d i  r e c t  coa l  f i r e d  techno1 og ies  , t h e  one 

most s u i t e d  t o  enhanced o i l  recovery  steam gene ra t i on ,  and t h e r e f o r e  

s e l e c t e d  f o r  e v a l u a t i o n ,  was F l u i d i z e d  Bed Combustion (FBC). Th i s  

d i r e c t  f i r e d  techno logy  o f f e r s  severa l  t e c h n i c a l  advantages, over  

s t o k e r  o r  p u l v e r i z e d  coa l  f i r i n g  methods, which l e n d  themselves t o  

t h i s  a p p l i c a t i o n .  The p r ima ry  advantage i s  i t s  c a p a b l i l i t y  t o  

c o n t r o l  s u l f u r  ox i de  emiss ions by a d d i t i o n  o f  a  l imes tone  sorben t  

i n t o  t h e  bed o f  t h e  combustor. T h i s  f e a t u r e  e l i m i n a t e s  t h e  need 

f o r  expensive sc rubb ing  equipment. 

I n  coa l  combust ion,  s u l f u r  i n  t h e  coa l  i s  o x i d i z e d  t o  gaseous 

s u l f u r  d i o x i d e .  W i t h  FBC, coa l  i s  burned i n  a  bed o f  l imestone.  

The l imes tone  i s  c a l c i n e d  t o  produced ca l c i um  ox ide ,  as shown by  

Equa t ion  1. 

(1 ) CaC03 + Heat t CaO + C02 

The ca l c i um  ox ide  then  r e a c t s  w i t h  t h e  s u l f u r  d i o x i d e ,  as shown by  

Equa t ion  2, t o  produce ca l c i um  s u l f a t e .  

(2) CaO + 1/2 O2 + SO2 - CaS04 + Heat 

The ca l c i um  s u l f a t e  i s  t h e n  d r a i n e d  f rom t h e  bed a l ong  w i t h  t h e  

coa l  ash. It has been demonstrated t h a t  w i t h  ca l c i um  t o  s u l f u r  

mole r a t i o s  o f  3: 1  o r  more, s u l f u r  r e t e n t i o n  i n  t h e  neighborhood o f  

90 p e r c e n t  can be achieved. 

Waste d i sposa l  i s  a l s o  l e s s  of a  problem than  w i t h  o t h e r  conven- 

t i o n a l  coa l  f i r i n g  methods. W i t h  bed temperatures o f  1500°F t o  

1600°F, w e l l  below t h e  ash f u s i o n  temperature o f  c o a l ,  t h e  spent  



waste comes o u t  as an a s h - l i k e  sand w i t h  no c l i n k e r s .  S tud ies  

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

spent  waste as a  s o i l  supplement, aggregate f o r  concre te  b l o c k ,  and 

many o t h e r  a p p l i c a t i o n s ,  a re  ve r y  encourag ing as t o  t h e  p o t e n t i a l  

use o f  t h i s  by -p roduc t  m a t e r i a l .  

I n  a d d i t i o n  t o  l i m i t i n g  s u l f u r  ox i de  emiss ions,  FBC o f f e r s  severa l  

o t h e r  b e n e f i t s .  A coa l  f i r e d  FBC u n i t  would be sma l l e r  i n  s i z e  

t h a n  a  conven t iona l  coa l  f i r e d  steam genera to r .  T h i s  i s  l a r g e l y  

due t o  t h e  a b i l i t y  o f  t h e  FBC u n i t  t o  work a t  h i g h e r  hea t  r e l e a s e  
3 r a t e s ,  approx imate ly  100,000 B t u / h r - f t  , compared t o  those  o f  

3 approx imate ly  20,000 ~ t ; / h r - f t  f o r  conven t iona l  u n i t s .  I n  a d d i t i o n  

h i g h  hea t  t r a n s f e r  c o e f f i c i e n t s  t o  in -bed  tubes ,  where approx imate ly  

s i x t y - f i v e  p e r c e n t  o f  hea t  a b s o r p t i o n  takes  p l ace ,  have been expe r i -  

enced. Because o f  these advantages, i t  shou ld  be p o s s i b l e  t o  

des ign  a  f o r c e d  c i r c u l a t i o n ,  once th rough  steam genera to r  which 

would use t h e  same un t rea ted  wate r  t h a t  i s  p r e s e n t l y  be ing  used i n  

e x i s t i n g  steam genera to rs  t o  produce low qua1 i t y  steam. 

Another b e n e f i t  assoc ia ted  w i t h  FBC i s  r e d u c t i o n  i n  t h e  emiss ion  o f  

ox ides  o f  n i t r o g e n .  The r e l a t i v e l y  low combust ion temperature o f  

an FBC u n i t ,  compared t o  conven t iona l  coa l  f i r e d  u n i t s ,  l i m i t s  t h e  

p r o d u c t i o n  o f  ox ides  o f  n i t r o g e n .  E x i s t i n g  t e s t  da ta  i n d i c a t e  t h a t  

u n c o n t r o l l e d  emiss ions o f  NOx f rom FBC u n i t s  a re  below e x i s t i n g  

f e d e r a l  r e g u l a t i o n s .  T h i s  l e v e l  however, as w i l l  be d iscussed 

l a t e r  i n  t h e  r e p o r t ,  exceeds t h e  l i m i t a t i o n  f o r  new steam genera to rs  

o f  100 ppm as proposed i n  t h e  C a l i f o r n i a  A i r  Resources Board model 

r u l e .  There fo re ,  equipment t o  reduce NOx emiss ions t o  an accep tab le  

l e v e l  w i l l  have t n  be i n c l u d e d  f o r  t h i s  a p p l i c a t i o n .  T h i s  s t i l l  

p rov i des  an advantage over  o t h e r  conven t iona l  coa l  f i r i n g  techniques 

however, i n  t h a t  t h e  amount o f  r e d u c t i o n  r e q u i r e d  w i  11 be l ess .  



