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ABSTRACT 

The . ' ro le  of a  carbon burnup c e l l  (CBC) i n  reducing  l imes tone  re- 

quirements t o  meet EPA SO 2 emission requirements  f o r  f lu id ized-bed  c o a l  

combustor p l a n t s  w a s  i n v e s t i g a t e d  by eva lua t ing  l a b o r a t o r y  s c a l e  experi-  

mental da t a .  Four l imes tone  f e e d . o p t i o n s  w e r e  analyzed:  (1)  f r e s h  lime- 

s tone  f e d  only  t o  a combustor, (2) f r e s h  l imes tone  f e d  t o  bo th  a combustor . 
' 

and a  CBC, (3)  f r e s h  l imes tone  f e d  t o  a CBC, a f t e r  which t h e  p a r t i a l l y  

s u l f a t e d  1 imes tone . f rom ' the  CBC i s  f e d  t o  a combustor,- and (4) f r e s h  lime- 

s t o n e  f e d  t o  a combustor and a  por t ' ion  of t h e  p a r t i a l l y  s u l f a t e d  ( i n  t h e  

combustor) l imes tone  i n j e c t e d  i n t o  t h e  CBC. For Greer l imes tone  t h e  calcu-. 

l a t i o n s  predbct  t h a t  op t ions  2 and 4 would r e q u i r e  approximately one-half 

a s  much l imes tone  a s  do op t ions  1 and 3.  

The r e a c t i v i t i e s  of Tymochtee dolomi te  and Germany Val ley  l imes tone  

with. SO were compared w i t h  t h a t  of Greer a t  i d e n t i c a l  condLtions. Tymoch- 2 

t e e  dolomi te  is more r e a c t i v e k h a n  Greer. Germany Val ley ,  being a high- 
-2 

calcium l imes tone ,  has  p o o r . r e a c t i v i t y  and w i t h  any of t h e  l imes tone  feed  

o p t i o n s  would r e q u i r e  h i g h  Ca/S r a t i o s  t o  m e e t t h e  EPA SO2 s tandard .  Again, 

o p t i o n s  2 and 4 were more f a v o r a b l e  f o r  Tymochtee and Germany Valley s tones .  



Atmospheric-pressure f lu id ized-bed  combustion (.AFBC). i s  one of t h e  

new methods be ing  considered f o r  producing power w h i l e  meeting EPA SO 
2 

emission s t a n d a r d s . w i t h  h igh-su l fur  coa l .  . I n  t h i s  process ,  c o a l  i s  burned 

a t  850-950°C i n  a f l u i d i z e d  bed c o n s i s t i n g  of p a r t i a l l y  s u l f a t e d  s o l i d  

SO -sorbent  p a r t i c l e s .  Limestones (o r  do lomi tes )  are u s u a l l y  t h e  bed 2 

m a t e r i a l  of cho ice .due  t o  t h e i r  h igh  calcium c o n t e n t ,  (which is  h igh ly  

r e a c t i v e  w i t h  SO a t  t h e s e  t empera tu re s ) ,  lqw c o s t ,  and good a v a i l a b i l i t y .  
2 

To reduce t h e  s i z e  and c o s t  of a n  AFBC, a h i g h  s u p e r f i c i a l  gas  velo-  

c i t y  (3-4.6 m/s) is  r equ i r ed .  However, h i g h  gas v e l o c i t i e s  cause  h i g h  

d u s t  loadings  ( l imestone and unburned c o a l )  i n  t h e  e f f l u e n t  gas  stream. 

High gas  v e l o c i t i e s ,  t h e r e f o r e ,  produce low combustion e f f i c i e n c i e s .  Pope, 

1 Evans and Robbins (PER) have r e p o r t e d  combustion e f f i c i e n c i e s  of %85% a t  

a f l u i d i z i n g  g a s . v e l o c i t y  of 3.8 m / s .  To i n c r e a s e  t h e  o v e r a l l  combustion 

e f f i c i e n c y  PER has  incorpora ted  i n t o  t h e i r  p rocess  a carbon burnup c e l l  

(CBC) which ope ra t e s  a t  a h ighe r  tempera ture  t han  t h e  combustor and a 

.lower f l u i d i z i n g  . . gas v e l s c i t y  ( ? l lOOO~,  1 . 8  m/s). Unburried c o a l  d u s t  re -  

moved from the combust0.r e f f l u e n t  s t ream by cyc lones  is  i n j e c t e d  i n t o  t h e  

CBC. Pope,, Evans. and Rsbbins e s t i m a t e s  t h a t  t h e  o v e r a l l  combustion e f f i -  

c i ency  c a n . b e  inc reased  t o  approxiniately 99%. 
1 

Tt  has  been es t imated  by Babcock and wilcox2 t h a t  t h e  percentage  of 

unburned s u l f u r  i n  t h e  e l u t r i a t e d  c o a l  d u s t  from t h e  combustor is  ~ 5 0 %  of 

t h e  percentage  of .unburned.coa1. .  Thus, a t  a combustion e f f i c i e n c y  

of 85% i n  t h e  combustor, approximately 93% of t h e  s u l f u r  i n  t h e  c o a l  i s  

oxid ized  t o  SO2 i n  t h e  corqbustoy; t h e  o t h e r  7% is  unburned and l e a v e s  



t h e  combustor i n  t h e  c o a l  d u s t  w i t h  t h e  e f f l u e n t  gas  s t ream. C o n f l i c t i n g  

have been found by i n v e s t i g a t o r s  as t o  t h e  f a t e  of t h i s  s u l f u r  

