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ABSTRACT

Wes t i nghouse  E l ec t r i c  Co rpor a t i on ,  t h r ough  Con t r ac t  
No.  DE -AC22 - 87PC79668  f unded  by  U .S .  DOE /PETC ,  i s  
conduc t i ng  a  concep t ua l  des i gn  s t udy  t o  eva l ua t e  a 
coa l - f i r ed  magne t ohyd r odynam i c  (MHD)  r e t r o f i t  o f  a  
u t i l i t y  p l an t  o f  su f f i c i en t  s i ze  t o  demons t r a t e  t he  
t echn i ca l  and  f u t u r e  econom i c  v i ab i l i t y  o f  an  MHD  
sys t em  ope r a t i ng  w i t h i n  an  e l ec t r i c  u t i l i t y  
env i ronmen t .  The  ob j ec t i ve  o f  t h i s  s t udy  i s  to  
p r epa r e  a  s i t e - spec i f i c  concep t ua l  des i gn  o f  a  coa l -  
f i r ed  MHD sys t em  o r  r e t ro f i t  t o  t he  Scho l z  Gene r a t i ng  
St a t i on ,  Sneads ,  F l o r i da .

The  ob j ec t i ve  o f  t h i s  t echn i ca l  pape r  i s  t o  documen t  
con t i nu i ng  seed  r egene r a t i on  sys t em  app l i ca t i on  
s t ud i es  and  t he  de f i n i t i on  o f  seed  sys t em  i n t eg r a t i on  
r equ i r emen t s  f o r  t he  Scho l z  MHD  r e t r o f i t  p l an t  des i gn .  
Deve l opmen t  o f  a  seed  r egene r a t i on  p r ocess  w i t h  t he  
DOE  MHD Pr oo f - o f -Concep t  p r og r am  i s  be i ng  accomp l i shed  
by  t he  TRW  App l i ed  Techno l ogy  D i v i s i on .  Th i s  TRW  
p rog r am  i nc l uded  t he  de f i n i t i on  o f  a  des i gn  bas i s  f o r  
an ECONOSEED  p r ocess  su i t ab l e  f o r  a  300  MW t  coa l - f i r ed  
MHD powe r  p l an t .

The  300  MW t  ECONOSEED  des i gn  bas i s  was  used  t o  p r epa r e  
a  ma t hema t i ca l  mode l  f or  quan t i f y i ng  i n t e r f ace  
r equ i r emen t s  be t ween  t he  Scho l z  MHD  r e t r o f i t  p l an t  
des i gn  and  an  i n t eg r a t ed  ECONOSEED  r egene r a t i on  
sys t em .  The  ma t hema t i ca l  mode l  was  va l i da t ed  by  
compa r i son  w i t h  t he  ECONOSEED  300  MW t  des i gn  bas i s  and  
i nc l udes :

• Cap i t a l ,  ope r a t i ng ,  ma i n t enance ,  and  consumab l e  
cos t

• Cos t  a l go r i t hms  f o r  t he  seed  r egene r a t i on  sys t em  
and  the  seed  i n j ec t i on  sys t em  t o  pe r m i t  eva l ua t i ons  
o f  cap i t a l  and  ope r a t i ng  cos t s  as  a  f unc t i on  o f  
p l an t  s i ze  and  ope r a t i ng  cond i t i ons .

As  expec t ed ,  t he  mos t  s i gn i f i can t  cos t  d r i ve r  f o r  t he  
seed  r egene r a t i on  sys t em  i s  t he  coa l  su l f u r  con t en t  
and  t he r e f or e  t he  amoun t  o f  su l f u r  t ha t  t he  seed  
sys t em  r emoves  f rom  t he  p rocess .  The  seed  sys t em  
ope r a t i ng  cos t  i n  m i l l s / kWh  i s  a l so  sens i t i ve  t o  t he  
ove ra l l  powe r  p l an t  e f f i c i ency .  Fo r  examp l e ,  t he  seed  
r egene r a t i on  cos t  f o r  an  advanced ,  f u l l y  comme r c i a l  
953  MWe  MHD  p l an t  w i t h  an  e f f i c i ency  o f  50%  i s  abou t  
3 mi  11 / kWh  w i t h  a  coa l  su l f u r  con t en t  o f  one  pe r cen t .  
The  seed  r egene r a t i on  cos t  f o r  t he  same  p l an t  bu rn i ng  
coa l  w i t h  a  f ou r  pe r cen t  su l f u r  con t en t  i s  abou t  10 
m i  11 / kWh .  The  above  numbe r s  a r e  based  on  a  coa l  
su l f u r  r emova l  r a t e  o f  90% .