4.1.1 Process D e s c r i p t i o n  

Combustion i n  t h e  FBC process i s  accompl ished w i t h i n  a bed o f  

noncombust ib le,  g r a n u l a r  m a t e r i a l .  Coal i s  burned i n  a  l imes tone  

bed above a g r i d  p l a t e ,  th rough  which an even ly  d i s t r i b u t e d  a i r  

stream i s  passed. Th i s  a i r  serves two f u n c t i o n s  i n  t h a t  i t  p rov i des  

t h e  a i r  r e q u i r e d  f o r  combust ion as w e l l  as t h a t  needed f o r  f l u i d i -  

z a t i o n .  As t h e  a i r  v e l o c i t y  i s  inc reased ,  t h e  bed w i l l  expand, o r  

f l u i d i z e ,  c r e a t i n g  a  f l u i d - l i k e  mass which i s  h e l d  i n  suspension by  

t h e  a i r  stream. T y p i c a l  f l u i d i z i n g  v e l o c i t i e s  a re  i n  t h e  range o f  

3 t o  12 f ps .  T h i s  f l u i d - l i k e  t u r b u l e n t  bed causes r a p i d  m i x i n g  o f  

t h e  p a r t i c l e s  t o  occur ,  which i s  i d e a l  f o r  good combustion. The 

hea t  produced by t h i s  combust ion i s  t hen  t r a n s f e r r e d  t o  wa te r  tubes 

i n  t h e  bed f o r  steam genera t ion .  

F i g u r e  8  shows a t y p i c a l  FBC f l o w  diagram which may be used f o r  

enhanced o i l  recovery  steam genera t ion .  Th i s  des ign  shows s i z e d  

coa l  and l imes tone ,  a l ong  w i t h  r e c y c l e d  ash, be ing  b lended p r i o r  t o  

i n j e c t i o n  i n t o  t h e  combustor. Typ i ca l  feed  s i z e  f o r  coa l  i s  approx- 

i m a t e l y  1/4" x  0, w h i l e  t h e  s i z e  requi rement  f o r  l imes tone  i s  

approx imate ly  1/8" x  30 mesh. A l though t h i s  approach shows t h e  

f u e l / s o r b e n t  m i x t u r e  b e i n g  b lended p r i o r  t o  e n t r y  t o  t h e  combustor, 

these m a t e r i a l s  can be f e d  independent l y .  

Two approaches f o r  f e e d i n g  m a t e r i a l  i n t o  t h e  combustor a re  a v a i l -  

ab l e .  Mechanical  methods, such as screw conveyors o r  spreader 

s t o k e r  feeders  can be used, o r  f eed ing  can be accompl ished pneu- 

m a t i c a l l y .  Mechanical  methods a r e  used f o r  overbed feed ing ,  w h i l e  

f eed ing  f rom below t h e  bed o r  i n  t h e  bed i s  g e n e r a l l y  accompl i shed  

pneuma t i ca l l y .  

Fuel  and l imes tone  i n j e c t e d  i n t o  t h e  bed a re  f l u i d i z e d  by a i r  

pass ing  th rough  a d i s t r i b u t o r  p l a t e  i n  t h e  combustor. The d i s t r i b -  

u t o r  p l a t e  serves two f u n c t i o n s  i n  t h a t  i t  causes even d i s t r i b u t i o n  



o f  a i r  across t h e  bed, and a l s o  suppor ts  t h e  bed when i n  a non- 

f l u i d i z e d ,  slumped c o n d i t i o n .  

The f l u i d i z i n g  a i r  i s  s u p p l i e d  by a f o r c e d  d r a f t  f an ,  th rough  a 

plenum l o c a t e d  below t h e  d i s t r i b u t o r  p l a t e .  T h i s  fan ,  i n  conjunc- 

t i o n  w i t h  an induced d r a f t  f a n  l o c a t e d  a f t e r  t h e  combustor, operates 

as a ba lanced d r a f t  system t o  m a i n t a i n  s l i g h t l y  g r e a t e r  than  atmo- 

sphe r i c  p ressure  i n  t h e  bed. 

Temperature i n  t h e  bed o f  t h e  combustor i s  approx imate ly  1500°F t o  

1600°F. S u l f u r  d i o x i d e  formed d u r i n g  combust ion i s  absorbed by t h e  

l imes tone  i n  t h e  bed. S u l f u r  cap tu re  w i l l  l i m i t  SO2 emiss ions t o  a 

l e v e l  below t h e  l i m i t a t i o n  o f  60 ppm proposed i n  t h e  CARB model 

r u l e  and t h e r e f o r e ,  f l u e  gas sc rubb ing  f o r  SO2 r e d u c t i o n  i s  n o t  

r e q u i  red .  

Spent bed m a t e r i a l s  a re  removed f rom t h e  combustor by  a g r a v i t y  

d r a i n  system. These m a t e r i a l s  a re  f e d  i n t o  an ash c o o l e r ,  where 

t h e i r  temperature i s  reduced t o  a l e v e l  s u i t a b l e  f o r  hand l ing .  

A f t e r  c o o l i n g ,  t h i s  m a t e r i a l  i s  d i scharged  t o  an ash s i l o  f o r  

subsequent d i sposa l  . 

F l ue  gas l e a v i n g  t h e  combustor passes th rough  a mechanical  cyc lone  

c o l l e c t o r  where approx imate ly  85 t o  90 p e r c e n t  o f  t h e  suspended 

f l y a s h  and unburned carbon a re  removed. The m a t e r i a l  c o l l e c t e d  by 

t h e  cyc lone  i s  t hen  r e i n j e c t e d  i n t o  t h e  combustor. T h i s  r e c y c l i n g  

inc reases  combust ion e f f i c i e n c y .  