4 which w i l l  be  r e l e a s e d  a s  SO2 i n  t h e  CBC. The Nat iona l  Coal Board has  

found t h a t  t h e  SO r e a c t i v i t y  of s e v e r a l  l imes tones  d rama t i ca l ly  decreased 2 
3 above 1870°C. However, PER found t h a t  t h e  a d d i t i o n  af l imes tone  1359 t o  

t h e i r  CBC caused a  213 r educ t ion  i n  SO2 emissions.  Due t o  t h e  h igh  opera- 

, t i n g  tempera ture  (llOO°C) i n  t h e  CBC, t h i s  SO may n o t  b e  captured  by 2 

e i t h e r  p a r t i a l l y  s u l f a t e d  l imes tone  o r  f r e s h  limeston'e i n j e c t e d  i n t o  t h e  

CBC. Th i s  would cause  7% of t h e  s u l f u r  t o  bypass  t h e  sulfur-removal  sys- 

t e m  of t h e  combustor and be  r e l e a s e d  as SO2 i n  t h e  CBC. Consequently,  a  

g r e a t e r  percentage  of t h e  s u l f u r  (which i s  r e l e a s e d  a s  SO ) i n  t h e  combus- 
2 

t o r  must be  captured  t o  meet t h e  EPA SO2 s t anda rd  (1.2 l b  ~ 0 ~ / m i l l i o n l ~ ~ ~  

produced by the  e n t i r e  system).  Because of t h e  inc reased  r equ i r ed  s u l f u r  r e t en -  

t i o n  ln- the. .  b o i l e r ,  a .  g r e a t e r  o v e r a l l  Ca/S f eed  r a t i o  would b e . r e q u i r e d  

(.as s u l f u r  r e t e n t i o n .  i n c r e a s e s ,  calcium u t i l i z a t i o n  dec reases ) .  Thus, i f  

i t  i s  assumed t h a t  no s u l f u r  is  r e t a i n e d  i n  t h e  CBC, much g r e a t e r  amounts 

of l imes tone  would be  r e q u i r e d  t o m e e t  t h e  EPA SO2-emission s t anda rds .  

The p r e s e n t l y  a v a i l a b l e  exper imenta l  and ana lyses5  of 

s u l f u r  c a p t i v e  i n  t h e  CBC a r e  ambiguous. It i s  t h e  purpose of t h i s  paper  

t o  c l a r i f y  t h e  r o l e  of t h e  CBC i n  reducing  SO2 emissions from f l u i d i z e d -  

bed c o a l  combustor p l a n t s .  The r e a c t i v i t i e s  of f r e s h  and p a r t i a l l y  su l -  

f a t e d  l imes tones  w i t h  SO2 w e r e  determined on a TGA a t  t h e  ope ra t ing  con- 

d i t i o n s  of a  combustor and a CBC. Th i s  in format ion  w a s  used t o  predict 

l imes tone  requirements  t o  ~ e e t  EPA s t a n d a r d s  w i t h  FBC systems f o r  f o u r  

l imes tune  f eed  op t ions ,  



EXPERIMENTAL 
. . 

. .A thermogravimetr ic  ana lyze r  (TGA) was used t o  s tudy  t h e  r e a c t i o n  

of v a r i o u s  l imes tones  wi th  SO2 and 02. A 0.3% SO2 - 5% O2 i n  N2 . syn the t i c  

combustion gas was used f o r  a l l  r e a c t i o n s .  The limestone-SO r e a c t i o n s  2 

were performed a t  e i t h e r  900 o r  1100°C t o  r e p r e s a n t  t h e  ope ra t ing  tempera- 

t u r e s  f o r  t h e  combust.or and'CBC r e s p e c t i v e l y .  Fresh . , l imes tones  b e f o r e  

being s u l f a t e d  a t  900°C were p reca l c ined  i n  20% C02 (ba lance  N2). The TGA 

4 
system has  been descr ibed  i n  d e t a i l  elsewhere. 

Three l imes tones  were s t u d i e d : '  (1) Tymochtee.dolomite, a h i g h l y  re- 

a c t i v e  s tone ,  which con ta ins  52% CaC03 and 43% MgCO ' (2) Greer l imes tone ,  
3 ' 

which con ta ins  80% CaCO 3.5% MgC03, 10% Si02 ,  and a h igh  sodium con ten t  
3 ' 

(Na20, ~ 0 . 2 3 % ) ~  and is  h i g h l y  r e a c t i v e  compared w i t h  high-calcium l imes tones ,  

and (3) Germany Valley l imes tone  con ta in ing  98% CaCO 0.6% MgC03, which 
3 

. ., is  a high-calcium l imes tone  w i t h  low r e a c t i v i t y . .  Data 

' obta ined  w i t h  Greer l imes tone ,  which i s  be ing  used i n  t h e  30-MWe AFBC p i l o t  

p l a n t  by PER, was used i n  t h e  comparison of t h e  v a r i o u s - p r o c e s s  op t ions .  