I NTRODUCT I ON

MHD powe r  p l an t s  r equ i r e  t he  add i t i on  o f  a  seed i ng  
ma t e r i a l  i n  t he  f o rm  o f  po t ass i um  t o  enhance  t he  
i on i za t i on  o f  t he  h i gh  t empe r a t u r e  combus t i on  gas  in  
t he  MHD  channe l .  Th i s  p r ocess  has  an  added  
env i ronmen t a l  advan t age  compa r ed  to  o t he r  t ypes  o f  
coa l - f i r ed  powe r  p l an t s  i n  t ha t  t he  po t ass i um  comb i nes  
w i t h  t he  na t u r a l l y  occu r r i ng  su l f u r  in t he  coa l  to  
f orm  a  po t ass i um  su l f a t e  f l yash  (K2SO4 ) wh i ch  can  be  
r emoved  f rom  t he  p rocess  by  app rop r i a t e  pa r t i cu l a t e  
con t ro l  equ i pmen t .  Up  t o  100%  o f  t he  Su l f u r  i n  t he  
coa l  can  be  r emoved  by  t h i s  p rocess  t he r eby  p r ov i d i ng  
env i ronmen t a l l y  c l ean  powe r  p l an t  ope r a t i on  t ha t  i s  
be t t e r  t han  r equ i r ed  by  p r esen t  and  an t i c i pa t ed  f u t u r e  
New  Sou r ce  Pe r f o rmance  S t anda r ds  ( NSPS) .

G i ven  the  above ,  t he  deve l opmen t  o f  MHD  t echno l ogy  and  
powe r  p l an t  des i gns  to  t he  po i n t  whe r e  e l ec t r i c  
u t i l i t y  compan i es  w i l l  cons t r uc t  and  ope r a t e  coa l -  
f i r ed  MHD  powe r  p l an t s  w i l l  a l so  p rov i de  coa l  
u t i l i z a t i on  bene f i t s  o f  econom i c  i mpo r t ance  to  t he
U.S.  Pa r t i cu l a r l y  w i t h  h i gh  su l f u r  eas t e rn  coa l s ,  MHD  
prov i des  t he  capab i l i t y  t o  u t i l i z e  t h i s  ex i s t i ng  
ene rgy  r esou r ce  in  an  env i r onmen t a l l y  c l ean  manne r  
wh i l e  con t r i bu t i ng  to  U.S .  na t i ona l  econom i c  g row t h .

The  Scho l z  Gene r a t i ng  S t a t i on  i s  owned  and  ope r a t ed  by  
Gu l f  Powe r  Company ,  a  membe r  o f  t he  Sou t he rn  Company .  
In t he  ea r l i e r  t asks  o f  t h i s  s t udy ,  t he  Wes t i nghouse  
des i gn  t eam  was  compr i sed  o f  t he  f o l l ow i ng  membe r s :  
Sou t he rn  E l ec t r i c  I n t e rna t i ona l  ( the  a r ch i t ec t ur a l  
eng i nee r i ng  a r m  o f  t he  Sou t he r n  Company ) ,  Un i ve r s i t y  
o f  Tennessee  Space  I ns t i t u t e  (UTSI ) ,  Se i Tec ,  I nc . ,  HMJ  
Corpor a t i on ,  STD  Resea r ch  Co rpo r a t i on ,  and  the  
Wes t i nghouse  Sc i ence  &  Techno l ogy  Cen t e r .  A p r ev i ous  
con t r ac t  de l i ve r ab l e  r epo r t 1 documen t ed  t he  e f f o r t s  o f  
t h i s  t eam  ove r  t he  pe r i od  o f  pe r f o r mance  f rom  Oc t obe r  
1987  t h r ough  Apr i l  1989 .