Cyclone d ischarge  gases t hen  pass th rough  an economizer s e c t i o n ,  

where temperature i s  reduced t o  approx imate ly  350°F. A f t e r  l e a v i n g  

t h e  economizer, t h e  gases pass th rough  a baghouse dus t  c o l l e c t o r ,  

where f i n a l  p a r t i c u l a t e  removal i s  accompl i shed. 



Also  shown i n  F i gu re  8 i s  p r o v i s i o n  f o r  NOx removal .  Tes t  da ta  

f rom l a b o r a t o r y  s c a l e  t e s t  u n i t s  i n d i c a t e  NOx concen t ra t i ons  i n  t h e  

f l u e  gas range between 300 and 500 ppm. A l though t h i s  i s  below 

f e d e r a l  s tandards,  i t  i s  h i ghe r  t han  t h e  l i m i t a t i o n  o f  100 ppm 

proposed i n  t h e  CARB model r u l e .  A f t e r  e v a l u a t i n g  da ta  f rom severa l  

t e s t  r e p o r t s ,  an u n c o n t r o l l e d  NOx emiss ion o f  450 ppm was chosen i n  

o r d e r  t o  es t ima te  t h e  c o s t  o f  NOx emiss ion c o n t r o l .  Based on t h i s  

f i g u r e ,  a  r e d u c t i o n  o f  approx imate ly  78 pe rcen t  would be r e q u i r e d  

t o  meet t h e  CARB 1  i m i t a t i o n .  

A t  t h e  p r e s e n t  t i m e  two processes, n o n - c a t a l y t i c  and c a t a l y t i c ,  a re  

a v a i l a b l e  f o r  c o n t r o l l i n g  NO emiss ions.  Bo th  processes use ammonia 
X 

i n j e c t i o n  and r e q u i r e  a  narrow and c r i t i c a l  temperature range f o r  

optimum e f f e c t i v e n e s s .  The n o n - c a t a l y t i c  process r e a c t s  ammonia 

w i t h  NOx t o  form n i t r o g e n  and water .  T h i s  process operates i n  a  

temperature range o f  approx imate ly  1700°F t o  1800°F and i s  capable  

o f  NOx r e d u c t i o n s  o f  up t o  70 pe rcen t .  The c a t a l y t i c  process a l s o  

' reacts ammonia w i t h  NOx t o  form n i t r o g e n  and water .  T h i s  process,  

however, opera tes  i n  a  l owe r  temperature range o f  600°F t o  800°F 

and i s  capable  o f  NOx r e d u c t i o n s  i n  excess o f  90 percen t .  

T y p i c a l  f l u e  gas temperatures i n  an FBC u n i t  a re  we1 1  below 1700°F. 

F l ue  gas r e h e a t i n g  would be r e q u i r e d  i n  o r d e r  t o  ach ieve  t h e  temper- 

a t u r e  range r e q u i r e d  f o r  t h e  n o n - c a t a l y t i c  process.  T h i s  tempera- 

t u r e  range can be s h i f t e d  t o  a  1  ower l e v e l  , however, b u t  r e q u i r e s  

t h e  use o f  hydrogen. The magnitude o f  t h i s  s h i f t  i s  ma in l y  a  

f u n c t i o n  o f  t h e  amount o f  hydrogen i n j e c t e d  r e l a t i v e  t o  ammonia. 

It shou ld  be noted, however, t h a t  t h i s  hydrogen a d d i t i o n  does n o t  

widen t h e  temperature range, b u t  mere ly  s h i f t s  t h i s  temperature 

wi  ndow t o  a  1  ower 1  eve1 . 

Comparison o f  t h e  two t echno log ies  would have t o  be made on a  case 

by case bas i s .  I n  t h i s  a p p l i c a t i o n ,  t h e  c o s t  o f  r e h e a t i n g  t h e  f l u e  

gas o r  t h e  c o s t  o f  hydrogen would have t o  be eva lua ted  versus 



c a t a l y s t  c o s t .  I n  a d d i t i o n ,  t h e  l e v e l  o f  r e d u c t i o n  r e q u i r e d  versus 

t h e  c a p a b i l i t i e s  o f  t h e  two processes must be cons idered.  Based on 

a es t ima ted  u n c o n t r o l l e d  NOx emiss ions o f  450 ppm, a  r e d u c t i o n  o f  

approx imate ly  80 pe rcen t  i s  r equ i r ed .  S ince t h i s  l e v e l  i s  beyond 

t h e  c a p a b i l i t y  o f  t h e  n o n - c a t a l y t i c  process,  we have e l e c t e d  t o  

eva lua te  a c a t a l y t i c  process i n  o r d e r  t o  es t ima te  t h e  c o s t  assoc i -  

a t e d  w i t h  NOx c o n t r o l .  Should t h e  r e d u c t i o n  requ i rement  f a l l  

w i  t .hi n  t h e  capabi  1  i ti es o f  t h e  n o n - c a t a l y t i  c  process,  then  t h e  c o s t  

o f  implement ing t h a t  process versus t h e  c a t a l y t i c  approach c o u l d  

become comparable. 



4.1.2  NO,, Emission Con t ro l  
A 

C a t a l y t i c  processes have been developed by a  number o f  vendors. 

Among these a re  t h e  H i t a c h i  L t d .  process,  t h e  Kobe S tee l  process,  

t h e  J . C . G .  Paranox process,  t h e  Kurabo Knorca process and t h e  

H i t a c h i  Zosen process.  The c h a r a c t e r i s t i c s  and performances o f  

these  va r i ous  processes a re  ve r y  s i m i l a r .  The technology s e l e c t e d  

f o r  e v a l u a t i o n  i n  t h e  p r o j e c t  i s  t h e  H i t a c h i  Zosen process o f f e r e d  

by Envirotech/Chemic.  T h i s  process i s  commercial l y  a v a i l a b l e  i n  

t h e  U n i t e d  S ta tes  and has r e c e n t l y  been se lec ted  f o r  demonst ra t ion 

on a  coa l  f i r e d  b o i l e r  by  t h e  Environmental  P r o t e c t i o n  Agency. 