The SO2 r e a c t i v i t i e s  of Tymochtee dolomi te  and Germany Val ley  l imes tone  

were compared w i t h : t h e  r e a c t i v i t y  of Greer.  

RESULTS AND DISCVSSION 

Four des ign  op t ions  f o r  f eed ing  l imes tone  i n t o  an AFBC.power p l a n t  

a r e  cons idered  (Fig. 3) .  I n  op t ion  1, l imes tone  is  fed  only  t o  t h e  

combustor. I n  op t ion  2 ,  v i r g i n  l imes tone ,  i s  f ed  t o  both t h e  combustor 

and t h e  CBC. V i rg in  l imes tone  i s  f ed  only  t o  t h e  CBC i n  o p t i o n  3; t h e  

p a r t i a l l y  s u l f a t e d  bed m a t e r i a l  from t h e  CBC i s  then  f e d  t o  t h e  combustor. In t h e  

f ~ u r t h  ~ p t i o n ,  f r e s h  l imes tone  i s  fe'd t o  t h e  combustor and a p o r t i o n  

of t h e  p a r t i ' a l l y  s u l f a t e d  l imes tone ' f rom t h e  combustor i s  f e d  t o  t h e  CBC. 



I n  o r d e r  t o  determine t h e  l imes tone  requirements  f o r  t hese  f o u r  optTons, 

t h e  r e a c t i v i t i e s  of f r e s h  and p a r t i a l l y  s u l f a t e d  l imes tones  wi th  SO were determined 
2 

us ing  a TGA ( a s  descr ibed  i n  t h e  previous  sect ion) . .  These r e s u l t s  a r e  shownin F ig .  1 

f o r  Greer l imestone.  V i rg in  l imes tones  were r e a c t e d  wi th  SO and O2 a t  both 2 

900 and llOO°C t o  detel-mine t h e  r e a c t i v i t y  of  f r e s h  l imes tone  a t  t h e  condi- 

t i o n s  p r e v a i l i n g  i n  a combustor and CBC (curves  2 and 3 r e s p e c t i v e l y ) .  These 

experiments  provided t h e  informat ion  necessary  t o  determine 1 imes tone . r equ i r e -  

ments f o r  op t ions  1 and 2 and p a r t s  of op t ions  3 and 4.  Limestones which had 

been p a r t i a l l y  s u l f a t e d  (5% conversion of CaO t o  CaS04 and h e a t  t r e a t e d  f o r  

30 min a t  llOO°C) were r e a c t e d  wi th  SO2 a t  900°C t o  determine t h e  combustor 
. 

l imes tone  requirements  f o r  op t ion  3 (curve  4) .  A t o t a l  h e a t - t r e a t i n g  t ime 

of 30 min was chosen t o  s imu la t e  t h e  e s t ima ted  l imes tone  CBC r e s idence  time. 

For op t ion  4 cons ide ra t ion ,  f r e s h  l imes tones  were p a r t i a l l y  s u l f a t e d  ( r e a c t e d  

f o r  30 min w i t h  SO2) a t  900°C. This  m a t e r i a l  was then  t e s t e d  f o r  SO r e a c t i v i t y  2 

' a t  1100°C (curve  ' 5 ) .  

The i n i t i a l  r e a c t i v i t y  of Greer Limestone a t  900°C is h i g h e r  than  a t  

llOO°C a s  expected, however, t h e  e x t e n t  of convers,ion of CaO t o ' ~ a S 0  a f t e r  4 

t h r e e  hours  i s  t h e  same. P a r t i a l l y  s u l f a t i n g  (5% conversion)  of  Greer linie- 

s t o n e  a t  1 1 0 0 ~ ' ~  had a de t e r imen ta l  e f f e c t  on i t s  r e a c t i v i t y  a t  900°C ( d i s -  

cussed l a t e r ) .  P a r t i a l l y  s u l f a t e d  ( a t  900°C) Greer l imes tone  a t  llOO°C had 

t h e  h i g h e s t  r e a c t i v i t y .  T o t a l  conversion of C a  t o  CaSO (900 and 1 1 0 0 ° ~ )  4 

was 58%. These r e s u l t s  show t h a t  Greer l imes tone  does r e a c t  w i th  SO2 a t  

900 o r  1 1 0 0 ~ ~ .  However, t h i s  in format ion  i s  no t  i n  a u s e f u l  form t o  pre-  

d i c t  l imes tone  requirements  f o r  FBC p l a n t s .  This  in format ion  can be  con- 

v e r t e d  t o  t h e  proper form which .is a p l o t  of i n t e r n a l . S O  reduc t ion  ( r a t i o  
2 

of abs0rbe.d SO2 t o  t h a t  r e l e a s e d  i n  t h e  r e a c t o r )  us i n t e r n a l  Ca/S r a t i o  



3 -  '1 100°C.. FRESH LIMESTONE 
4 - 1 108'~ USING PARTIALLY SULFATED LIMESTONE 
5 - 900°C USING PARTIALLY SULF;BEB LDtdESTONE 

Fig. 1. Conversion gf CaO to CaSO in fresh or partially sulfated Greer limestone at 
900' and 1 1 0 0 ~ ~ .  