SEED  REGENERAT I ON  SYSTEM  DES I GN  BASIS

The  des i gn  bas i s '^ f or  t he  EC0N0SEED  sys t em  i s  based  on  
t he  r egene r a t i on  o f  spen t  MHD  seed  ma t e r i a l  ( f l yash)  
i n  a  300  MW t  MHD  powe r  p l an t  us i ng  I l l i no i s  No .  6 
coa l .  The  spen t  seed  ma t e r i a l  i s  p r i ma r i l y  po t ass i um  
su l f a t e  (K2SO4 ) f l yash  wh i ch  r eac t s  i n  t he  EC0N0SEED  
process  w i t h  ca l c i um  f o r ma t e  (Ca (COOH)2 ) t o  f o rm  
po t ass i um  f o r ma t e  (KC00H)  and  ca l c i um  su l f a t e  (CaS04 ) . 
Any  po t ass i um  ca rbona t e  (K2CO3 ) i n  t he  spen t  seed  
f l yash  a l so  r eac t s  w i t h  ca l c i um  f o r ma t e  t o  f o rm  
po t ass i um  f o rma t e  and  ca l c i um  ca r bona t e  (CaC03 ) .
Su l f u r  i s  r emoved  f rom  t he  p rocess  as  gypsum  by  
se t t l i ng  and  f i l t r a t i on .  I nso l ub l e  f l yash  and  me t a l
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sa l t s  a r e  r emoved  w i t h  t he  gypsum  and  t he  ca l c i um  
ca rbona t e .  The  end  p r oduc t  o f  t he  ECONOSEED  p rocess  
i s  a  r egene r a t ed  seed  ma t e r i a l  cons i s t i ng  o f  a 
po t ass i um  f o r ma t e  so l u t i on  wh i ch  can  be  i n j ec t ed  
d i r ec t l y  i n t o  t he  MHD  combus t o r .

A  300  MW t / 100  MWe  MHD  powe r  p l an t  was  used  as  t he  
bas i s  f or  de f i n i ng  seed  ma t e r i a l  and  new  ma t e r i a l  f l ow  
r a t es  f o r  t he  above  ECONOSEED  p rocess .  The  
r equ i r emen t s  and  assump t i ons  used  by  TRW  t o  f o r mu l a t e  
t he  des i gn  bas i s  a r e :

Coa l  Combus t i on

-  I l l i no i s  No .  6 Coa l  (3 . 62%  su l f u r )
-  H i ghe r  Hea t i ng  Va l ue  (HHV)  used  f o r  coa l  f l ow  r a t e
-  95%  t heo r e t i ca l  oxygen  f o r  combus t i on
-  70%  s l ag / f l yash  r e j ec t i on  in  combus t o r
-  Combus t i on  a i r  en r i ched  to  35%  oxygen