Cost da ta  u t i l i z e d  was s u p p l i e d  by  t h e  vendor and i n  t h e  accuracy 

presented,  i s  t hough t  t o  be r e p r e s e n t a t i v e  o f  t h e  o t h e r  c a t a l y t i c  

processes. 

The H i t a c h i  Zosen process i s  a  d r y  c a t a l y t i c  t ype  process and i s  

s e l e c t i v e  i n  t h a t  o n l y  one chemical  spec ies,  i n  t h i s  case ox ides  o f  

n i t r o g e n ,  i s  reduced. The process r e a c t s  ammonia w i t h  ox ides  o f  

n i t r o g e n ,  i n  near  s t o i c h i o m e t r i c  q u a n t i t i e s ,  t o  form n i t r o g e n  and 

wate r .  The process operates a t  temperatures between 600° and 800°F 

and i s  capable  o f  r e d u c t i o n s  i n  excess o f  90 percen t .  The NOx 

decomposi t ion r e a c t i o n s  a r e  shown by Equat ions 3 and 4: 

The c a t a l y s t  used i n  t h e  process i s  an u n a c t i v a t e d  meta l ,  t r e a t e d  

w i t h  aluminum and i n  t u r n  an aqueous s o l u t i o n  o f  a c i d  o r  a1 k a l  i. 

Th is  produces a  meta l  su r f ace  which i s  c a t a l y t i c a l l y  a c t i v e  i n  t h e  

r educ ing  r e a c t i o n  between n i t r o g e n  ox ides  and ammonia. 

The p r o d u c t i o n  o f  t h e  c a t a l y s t  used i n  t h e  process i n v o l v e s  p l a t i n g  

an u n a c t i v a t e d  meta l  , i s  t h i s  case s t a i n l e s s  s t e e l ,  w i t h  a1 umi num. 



The p l a t i n g  t r ea tmen t  o f  t h e  aluminum l a y e r  on t h e  su r f ace  o f  t h e  

s t a i n l e s s  s t e e l  p l a t e  pe rm i t s  t h e  s t a i n l e s s  s t e e l  and aluminum t o  

d i f f u s e  i n t o  each o t h e r  i n  s o l i d  phase. The aluminum p l a t e d  s t a i n -  

l e s s  s t e e l  panel  i s  t hen  immersed i n  an aqueous s o l u t i o n  o f  sodium 

hydrox ide  where t h e  aluminum i s  t hen  s e l e c t i v e l y  d i s s o l v e d  o u t  i n t o  

s o l u t i o n .  The rema in ing  s t a i n l e s s  s t e e l  assumes porous sur faces  

and becomes c a t a l y t i c a l l y  a c t i v e .  The s t a i n l e s s  s t e e l  when a c t i -  

va ted  by t h i s  process t hen  e x h i b i t s  c a t a l y t i c  a c t i v i t y  i n  t h e  

r e a c t i o n  f o r  s e l e c t i v e l y  reduc ing  NOx w i t h  ammonia. The a c t i v e  

s t a i n l e s s  s t e e l  p l a t e s  a re  then  formed i n t o  a  honeycomb con f i gu ra -  

t i o n  f o r  modular i n s t a l  l a t i o n  i n t o  a  r e a c t o r .  

The H i t a c h i  Zosen process r e q u i r e s  t h e  i n s t a l l a t i o n  o f  a  c a t a l y t i c  

r e a c t o r  i n t o  t h e  f l u e  gas duc t  system. F i g u r e  9 shows a  s i m p l i f i e d  

f l o w  diagram o f  t h e  process,  as a p p l i e d  t o  a  conven t iona l  b o i l e r ,  

n o t  a  steam genera to r ,  ope ra t i on .  

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

where optimum process temperature c o n d i t i o n s  e x i s t .  Ammonia i s  

i n j e c t e d  i n t o  t h e  f l u e  gas stream ahead o f  t h e  r e a c t o r .  Th i s  i s  

accompl ished by means o f  a  c a r r i e r  gas, which can be e i t h e r  steam 

o r  a i r .  Soot b lowers a re  p rov i ded  w i t h  t h e  r e a c t o r  t o  p reven t  

b l o c k i n g  o r  adherence o f  dus t  on t o  t h e  c a t a l y s t  l a y e r .  P r o v i s i o n  

i s  a l s o  shown f o r  f l u e  gas rehea t i ng .  Th i s  would become necessary 

i n  t h e  even t  f l u e  gas temperature would f a l l  below 700' t o  800°F 

range. 

I n  as much as NOx c o n t r o l  would be r e q u i r e d  i n  o r d e r  t o  meet t h e  

CARB l i m i t a t i o n  o f  100 ppm, i t  i s  b e l i e v e d  t h a t  hardware f o r  t h i s  

process c o u l d  be i n c o r p o r a t e d  i n t o  t h e  des ign  o f  t h e  FBC u n i t .  The 

c a t a l y t i c  r e a c t o r  would be i n s t a l l e d  ahead o f  t h e  economizer 

s e c t i o n .  The i nbed  hea t  t r a n s f e r  su r faces  would t hen  have t o  be 

designed such t h a t  t h e  r e s u l t i n g  f l u e  gas temperature l e a v i n g  t h e  

bed and e n t e r i n g  t h e  c a t a l y t i c  r e a c t o r  would f a1  1  i n t o  t h e  700°F t o  
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800°F range. Th i s  gas would then  pass th rough  t h e  r e a c t o r  and i n t o  

t h e  economizer sec t i on .  Since no temperature drop takes  p l a c e  

across t h e  r e a c t o r ,  t h e  performance o f  t h e  economizer should  n o t  be 

e f f e c t e d .  A p ressure  drop does occur  however, and t h i s  would have 

t o  be compensated f o r  by a d d i t i o n a l  f a n  horsepower. 