4 



(S is t h e  number of moles of s u l f u r  r e l e a s e d  i n  t h e  r e a c t o r ) ,  by us ing  a 

f luid-bed d e s u l f u r i z a t i o n  equat ion  developed by Westinghouse. 7 

J 

where U = calcium u t i l i z a t i o n ,  f r a c t i o n  

: Ca/S = calcium t o  s u l f u r  mole r a t i o  

V = s u p e r f i c i a l  gas v e l o c i t y ,  m/sec 

H = f lu id ized-bed  h e i g h t ,  m 

E = bed voidage,  assumed t o  be  0.5 

- 1 k ' = average p a r t i c l e  r e a c t i o n  r a t e  c o n s t a n t ,  Sec . 
This  f luid-bed d e s u l f u r i z a t i o n  equat ion  g ives  t h e  c a l c i u m ' u t i l i z a t i o n  as 

a  func t ion  of t h e  "average" r e a c t i o n  r a t e  cons t an t  of t h e  p a r t i c l e s  i n  t he  

bed (provided t h e  s u p e r f i c i a l  gas  v e l o c i t y  and bed h e i g h t  a r e  known). Thus, 

i n  o r d e r  t o  determine U ,  t h e  "average" r a t e  cons t an t ,  k  must b e  known 

(which i s  obta ined  us ing  t h e  k i n e t i c  in format ion  shown i n  F ig .  1. See 

r e fe rences  6 and 7 f o r  c a l c u l a t i o n  d e t a i l s . )  

T h e r e s u l t s  of t h e  conversion of t h e  k i n e t i c  d a t a  t o  SO2 r e d u c t i o n  US 

CaIS r a t i o  f o r  Greer l imes tone  a r e  shown i n  Fig. 2. (PER experimental  

r e s u l t s  a r e  a l so : inc luded . . )  The i n t e r n a l  SO reduc t ion  should b e  d i s t i n g u i s h e d  2  

from SO reduc t ion ,  as i s  normally r epo r t ed  by FBC workers.  Th i s  SO re -  2  2  

duction, as i s  convent iona l ly  reported,  is  t h e  percentage  of the . . : to ta l  s u l f u r  

t h a r  does no t  l e a y e  t h e  combustor a s  SO2. That is ,  i t  inc ludes  bo th  s u l f u r  

cap.tured by t h e  l imes tone  and unburned s u l f u r  and i s  n o t  u s e f u l  f o r  t h e  

process- a n a l y s i s  presented ,  .bel&.  Curve 1 i n  Fig. 2' r e p r e s e n t s  t h e  

3 
c o r r e c t e d  ('nternal), e x p e r i m e n t a l . r e s u l t s  ob ta ined  by PER ..using Greer 



MAXIMUM REDUCTION 

EXPERIMENTAL 

2. COMBUSTOR 

P i g .  . 2. S u l f u r  Reduction 



l imes tone  i n  t h e  combustor assuming t h a t  7% of t h e  t o t a l  s u l f u r  remains 

i n  t h e  unburned c o a l  dus t .  

Curve 2  i s  t h e  p r e d i c t e d  r e s u l t s  f o r  Greer,  based on t h e  l a b o r a t o r y  

(TGA) experimental  da ta .  The l a b o r a t o r y  experimental  r e s u l t s  p r e d i c t  a 

somewhat h ighe r  Ca/S requirement  (Curve 2) f o r  a given SO reduc t ion  than  
2  

has  been found i n  PER'S p i l o t  p l a n t  (Curve 1 ) .  The: . laboratory r e s u l t s  

(Curve 2) were, neve r the l e s s , .  used a s  a b a s i s  f o r  comparing t h e  f o u r  

p l a n t  l imes tone  f e e d ' o p t i o n s .  The r e s u l t i n g  comparisons are q u a l i t a t i v e l y  

c o r r e c t ;  q u a n t i t a t i v e  comparison can be made as s u f f i c i e n t  FBC d a t a  becomes 

a v a i l a b l e .  Curve 3 shows a h ighe r  SO2 reduc t ion  f o r  a g iven  Ca/S r a t i o  

f o r  f r e s h  l imes tone  i n  t h e  CBC than  i n  the ,combustor  even though t h e  SO 2  

r e a c t i v i t y  i s  lower i n  t h e  CBC (Fig. 1 ) .  This  is  because t h e  f l u i d i z i n g  

v e l o c i t y  i s  lower i n  . t h e  CBC producing a longer  SO2 r e s i d e n c e  t i m e  i n  t h e  

f l u i d  bed, t hus  a l lowing  more SO2 t o  be  captured  by t h e  l imes tone .  

Curve 4 p r o j e c t s  a  lower SO r e t e n t i o n  i n . t h e  combustor when Greer 
2  

1iqes. tone i s  used t h a t  h a s . b e e n  p a r t i a l l y  s u l f a t e d  i n  t h e  CBC. Th i s  i s  

due t o  its l ~ w  SO r e a c t i v i t y  (Fig. 1, Curve 4). It h a s  been shown9 t h a t  
2  

limestones which con ta in  s m a l l  q u a n t i t i e s  of CaSO s i n t e r  r a p i d l y  a t  h igh  
. 4  . 