Seed  Requ i r emen t s

sod i um  sepa r a t i on .  A  s i m i l a r  bu i l d - up  o f  o t he r  
con t am i nan t s  w i l l  a l so  occu r  a f t e r  r epea t ed  seed  
r ecyc l i ng  un l ess  t he  con t am i nan t s  a r e  se l ec t i ve l y  
r emoved  o r  r e j ec t ed .  The  ECONOSEED  app r oach  to 
p r even t i ng  t he  bu i l d - up  o f  con t am i nan t s  i s  to  purge a 
por t i on  o f  t he  r ecove r ed  f l yash  a t  a  r a t e  equa l  to the 
con t am i nan t  i npu t  f r om  t he  coa l .  Fo r  t he  300  MWt  
des i gn  bas i s  t h i s  means  t he  r e j ec t i on  o f  4 . 8%  o f  the 
so l ub l e  f l yash  seed  t o  l i m i t  t he  bu i l d - up  o f  sodium,  
Add i t i ona l  sod i um  i s  l os t  i n  t he  i nso l ub l e  seed  slag 
wh i ch  i s  no t  i npu t  t o  t he  ECONOSEED  p r ocess .  This 
f l yash / s l ag  r e j ec t i on  a l so  r esu l t s  i n  a  cor respond ing  
l oss  o f  po t ass i um  wh i ch  mus t  be  made  up  by  an  externa]  
supp l y  o f  K2SO4 / K2CO3 .
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F i gur e  1 shows  t he  i npu t s  and  ou t pu t s  o f  t he  EC0N0SEED 
process  f o r  t he  300  MW t  des i gn  bas i s .  The rma l  energy 
equ i va l en t  va l ues  a r e  shown  f or :  t he  i npu t  na tura l
gas ;  t he  r equ i r ed  150 / 175  ps i a  sa t u r a t ed  s t eam ;  the 
ou t pu t  gases ;  and  t he  600  ps i a  s t eam .  In  F i gur e  1 , 
on l y  t hose  ECONOSEED  i n t e rna l  componen t s  i nvo l v i ng  the 
gas  and  bo i l e r  f e edwa t e r  s t r eams  a r e  shown .
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-  1 . 5%  po t as s i um  by  we i gh t  i n  t he  MHD  channe l
-  a  mo l a r  r a t i o  o f  i n j ec t ed  seed  ca r bona t e  to  coa l  

su l f u r  equa l  t o  1.0
-  sod i um  i n  t he  r ecyc l ed  seed  ma t e r i a l  i s  a l l owed  to  

bu i l d - up  t o  a  l eve l  o f  one  mo l e  Na  pe r  s i x  mo l es  o f  
K o r  Na / K  = 0 . 167  f o r  t he  comb i ned  r ecyc l ed  and  
makeup  seed  ma t e r i a l s  a t  t he  combus t o r  i n j ec t i on  
po i n t .

The  I l l i no i s  No .  6  coa l  ash  con t a i ns  bo t h  po t ass i um  
and  sod i um  wh i ch  wou l d  be  r ecove r ed  in  t he  spen t  seed  
as  K2S04 , K2C03 , Na2S04  and  Na2C03 . TRW  assumed  t ha t  
the  ECONOSEED  p r ocess  does  no t  sepa r a t e  po t ass i um  and  
sod i um  sa l t s  and  canno t  r educe  t he  Na / K  r a t i o  by  t he  
se l ec t i ve  r e j ec t i on  o f  sod i um .  As  a  r esu l t ,  t he  r a t i o  
o f  sod i um  t o  po t a ss i um  i n  t he  r egene r a t ed  seed  a f t e r  
r epea t ed  r ecyc l i ng  wou l d  appr oach  t he  sod i um  to  
po t ass i um  r a t i o  o f  t he  coa l  ash  (Na /K  = 1 .5)  i f  no  
r ecove r ed  seed  ma t e r i a l  i s  r e j ec t ed  o r  t he r e  i s  no

K? /S Mo l a r  Ra t i o

The  ECONOSEED  des i gn  bas i s2  assumes  100%  su l f u r  
r emova l  a t  an  e f f ec t i ve  K2 /S  mo l a r  r a t i o  o f  1 .0 . 
Ac t ua l l y ,  s i nce  bo t h  K2CO3 and  Na2C03  a r e  i n j ec t ed  as 
seed  ma t e r i a l s  and  sod i um  i s  assumed  to  have  the  same 
a f f i n i t y  f o r  su l f u r  as  po t ass i um ,  t he  a l ka l i  me t a l  to 
su l f u r  mo l a r  r a t i o  shou l d  be  used .  The r e f o r e ,  in the 
des i gn  bas i s  case :

(K2  +  Na2 ) /S  = CO3 /S  = 1 . 0

But  t es t  da t a3 has  shown  t ha t  a  CO3 /S r a t i o  gr ea t e r  
than  1 . 0  i s  needed  f o r  100%  su l f u r  r emova l .  I t  is 
a l so  no t ed3  t ha t  gas  phase  ch l o r i de  em i ss i ons  
(measur ed  as  HC1)  can  be  s i gn i f i c an t l y  r educed  or  
e l i m i na t ed  by  us i ng  an  e f f ec t i v e  K2 /S r a t i o  o f  1.2  or  
gr ea t e r .  As  a  r esu l t  o f  t he  above ,  t he  f o l l ow i ng