4.2 Imp1 ementat ion 

The p l a n  f o r  implement ing F l u i d i z e d  Bed Combustion i n  t h e  synthe- 

s i z e d  f i e l d  c a l l s  f o r  t e n  groups o f  FBC steam genera to rs ,  w i t h  each 

group c o n t a i n i n g  t e n  steam genera to rs .  Each u n i t  w i l l  be r a t e d  a t  

50 m i l l i o n  B t u  p e r  hour.  S e l e c t i o n  o f  t h i s  c a p a c i t y  was based on a  

u n i t  s i z e  t h a t  c o u l d  be shop assembled f o r  shipment t o  t h e  f i e l d  as 

a  package. Th i s  would m in im ize  f i e l d  e r e c t i o n  and i n  t u r n  lower  

o v e r a l l  c o s t .  

Drawing 4598A-081478-5 shows t h e  m a t e r i a l  f l o w  diagram and equipment 

requi rements  f o r  one group o f  t e n  FBC u n i t s .  Drawing 4598A-081478- 

6 shows p l o t  p l ans  and e l e v a t i o n s  f o r  t h e  same t e n  u n i t s .  T h i s  

p l a n  would be d u p l i c a t e d  t e n  t imes  i n  o r d e r  t o  s a t i s f y  t h e  r e q u i r e -  

ment o f  t h e  syn thes ized  f i e l d .  

The o p e r a t i o n  o f  each o f  t h e  groups o f  t e n  FBC u n i t s  r e q u i r e s  

approx imate ly  730 tons  o f  coa l  p e r  day and 210 tons  o f  l imes tone  

p e r  day. Limestone a n a l y s i s  i s  shown i n  F i g u r e  2. T o t a l  coa l  and 

l imes tone  requi rements  a re  approx imate ly  7300 and 2100 t ons  p e r  day 

r e s p e c t i v e l y .  

Run o f  mine coa l  i s  d e l i v e r e d  t o  t h e  s i t e  by r a i l  and i s  d ischarged  

t o  below grade t r a c k  r e c e i v i n g  hoppers. Coal i s  d i scharged  f rom 

these  hoppers by v i b r a t i n g  feeders  and t r a n s p o r t e d  t o  t h e  s to rage  

y a r d  by b e l t  conveyor.  S ized  l imes tone  i s  d e l i v e r e d  t o  t h e  s i t e  by  

e i t h e r  r a i l  o r  t r u c k .  Limestone i s  t hen  pneuma t i ca l l y  conveyed t o  

t h e  l imes tone  s to rage  s i l o .  



Coal i s  r ec l a imed  from s to rage  by two under p i l e  hoppers equipped 

w i t h  v i b r a t i n g  feeders .  Reclaimed coa l  i s  d e l i v e r e d  by b e l t  con- 

veyor  t o  a  v i b r a t i n g  screen f o r  s i z i n g .  Unders ize c o a l ,  -1/4",  

passes th rough  t h e  screen, whi l e  o v e r s i z e  coa l  , +1/4", passes over  

t h e  screen and i s  subsequent ly  crushed t o  s i z e  by a  r o l l  c rusher .  

Unders ize c o a l ,  f rom t h e  v i b r a t i n g  screen, and crushed c o a l ,  f rom 

t h e  r o l l  c rusher ,  a r e  t hen  d ischarged  on t o  a  common conveyor. 

Th i s  s i z e d  coa l  i s  t hen  t r a n s p o r t e d  by b e l t  conveyor t o  t h e  coa l  

s to rage  s i l o .  S ized  coa l  i s  d i scharged  f rom t h e  coa l  s to rage  s i l o  

by  means o f  a  v i b r a t i n g  b i n  bottom. It i s  then  t r a n s p o r t e d  by b e l t  

conveyors t o  a  d i v e r t e r  chute,  where i t  i s  d i r e c t e d  e i t h e r  t o  t h e  

coa l  s t o rage  b i n s  o f  FBC u n i t s  No. 1 th rough  No. 5 o r  No. 6 th rough  

No. 10. Conveyor plows d i r e c t  t h e  coa l  t o  t h e  i n d i v i d u a l  FBC coa l  

feed  hoppers i n  a  p r e s e l e c t e d  sequence. 

Limestone i s  d ischarged  f rom t h e  l imes tone  s to rage  s i l o  by means o f  

a  screw conveyor. I t  i s  t hen  pneuma t i ca l l y  conveyed t o  t h e  i n d i v i d -  

ua l  FBC l imes tone  s to rage  b i n s .  Th i s  system i s  a l s o  a u t o m a t i c a l l y  

c o n t r o l  1  ed i n  a  p r e s e l e c t e d  sequence. 

Two baghouse d u s t  c o l l e c t o r s  serve t h e  t e n  FBC u n i t s .  F l ue  gas 

f rom FBC U n i t s  1  th rough  5 i s  man i fo lded  i n t o  Baghouse # l .  F l ue  

gas f o r  FBC U n i t s  6 th rough  10 i s  man i fo lded  t o  Baghouse #2. 

F l y  ash c o l l e c t e d  by t h e  two baghouses, as w e l l  as bed d r a i n  ash 

f rom t h e  i n d i v i d u a l  FBC u n i t s ,  i s  c o l l e c t e d  and conveyed i n  a  

common pneumatic t r a n s p o r t  system. Th i s  system i s  a u t o m a t i c a l l y  

sequenced t o  accept  ash on an i n d i v i d u a l  b a s i s ,  f rom each o f  t h e  

twe l ve  c o l l e c t i o n  p o i n t s .  The ash i s  t hen  pneuma t i ca l l y  conveyed 

t o  t h e  ash s to rage  s i l o .  The d ischarge  f rom t h e  ash s to rage  s i l o  

passes th rough  a  w e t t e r  m u l l e r ,  which mois tens t h e  ash t o  suppress 

dus t i ng .  