. temperatures ' (&10O0C).  S i n t e r i n g  causes- small pores  t o  coa l e sce  i n t o  . 

l a r g e  pores ,  and a l o s s  i n  t o t a l  p o r o s i t y  r e s u l t s .  Th i s  s i n t e r e d  lime- 

s t o n e  now has  a low SO' r e a c t i v i t y  compared t o  f r e s h . l i m e s t o n e  a t  com- 
2  

bus to r  cond i t i ons  (900°C1. Th i s  r e a c t i v i t y  l o s s  by t h e  s i n t e r e d  l imes tone  

i s  however only experienced a t  t h e  lower tempera ture  (900°C). Altlluugl~ 

s i n t e r i n g  does ' occu r  a t  t h e  h ighe r . t empera tu re ,  i t  is  specu la t ed  t h a t  mo- 

b 4 l i t y  of CaSO w i t h i n  the l imes tone  p a r t i c l e  a t  t h e  h igh  temperature. ., 4 

a l lows  cont inued r e a c r j o n  of f r e s h  ca l c i l i a .w i th  SO2, and thus .  t h c  l i m e ~ t o n e  



~ e t a , i , n s $ t s  r e a . c t i y i t y  af t h e  h f g h e ~  tempera ture  ( ~ e e  Curve 3,  Fig. 1 and 
. . . . . . . . . . . . . 

2 . .  'However, remoying t h e '  l imes tone  from . t h e  CBC . (%llOO°C) and i n j  e c t i n g  

A.t i n t o  the 'combustor  a t  the.1qwe.r temperature (%900QC) causes  a l o s s  of 

CaSq ..mob.i,li.ty $.n t h e  pa . r t i , a l l y  sulfa . ted and s i n t e r e d  l h e s t o n e .  With 
4 .  . . 

l ~ w e r '  ava , i , l ab i l i t y  of CaO (reduced p o r o s i t y  and CaSO m o b i l i t y ) ,  t h e  l i m e -  
. . .  . . . ,. 4 

s t o n e  i s .  less . , reac t ive . .  

Curve 5 (Fig.. 1 and 2) shows t h e  h i g h e s t  limestone-SO r e t e n t i o n  
. . .  . . .  2 ' .  

for g%ven'Ca.OpS ra t io . ,  Curve 5 . r e p r e s e n t s  t h e  r e a c t i v i t y  q f  p a r t i a l l y  
.. . 

su lga t ed  (_900°c)- Greer i,n . t h e  CB.C.for opti ,on 4.. Calc ina t ion '  a t  t h e  lower 
. . . . . . . . . 

t e m p e r a t u ~ e  , . (PO09C). produces a  po re  s t r u c t u r e  which i s  somewhat more favor-  
. . .  

ab'le t o  t h e ' s 0  d i f fus ion -xeac t i an  p.rocess. It i s  expected t h a t  removing . 2 . .  

t,he' p a r t i , a l l y .  su I f a t edd  l i q e s t q n e  £rom . t h e  combustor and i n j  e c t i n g  it i n t o  
. . 

t h e '  CBC causes '  t h e '  Ca.S04. t o .  becowe .gore .igobile., Th i s  exposes f r e s h  ca l -  

The SO . ~ e d u c t i o n  r e s u l t s  i n  .Fig., 2  .were used t o  determine . t h e  .over- . 2 '  

a l l  1imeston.e requirements".  f o r '  t h e '  f o u r  p roces s  opti .ons,  The.  requirements  

fjql: G ~ e e r '  l i g e s t o n e  are g iven  i n  Fig, .3.:. .The r e q u i r e d  SO2 removal i n  
. . .  . 

t h e s e . c a l c u l a ~ t i ~ n s  was b.a.sed on us ing  Sewickley .Coal, a  P i t t s b u r g  .seam .: 
. . .  

c0,a.l . ( 4 . 3 %  S ) .  wh.t,ch h a s  a h e a t i n g  .value o£ 12,200 Btu/'lb, Th i s  c o a l  re-  
. . .  . . .  

q u i r e s ' a n  o v e r a l l  SO r e t e n t i g i  of 83% t o  meet EPA SO emis s ion . s t anda rds ,  - 2  2 . .  . 
. . 

I't was a.ssumed i n  o.ption 1 tha, t  t h e r e  i,s no SO r e t e n t i o n  by l imes tone  
2 -. 

(fresh, e l u t r i < a t e d ,  o r  o.therwise)-' i n  . t h e  CBC .. This  assumption, which is  

now k n o w  to:be inva , l id ,  was us,ed as a base  c a s e  s i n c e  as d i scussed  i n  t h e  

*n.troduction i t  ha$ been' a  p r e y + i l b g  . . a.s,s,umpti?n i n  FBC r e s e a r c h  which 

w ~ u l d  r e q u i r e  h igh  (but  ml-aoyn) l i y e s t o n e  requirements .  S ince  7% of t h e  



. ( 1 ' I N T E R N A L  C a /  S R A T I O  
, 

.' OVERALL 
2 CA/S = 9.3 

1.  . FBC 
( !O) GoplL 

CBC W T O N E  --_ 
\ 

I 

iiL . 1 :::I 

I ESTONE --- 

OVERALL 
CA/S = 4.8 

b 

... , 

OVERALL 
. . FBC - CA/S = 8.9 

3. 
( 9.5 ) :. 