(Note: O nly Selected Components and Functions are Illus tra ted )

F i g u r e  1 .  E C O N O S E E D  D e s i g n  B a s i s - I n p u t  a n d  O u t p u t  I n t e r f a c e s .
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%
ds, equa t i on  i s  used  he r e i n  t o  ca l cu l a t e  t he  su l f u r  
&  remova l  pe r cen t age  f o r  h i gh  su l f u r  coa l s :
th
[(, % S r emova l  = 50  (CO3 /S)  +  30

%
3|j W i t h  t he  above  equa t i on ,  a  CO3 /S  r a t i o  o f  1 . 0  r esu l t s  

in 80%  su l f u r  r emova l  and  a  CO3 /S o f  1 . 4  i s  r equ i r ed  
for  100%  su l f u r  r emova l .

Ca rbona t e  Bypass
T0(.,

W i t h  a  ca r bona t e  to  su l f u r  r a t i o  g r ea t e r  t han  1 .0 ,  t he  
r ecove r ed  f l yash  w i l l  con t a i n  bo t h  K2CO3  and  K2SO4 .
I f  t he  K2SO4. can  be  sepa r a t ed ,  t he  K2CO3  can  be  
bypassed  a round  t he  seed  r egene r a t i on  sys t em  and  
r e i n j ec t ed  as  seed  ma t e r i a l  a t  t he  combus t o r .  Two  
r ecen t  t echn i ca l  pape r s4 ' 5 have  add r essed  t he  
sepa r a t i on  o f  K2CO3 and  K2SO4  f l yash .

 

The  Re f e r ence  (5)  uses  a  d i f f e r en t  app r oach  f or  
K2SO4 /K2CO3  sepa r a t i on  and  po t ass i um  ca rbona t e  bypass .  
Th i s  approach  i s  based  on  t he  use  o f  a  we t  
e l ec t ros t a t i c  p r ec i p i t a t o r  (WESP)  as  a  f r ac t i ona t o r  to  
sepa r a t e  K2CO3 and  K2SO4 . W i t h  t h i s  app roach ,  a  
f i l t r a t e  so l u t i on  o f  r ecove r ed  K2CO3 f l yash  i s  
r ecyc l ed  back  to  t he  MHD  combus t o r  a f t e r  concen t r a t i on  
(by  evapo r a t i on  o r  t he  add i t i on  o f  K2CO3 d r y  makeup  
powde r ) .  The  sepa r a t ed  K2 / SO4  and  o t he r  i nso l ub l es  
a re  t hen  t he  i npu t  t o  t he  seed  r egene r a t i on  p rocess .

MODEL  DESCR I PT I ON

MATHCAD  so f t wa r e  was  used  t o  de f i ne  an  ECONOSEED  mode l  
f or  seed  r egene r a t i on  sys t em  i n t eg r a t i on  eva l ua t i ons .  
The  bas i s  o f  t h i s  mode l  i s  a  mass  ba l ance  (on a  mo l a r  
bas i s )  t h r ough  t he  ECONOSEED  sys t em .  I n t e rna l  
ECONOSEED  p r ocesses  a r e  no t  mode l ed .  Consumab l e  i npu t  
quan t i t i es  and  by - p r oduc t  ou t pu t  quan t i t i es  a r e  
assumed  to  be  a  f unc t i on  o f  t he  mo l a r  su l f u r  i npu t  
a f t e r  a por t i on  o f  t he  r ecove r ed  f l yash  i s  r e j ec t ed  to  
con t ro l  sod i um  bu i l d -up .  The r e f o r e ,  t he  s i z e  and  
ope r a t i ng  cos t  o f  t he  ECONOSEED  sys t em  w i l l  be  a 
f unc t i on  o f  t he  coa l  su l f u r  con t en t ,  t he  amoun t  o f  
su l f u r  r emoved ,  and  t he  p r epa r ed  coa l  hea t i ng  va l ue  as  
we l l  as  t he  des i r ed  coa l  t he rma l  i npu t  t o  t he  
combus t or .