4.3 Economics 

T h i s  s e c t i o n  con ta i ns  t h e  r e s u l t s  o f  an economic a n a l y s i s  o f  imple-  

ment ing F l u i d i z e d  Bed Combustion i n  t h e  syn thes ized  f i e l d .  The 

f i e l d  would generate  approx imate ly  3.504 x l o 7  thousand pounds o f  

steam p e r  year .  

The Economic Ana l ys i s ,  as exp la i ned  i n  a  p reced ing  s e c t i o n ,  i s  

based upon c a p i t a l  cos t s  ( i n c l u d i n g  p o l l u t i o n  c o n t r o l  equipment) 

which a re  over  and above those o f  t h e  e x i s t i n g  f a c i l i t i e s .  S imi -  

l a r l y ,  t h e  o p e r a t i n g  cos t s  used a re  n o t  t h e  t o t a l  c o s t s  f o r  t h e  

p r o d u c t i o n  o f  steam b u t  r a t h e r ,  t h e  c o s t  t o  cover  o n l y  those i tems 

r e l a t e d  t o  t h e  new f a c i l i t i e s .  Th i s  i nc l udes  t h e  t o t a l  f u e l  cos t ,  

however. 

4.3.1 Concl us ions  

Us ing  d e l i v e r e d  c o s t s  o f  $40.00 p e r  t o n  o f  coa l  and $15.00 p e r  t o n  

o f  l imes tone ,  an added p r i c e  o f  $6.36 p e r  thousand pounds o f  steam 

i s  necessary i n  o r d e r  f o r  t h e  f l u i d i z e d  bed o p e r a t i o n  t o  o b t a i n  an 

a f t e r - t a x  I R R  o f  15 percen t .  Assuming 23,360,000 b a r r e l s  o f  o i l  

a n n u a l l y  a v a i l a b l e  f o r  s a l e  f rom t h e  enhanced recovery  program, t h e  

above p r i c e  equates t o  $9.54 added t o  t h e  c o s t  o f  p roduc ing  one 

b a r r e l  o f  o i l  f o r  sa l e .  Th i s  p r i c e  i s  based upon a  p l a n t  investment  

o f  $348 m i  11 i o n  and a  work ing  c a p i t a l  requ i rement  o f  $28.9 m i l  1  i o n .  

The s e n s i t i v i t y  o f  t h e  I R R  t o  a  change i n  t h e  va lue  o f  a  s p e c i f i c  

i n p u t  v a r i a b l e  i s  measured by t h e  index  o f  s e n s i t i v i t y .  For  t h e  

v a r i a b l e s  1  i s t e d  b t  ,ow, t h e  i n d i c e s  o f  s e n s i t i v i t y  a re  as f o l l o w s :  



Index  o f  S e n s i t i v i t y  
(Percentaae P o i n t  Chanae i n  

V a r i a b l e  

Inc rementa l  P r i c e  

Inc rementa l  Investment  

Inc rementa l  V a r i a b l e  Costs 

'IRR Per 7 Percent  change i n  
Val ue o f  I n ~ u t  V a r i a b l e  

The i n t e r n a l  r a t e  o f  r e t u r n  i s ,  t h e r e f o r e ,  most s e n s i t i v e  t o  t h e  

inc rementa l  p r i c e  o f  steam. I t s  index  va lue  i n d i c a t e s  t h a t  a  one 

pe rcen t  change i n  steam p r i c e  e f f e c t s  a  change o f  0.22 percentage 

p o i n t  i n  t h e  I R R .  

4 .3 .2  I n p u t  Va r i ab l es  

The f o l l o w i n g  paragraphs d e t a i l  t h e  va lues t h a t  a re  used as i n p u t s  

t o  t h e  computer program f o r  t h e  FBC a n a l y s i s .  

The 100 combustors a r e  assumed t o  a t t a i n  t h e i r  t o t a l  expected 

p r o d u c t i o n  l e v e l  approx imate ly  two yea rs  a f t e r  s t a r t - u p .  Costs and 

o t h e r  da ta  r e l a t i n g  t o  o p e r a t i o n  a t  r a t e d  c a p a c i t y  a re  as f o l l o w s :  

4.3.2a P roduc t i on  Volume and Opera t ing  Schedule 

P roduc t i on  cos t s  a re  based on an annual steam p r o d u c t i o n  o f  3.504 x  
7 

10 thousand pounds o f  steam. 

4.3.2b Added Opera t ing  Costs 

The es t ima ted  annual a d d i t i o n a l  o p e r a t i n g  cos t s  assoc ia ted  w i t h  t h e  

f l u i d i z e d  bed f a c i  1  i t i e s  and r e l a t e d  p o l  1  u t i o n  c o n t r o l  equipment on 

t h e  e x i s t i n g  steam genera to rs  a re  based on t h e  l a b o r  and raw mate- 

r i a l  cos t s  d e t a i l e d  i n  t h e  Bas is  o f  Eva lua t i on  d iscuss ion .  These 

es t ima tes  a re  cons idered  t o  be a t t a i n a b l e  a t  f u l l  p roduc t i on .  