COAL CBC 
( 128) LIPAESTONE , - -----. 

8--- 
4 

OVERALL 
CA/S = 4.5 

F i g .  3. Greer Lirqestone Kequirements f o r  Various ~ i m e s i o n e  Feed 
Schemes. 



t o t a l  ' s u l f u r  i s  assumed t o  be  r e l e a s e d  from t h e  CBC a s  SO , 2 9 3  89.3% SO2 
2 

r e t e n t i o n  would be  r equ i r ed  i n  t h e  combustor t o  g i v e  an  o v e r a l l  SO r e t en -  2' 

t i o n  of  83%. This  would r e q u i r e  a Ca/S r a t i o  i n  t h e  combustor o f . 1 0  (curve 

2 ,  Fig. 2)  and an o v e r a l l  Ca/S r a t i o  of 9.3 (Fig. 3 ) .  

-- 
The l imes tone  requirements  can be  decreased by feeding  f r e s h  lime- 

s t o n e  t o  t h e  CBC t o  remove t h e  SO2, r e l e a s e d  i n  t h e  CBC (opt ion  2 ) .  A Ca/S 

r a t i o  of 3.4 i s  r equ i r ed  . t o  ach ieve  '83% SO r e t e n t i o n  i n  t h e  CBC (Fig.  2 ,  2  

curve  3 ) .  A ca /S  r a t i o  of 4.9 (83% SO r e t e n t i o n )  i s  r equ i r ed  in t h e  com- 
2 

0 

b u s t o r  (Fig. .2, curve  2 ) .  The o v e r a l l  Ca/S r a t i o  is then  4.8, approximately 

one-half t h a t  f o r  o p t i o n  1. 

The t h i r d  op t ion  was:considered i n  t h e  hope. t h a t  t h e  h igh  tempera ture  

i n  t h e  CBC would have a  b e n e f i c i a l  h e a t  t r ea tmen t  e g f e c t  and t h a t  t h e  CBC 

would have two r o l e s ,  c a p t u r e  of SO2 r e l e a s e d  in t h e  CBC and p re t r ea tmen t  

of l imes tone  f o r  limestone-SO r e a c t i v i t y  enhancement. A s  shown i n  Fig. 1 . and  2 ,  ! 2 I 

r e a c t i v i t y  enhancement was n o t  r e a l i z e d  due t o  t h e  d e t r i m e n t a l  e f f e c t  of 

t h e  CaS04 and h igh  tempera ture  (d iscussed  above).  S ince  i n  o p t i o n  3 a l l  

v i r g i n  l imes tone  is  f e d  t o  t h e  CBC, t h e  Ca/S r a t i o  is  128 and a 95% SO2 

r e t e n t i o n  would be obta ined  . i i i . . the CBC. Th i s  would r e q u i r e  a n  i n t e r n a l  

SO r e t e n t i o n  of 82% i n  t h e  combustor. S ince  s t o n e s  t h a t  have been p a r e .  , 2  

t i a l l y  s u l f a t e d  a t  h igh  tempera ture  (.$llGO°C i n  t h e  CBC) a r e  l e s s  r e a c t i v e  

a t  t h e  lower tempera ture  (Fig., 2, curve  41, a h i g h  i n t e r n a l  CaO/s r a t i o  

(9.5) wou ld .be . r equ i r ed  i n . t h e . c o m b u s t o r . . . T h e  o v e r a l l  Ca/S feed  r a t i o  

f o r  op t ion  3 is  8.9.. 



  he f o u r t h  o p t i o n  provides  a p a r t i a l l y  s u l f a t e d  l imes tone  f eed  s t ream 

from t h e  combustor t o  t h e  CBC. A CaO/S r a t i o  of on ly  3  is requ i r ed  t o  ob- 

t a i n  83% SO2 r e t e n t i o n  i n  t h e  CBC, n e c e s s i t a t i n g , a . C ~ / S .  of 4.9 i n  t h e  com- 

bus tor .  This  o p t i o n  g ives  t h e  lowes t  o v e r a l l  Ca/S f eed  ratio--4.5.  

A d e t a i l e d  mass ba lance  f o r  o p t i o n  4  is  g iven  i n  Fig. 4  f o r  Ca and S  

through t h e  system, s i n c e . t h i s  f eed  o p t i o n  had t h e  lowest  l imes tone  requi re -  , 

ments. Th i s  mass ba lance  w a s  based on Greer l imes tone  and 100 Kg of coa l .  

Four ki lograms of  t h e  s u l f u r  conve r t s  t o  SO i n  t h e  combustor; t h e  o t h e r  
2  

0.3 kilograms remains i n  t h e  unburned c o a l  and is  i n j e c t e d  i n t o  t h e  CBC, 

where 83% o r  0.28 Kg of t h e  s u l f u r  i s  captured  by l imes tone  t h a t  h a s  been 

p a r t i a l l y  s u l f a t e d  i n  t h e  combustor. I n  t h e  combustor, 3 .3 Kg of  t h e  

s u l f u r  is  captured  by t h e  l imes tone .  