V a r i a b l e  Costs 

Raw M a t e r i a l s  (Not  
I n c r e m e n t a l )  

Coal $73,216 

Limestone 9,235 

Other  O p e r a t i n g  Costs 
( V a r i a b l  e) 

- - 

Added O p e r a t i n g  Costs 

Cost  

($1000) ( $  p e r  1000 1  bs. Steam; Approx. ) 

( I  n c l  udes r e p a i  r and 
maintenance, u t i l i t i e s ,  
s u p p l i e s  and con- 
s u m a b l e ~ ,  ash h a n d l i n g  
(s ludge)  and NOx, SOx 
and p a r t i c u l a t e  c o n t r o l )  17,549 

T o t a l  V a r i a b l e  Costs 100,000 

Semi -va r iab le  Costs 

Labor 

Semi -va r iab le  Expenses 

Ad-valorem Taxes and 
Insurance  13,920 

TOTAL ADDED OPERATING 
COSTS 121,570 

4 . 3 . 2 ~  C a p i t a l  Cost  Es t ima tes  

The i n s t a l l e d  c o s t  o f  t h e  f l u i d i z e d  bed f a c i l i t i e s  ( i n c l u d i n g  

r e 1  a t e d  p o l  1  u t i  on abatement equipment) i s  e s t i m a t e d  t o  be $348 
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m i  1  l i o n  i n  1978 do1 l a r s .  Th i s  es t ima te  1s accura te  t o  +25 pe rcen t  

and i s  i t e m i z e d  as f o l l o w s :  

Year - 5  - 4  - 3  - 2 - 1  0  To ta l  
( M i l l i o n s  o f  D o l l a r s )  

Bui  1  d ings  .250 .750 2.00 1.50 .SO - 5.0 

Pol  1 u t i o n  
Cont ro l  1.415 4.245 11.32 8.49 2.83 - 28.3 

FBC P l a n t  
Equipment 15.735 47 .205125.88  94.41 31.47 - - - 314.7 

17.400 52.200 139.20 104.40 34.80 348.0 

4.3.2d Incrementa l  Working C a p i t a l  

Working c a p i t a l  i s  p rov ided  t o  cover c u r r e n t  cash requi rements,  

accounts rece i vab le ,  i n v e n t o r y  o f  o p e r a t i n g  m a t e r i a l s ,  as w e l l  as 

accounts payable.  

Cash i s  s u f f i c i e n t  f o r  a  four-month p a y r o l l ,  accounts r e c e i v a b l e  

a r e  17 pe rcen t  o f  sa les  (60 day payment), accounts payable a re  

17 pe rcen t  o f  o p e r a t i n g  cos t s  exc lud ing  l a b o r  (60 day payment), and 

i nvento ry  v o l  umes a r e  s u f  f i c i  e n t  f o r  annual needs. 

Incrementa l  T o t a l  Working C a p i t a l  = 13 Percent  o f  Incrementa l  

Sales. 

4.3.3 I n t e r n a l  Rate o f  Return 

The added p r i c e  o f  steam generated f rom t h e  FBC steam generators  i s  

$6.36 p e r  thousand pounds o f  steam i n  o rde r  t o  o b t a i n  t h e  assumed 

15 pe rcen t  a f t e r - t a x  I R R .  

The i n d i v i d u a l  components o f  t h a t  p r i c e  a re  as f o l l o w s :  



Added Opera t ing  Costs and F i x e d  Charges 

I tem - 

Cost - 
($1000) ($ p e r  1000 l b s .  Steam) 

Raw M a t e r i a l s  (Not Inc rementa l )  82,451 2.35 

Other  Opera t ing  Costs (Va r i ab l e )  17,549 .50 

Labor (Semi -Va r i  ab l  e)  7,650 .22 

Ad-valorem Taxes and Insurance 13,920 

T o t a l  Inc rementa l  Opera t ing  Costs 121,570 3.47 

C a p i t a l  Charges 

TOTAL COST PER 1000 LBS. STEAM 228,854 6.36 

Annual c a p i t a l  charges no ted  above a r e  r e q u i r e d  t o  o b t a i n  an I R R  o f  

15 pe rcen t  a f t e r  t a x  on t h e  added investment .  These t o t a l  approx i -  

mate ly  29 pe rcen t  o f  t h e  t o t a l  c a p i t a l  c o s t  d i scussed  e a r l i e r  i n  

t h i s  sec t i on .  

4.3.4 S e n s i t i v i t v  Ana l vs i s  

The f o l l o w i n g  i s  a  summary o f  v a r i a b l e s  i n c l u d i n g  inc rementa l  steam 

p r i c e ,  investments ,  and cos t s  as t h e y  a f f e c t  t h e  s e n s i t i v i t y  o f  t h e  

i n t e r n a l  r a t e  o f  r e t u r n  f o r  t h e  proposed p r o j e c t .  

4.3.4a Inc rementa l  P r i c e  

An inc rementa l  p r i c e  o f  $6.36 p e r  thousand pounds o f  steam was 

c a l c u l a t e d  t o  be t h e  p r i c e  "most l i k e l y "  t o  y i e l d  an a f t e r - t a x  I R R  

o f  15 percen t .  



To gauge s e n s i t i v i t y ,  t h i s  p r i c e  was v a r i e d  f rom a  low o f  $4.77 p e r  

thousand pounds of steam t o  a  h i g h  o f  $7.95 pe r  thousand pounds o f  

steam. The cor respond ing  va lues o f  t h e  I R R  were 6 .9  and 21.3 

pe rcen t  r e s p e c t i v e l y .  

Incrementa l  P r i c e  

$ / I000 l b s .  Steam I R R ,  % 

6 .9  

15.0 

21.3 

4.3.4b Inc rementa l  Investment  

The inc rementa l  p l a n t  and equipment investment  f o r  t h e  proposed 

f l u i d i z e d  bed a l t e r n a t i v e  has a  "most l i k e l y "  t o t a l  o f  $348 m i l l i o n  

spent  over  an approximate f i v e - y e a r  p e r i o d .  T h i s  t o t a l  was v a r i e d  

by 25 pe rcen t  on t h e  h i g h  and low s i d e  t o  y i e l d  investment  t o t a l s  

f rom $261 m i l l i o n  t o  $435 m i l l i o n .  The r e s u l t i n g  I R R  va lues  were 

18.8 and 12.1 p e r c e n t  r e s p e c t i v e l y .  