The l imes tone  requirements  presented  above a r e  based on Fig.  2. The 

p ro j ec t ed  l imes tone  . rehuirements  a r e  f a i r l y  i n s e n s i t i v e  t o  t h e  SO - l i m e -  
2  

s t o n e  r e a c t i v i t y  i n  t h e  CBC (Curves 3  and 5) s i n c e  only 7% of t h e  t o t a l  

s u l f u r  i s  r e l e a s s d  as SO2 i n  t h e  CBC. Thus, i f  t h e s e  SO r e t e n t i o n  curves  
2  

a r e  over  0 p t i m i s t i c . b y . a  f a c t o r  of 2,  t h e  e r r o r  , i n  t h e  o v e r a l l  e s t ima ted  

.l 
Ca/S r a t i o  would be  low by only  4%. The o v e r a l l  Ca/S r a t i o  is  s e n s i t i v e  

t o  t h e  l imestone-SO r e a c t i v i t y  i n  t h e  combustor (&rye 2) which- is  why 2  

f r e s h  limestme-SO r e a , c t i v i t y  a t  900°C i s  used as a  base  c a s e  f o r  com- 
2  .' 

pa r ing  t h e  v a r i o u s  p roces s  op t ions .  

T h e . r e s u l t s  ir, Fig.  3 are f o r  i d e a l i z e d  l imes tone  f eed  o p t i o n s  which 

were chosen t o  e l u c i d a t e  t h e  r o l e  of t h e  CBC i n  minimizing l imes tone  

requirements .  I n  a c t u a l i t y ,  unreac ted  and p a r t i a l l y  s u l f a t e d  l imes tone  

w i l l  be  e l u t r i a t e d  w i t h  t h e  unburned c o a l ,  removed from t h e  gas  by t h e  
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cyclone and i n j e c t e d  i n t o  t h e  CBC. Most l i k e l y  t h e  e lu t r ia ted : . l imes tone  

w i l l p r o v i d e  a  CaO/S r a t i o  i n  t h e  CBC i n  excess  of t h a t  shown i n  op t ion  

4, (CaO/S of 3)which i s  needed t o  o b t a i n  83% SO reduc t ion .  I f  t h i s  2 

e l u t r i a t e d  l imes tone  had .no  SO r e a c t i v i t y ,  t h e  f e a r s  of needing a  h igh  2 

ca/S r a t i o  i n  o rde r  t o  meet EPA SO2 s t anda rds  wovld be r e a l i z e d ,  t hus  re- 

q u i r i n g  l a r g e  'amounts of Greer l imestone.  However, a s  shown i n  o p t i o n  4 ,  

t h i s  i s  n a t . t h e  case,  . t h e . e l u t r i a t e d  l imes tone  w i l l  have s u f f i c i e n t  reac- 

t i v i t y  t o  n o t  r e q u i r e  exces s ive  l imes tone  q u a n t i t i e s ,  I f  t h e s e  p r o j e c t i o n s  

a f t e r  p i l o t  p l a n t  t e s t i n g  t u r n  o u t  t o  b e  low, (due t o  h igh  e l u t r i a t i o n  : .  

r a t e s  i n  t h e  CBC or o t h e r  reasons)  op t ion  4 sugges t s  t h a t  t h e  f eea ing  

of combustor bed m a t e r i a l  ( l a r g e r  p a r t i c l e s )  o r  f r e s h  l imes tone  (opt ion  

2)- t o  t h e  CBC would be b e n e f i c i a l .  

. SO2 REACTIVITY OF OTHER LIMESTONES 

The result p r e s e n t e d a b q v e  a r e  only  f $ r  Greer l imes tone ,  which i s  a  

h igh ly  . .  . r e a c t i v e  l i m ~ s t o n e .  t h a t  has  been chosen f o r  u se  by PER i n  t h e  30 

'MWe .demonstrat ion p l a n t .  ,However, l imes tones  have a l a r g e  v a r i a t i o n  i n  

SO r e a c t i v i t y  tha.t  i , s .dependent  upon t h e  l imes tone  p h y s i c a l  p r o p e r t i e s .  
2 ' 

Tq d a t e ,  s i x  l i q e s t o n e s  haye .been  t e s t e d ,  and t h e . t r e n d s  found are some- 

what t h e  s a e  f o r  a , l l  ca,lcium-.based s tones .  That i s ,  t h e  q u a l i t i v e  re- 

l q t i o n s h i p  between t h e  SO r e a c t i v i t i e s  of f r e s h  and p a r t i a l l y  s u l f a t e d  
2 

l imes tone  a t  9100%. and,llOO°C a r e  t h e  same a s  shown i n  Fig.1. Thus, f o r  

any l imes tone  q p t i o n s  2 and 4  r e q u i r e  t h e  . l e a s t  amount of l imestone.  

,Figure 5 co,ppares t h e  SO r e a c t i v i t i e s  of two calcium-based s tones .  
2 : .  

with  Greer a f t e r  having been p a r t i a l l y  s u l f a t e d  a t  900°C (opt ion  4) .  

This. £ igu re  . . .shows t h e  ,c.onyersion of a y a i l a b l e  . .  C a O  . t o  CaS04 w i t h  time. 