Inc rementa l  Investment  

P l a n t  C a p i t a l  Cost 

$261 ,000,000 

348,000,000 

435,000,000 

4 . 3 . 4 ~  Inc rementa l  V a r i a b l e  Cost 

I R R ,  % 

18.8 

15.0 

12.1 

V a r i a b l e  c o s t  i nc l udes  a l l  i t ems no ted  i n  t h e  d i s c u s s i o n  o f  opera t -  

i n g  c o s t s ,  w i t h  t h e  excep t i on  o f  t h e  sem i - va r i ab l e  components. A 

25 pe rcen t  f a c t o r  was appl  i e d  f o r  t h e  h i g h  and low inc rementa l  

v a r i a b l e  c o s t  va lues,  r e s u l t i n g  i n  a  range of $2.14 t o  $3.56 p e r  



thousand pounds o f  steam. The cor respond ing  I R R  va lues were 18.0 

and 11.4 r e s p e c t i v e l y .  

Incrementa l  V a r i a b l e  Cost 

Cost Per 1000 1  bs. Steam 

2.14 

2.85 

3.56 

I R R ,  % 

18.0 

15.0 

11.4 

As can be seen f rom t h e  t a b l e  o f  Added Ope ra t i ng  Costs and F i xed  

Charges, t h e  major  p o r t i o n  o f  t h e  v a r i a b l e  c o s t  i s  a t t r i b u t e d  t o  

t h e  c o s t  o f  raw m a t e r i a l s  and i n  p a r t i c u l a r  coa l .  F i gu re  10 

p resen t s  t h e  s e n s i t i v i t y  o f  steam c o s t  as a  f u n c t i o n  o f  t h e  d e l i v -  

e red  p r i c e  o f  coa l .  Va ry i ng  t h e  p r i c e  o f  coa l  by  25 pe rcen t  above 

and below t h e  va lue  o f  $1.72 p e r  m i l l i o n  B t u  used i n  t h e  s tudy  

y i e l d s  c o s t s  p e r  thousand pound o f  steam o f  $6.88 and $5.83 respec- 

t i v e l y .  

Coal Cost 

D e l i v e r e d  P r i c e  
($ p e r  M i l l i o n  B tu )  

1.29 

Steam Cost  
($ p e r  1000 I b s )  

5.83 

4.3.4d Index  o f  S e n s i t i v i t y  

The s e n s i t i v i t y  a n a l y s i s  can be summarized by  n o t i n g  t h a t  an index  

o f  s e n s i t i v i t y  can be c a l c u l a t e d  f o r  each o f  t h e  v a r i a b l e s  d iscussed 

e a r l i e r .  The l a r g e r  t h i s  index  number, t h e  more s e n s i t i v e  t h e  I R R  

i s  t o  a  pe rcen t  change i n  t h a t  v a r i a b l e .  
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Mathemat ica l l y ,  t h e  index  o f  s e n s i t i v i t y  can be expressed as: 

I R R  = Abso lu te  change i n  I R R  ob ta i ned  by v a r y i n g  a  s p e c i f i c  

i n p u t  v a r i a b l e  (e.g.  , s e l l i n g  p r i c e )  

1  = I n i t i a l  i n p u t  v a r i a b l e  va lue  

2 = F i n a l  i n p u t  v a r i a b l e  va l ue  

The va lue  "I" gives  t h e  change i n  I R R  u n i t s  p e r  percentage change 

i n  t h e  s p e c i f i c  v a r i a b l e .  

Us ing  t h i s  equa t i on  r e s u l t s  i n  t h e  f o l l o w i n g  i n d i c e s  o f  

s e n s i t i v i t y :  

V a r i a b l e  Index  o f  S e n s i t i v i t y ,  I 

Inc rementa l  P r i c e  

Inc rementa l  Investments  

Inc rementa l  V a r i a b l e  Costs 

The I n t e r n a l  Rate o f  Return i s ,  t h e r e f o r e ,  most s e n s i t i v e  t o  t h e  

inc rementa l  p r i c e  o f  steam. A one pe rcen t  change i n  t h a t  p r i c e  

w i l l  r e s u l t  i n  a  change o f  0.22 i n  t h e  I R R .  



4.4 Demonst ra t ion 

Demonst ra t ion o f  F l  u i d i z e d  Bed Combustion c o u l d  be accompl i shed 

th rough  eng ineer ing ,  c o n s t r u c t i o n  and o p e r a t i  on o f  a  s i  ng l  e  FBC 

steam genera to r  des igned s p e c i f i c a l  l y  f o r  o i  1  f i e l d  appl  i c a t i o n .  

The f o l l o w i n g  i s  an es t ima te  o f  t h e  c o s t  o f  t h i s  program based on 

u s i n g  a  50 m i l l i o n  B t u  p e r  hour FBC steam genera to r  f o r  demonstra- 

t i o n .  

C a p i t a l  cos t s  i n c l u d e  cos t s  f o r  i tems such as eng ineer ing ,  equip-  

ment, i n s t a l  1  a t i o n  and c o n s t r u c t i o n .  Equipment covered by t h i s  

es t ima te  i n c l u d e s  coa l  , 1  imestone and ash hand1 i ng equipment, one 

F l u i d i z e d  Bed Steam genera to r  and emiss ion c o n t r o l  equipment f o r  

NOx r e d u c t i o n  and p a r t i c u l a t e  c o l l e c t i o n .  D i r e c t  o p e r a t i n g  c o s t s  

were developed on t h e  b a s i s  o f  one y e a r ' s  o p e r a t i o n  a t  80% u t i l i -  

z a t i o n .  T h i s  c o s t  covers  i tems such as raw m a t e r i a l s  ( coa l ,  l ime -  

s tone and ammonia), l a b o r ,  u t i l i t i e s ,  r e p a i r  and maintenance and 

waste d i sposa l  . 

C a p i t a l  Cost $5,500,000 

D i r e c t  Ope ra t i ng  Cost 1,735,000 

TOTAL DEMONSTRATION COST $7,235,000 
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