T y q q c h t e e ' d 6 l ~ n > i t e  h a s , o n l y  . .. a somewhat h ighe r  re .act i :vi ty  t han  does Greer ,  

. . .  



TIME, hrs. 

Fig .  5. Reactivity of Part ial ly Sulfated(at 900°C) ~ i m e ~ t o n e s  
with SO2 a t  llOO°C. Basis: available CaO. . . 



. ~ e n ~ a , n ' ~  v a l l e y  l imes tone  has  a poor r e a c t i v i t y  as is  t y p i c a l  f o r  high- 

calcium limestones., However, t hey  a 2 1  had some a b i l i t y  t o  r e a c t  w i th  SO 
2 ' 

t hus  some SO r e t e n t i o n  in t h e  CBC c a n . b e  expected f o r  any l imestone.  
2 ' 

The u s e  of h igh  calcium 0 9 5 % )  l imes tones ,  however, may r e q u i r e  un- 

exceptably  large q u a n t i t i e s  of l imes tone  f o r  bo th  t h e  combustor and CBC 

i n  o rde r ' t o ,mee t  t h e  SO standards., Limestone mass feed  r a t e s  g r e a t e r  
2 

than  c o a l  ,may .be  necespary . . which would r e q u i r e  t h e  s t r i p  mining of l a r g e  

&as f o r  l i m e s t ~ n e  and would . g e n e r a t e  l a r g e  amounts of s o l i d  was tes .  
. . 

This  '.may n o t  . b,e economically o r  e c o l o g i c a l l y  accep tab le .  

The'sulfur-.removal r o l e  of t h e  carb.on burnup c e l l  (CBC) i n  an AFBC 

system has  been analyzed. Four d i f f e r e n t  ope ra t ing  system o p t i o n s  are .. 
. . . . 

considered.  . T h e ' g r e a t e s t  l imes tone  u t i l i z a t i o n  can be achieved by feeding  

a l l  of t h e  v i rg i .n  1 Q e s t o n e  t o  t h e . b o i l e r  (combustor) and f eed ing  ( d i r e c t l y  

o r  By. elutri,a,ti.on). par t , , ,o f  t h e  p a r t i a l l y  . spen t  .. l imes tone  . . from t h e  b o i l e r  

t q  t h e  CBC t o  c a p t u r e  most of t h e  s u l f u r  r e l e a s e d  i n  the.CBC (opt ion  4 ) .  

The ' expe r iqen ta l  r e s u l t s  sugges t  . . t h a t  y i r g i n  o r  p a r t i a l l y  s u l f a t e d  Greer 

l&es, tonc can bc .yery  . .  r e a c t i y e  . yhen fed to t h e  CBC giv ing  t h e  CBC a po- 
. .  . . 

. t e n t i a l l y \  s i g n i E i c a n t  r o l e  i n . r e d u c i n g  . . .  $0 e m i s s i ~ n s  and meeting EPA. 
2 

. . 

standards.. D ~ l o . ~ i t e s  should perform ?2 siqi.1a.r t o  Greer.  High calcium. 
. . . .- . . 

l i rqestones,  have t h e i r  . . g r e a t e s t  SO2-retenti,on us ing  o p t i o n  . . 4,; however, due 

t o  t h e i r  g e n e r a l l y  poor :S02- reac t iv i t i e s ,  unexceptably l a r g e  l imes tone .  

quan t i ' t i e s  may b e  r equ i r ed .  
. . . .  

Although t h e  r e s u l t s  can b e  q u a n t i t a t i v e l y  quest ioned because t h e  - 
. . . . 

a n a l y s i s  was based on behavior  of l imes tones  i n  a n  AFBC predict.ed from 

TGA experimental  d a t a ,  t h e  p red ic t ed  t r e n d s  f o r  t h e  d i f f e r e n t  o p t i o n s  a r e  



r e l i a b l e .  For example, t h e  p r e d i c t e d  overaI lCa/S f eed  r a t i o  f o r  c a s e  1 

(Fig. 3) from AFBC experimental  d a t a  (Fig.  2,  curve  1 )  may b e  compared 

w i t h  p red ic t ed  d a t a  (Fig. 2,  curve  2 ) .  The p r e d i c t i o n s  from TGA d a t a  

p r o j e c t  a n  o v e r a l l  Ca/S o f  9 . 3  which is  h ighe r  t han  4.5 p ro j ec t ed  w i t h  

experimental  AFBC d a t a .  Therefore,  i t  may b e  expected t h a t  t h e  p r e d i c t e d  

s v e r a l l  ' c ~ / s  feed  r a t i o s  f o r  t h e  f o u r  cons idered  o p t i o n s  a r e  h igh  e s t ima te s .  

The d i f f e r e n c e s  between t h e  d i f f e r e n t  o p t i o n s  d e f i n i t e l y  confirm t h a t  

t h e  CBC can p lay  a s i g n i f i c a n t  r o l e  i n  reducing SO2 emission from a n  AFBC 

system. Its use fu lnes s  can  b e  more f r u i t f u l l y  e x p l o i t e d  by adopt ing  op- 

t i o n  2 o r  4 (Fig.  3 ) .  
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