A schema t i c  o f  t he  ECONOSEED  mode l  and  t he  i n t e r f ac i ng  
MHD combus t or ,  channe l ,  and  HRSR / ESP  i n t e r f ac i ng  
componen t s  i s  shown  in  F i gur e  2.  A ca rbona t e  spen t  
seed  bypass  l oop  f o r  ope r a t i ng  a t  a  h i gh  K2 /S  r a t i o  
has  been  i nc l uded  i n  t he  mode l .

Al l  o f  t he  f l ow  r a t es  t ha t  i n t e r f ace  t he  seed  
r egene r a t i on  sys t em  w i t h  t he  r es t  o f  t he  MHD  p l an t  a r e  
ca l cu l a t ed  by  t he  mode l  and  t hese  i nc l ude  K2CO3 ,
K2SO4 , and  o t he r  f l ow  r a t es  as  f o l l ows :  •

•  Combus t o r  seed  i n j ec t i on
• Combus t o r  s l ag / ash  r e j ec t i on
• Recove r ed  spen t  seed
• Los t  spen t  seed
• Bypassed  spen t  seed
• Regene r a t i on  sys t em  i npu t / ou t pu t
• Make  up  seed
• Consumab l es  and  was t es .

Cap i t a l  and  Ope r a t i on  and  Ma i n t enance  Cos t s

The  ECONOSEED  sys t em  ope r a t i on  and  ma i n t enance  cos t ,  
cap i t a l  cos t ,  and  t he  cap i t a l  cos t s  o f  a  s t o r age  
f ac i l i t y ,  seed  hand l i ng ,  and  seed  i n j ec t i on  we r e  
r epr esen t ed  in  t he  seed  sys t em  mode l  as  a  f unc t i on  o f  
s i ze  by  us i ng  mod i f i ed  a l go r i t hms  f rom  r e f e r ence  (6 ) .

When  t hese  a l go r i t hms  a r e  used  i n  t he  seed  sys t em  
mode l ,  t he  p rocess  and  p r o j ec t  con t i ngency  pe r cen t ages  
and  o t he r  cap i t a l  r equ i r emen t s  a r e  spec i f i ed  i npu t  
pa r ame t e r s ,  so  t he  mode l  ca l cu l a t es  t he  t o t a l  cap i t a l  
cos t  r equ i r emen t .

State Point Description

A .................. ................  Coal Inpu t. Ib/hr

B .................... ................  Slag/Ash Rejection. Ib/hr

C .................... Seed Inpu t. Ib/hr

D .................... ................  Make up Seed Materia ls, Ib/hr

E .................... ..............  Econoseed Seed O utput. Ib/hr

F .................... ................  Carbonate Spent Seed Bypass. Ib/hr

G .................... ................  Carbonate Spent Seed Loss. Ib/hr

H .................... .................. Sulfate Spent Seed Inpu t, Ib/hr

I .................... .................. Lime Inp u t. Ib/hr

J .................... .................. Electrical Input. MWe

K .................. ............ Net Thermal Input. M W t

L .................... ..................  Gypsum O utput. Ib/hr

M ................ Rejected Sulfate Flyash. Ib/hr

N ................ ............ Rejected Slag/lnerts. Ib/hr

0 Stack Sulfur, Ib/MM Btu

F i g u r e  2 .  S i m p l i f i e d  E C O N O S E E D  M o d e l  a n d  S t a t e  P o i n t s .

Consumab l e / Was t e  Cos t s  and  By -Pr oduc t  Cr ed i t s

The  Tab l e  1 consumab l e / was t e  cos t s  and  by - p r oduc t  
c r ed i t  va l ues  a r e  used  in  t he  seed  sys t em  mode l .
These  va l ues  a r e  t he  same  as  t he  ECONOSEED  base  case  
excep t  for :  t he  na t ur a l  gas  cos t s ;  t he  va l ues  f o r  t he
f o rma t e  r eac t o r  o f f -gas  and  t he  combus t o r  fue l  gas ;  
and  t he  s t eam  va l ues .  The  na t ur a l  gas  cos t  o f  
5 . 00$ / MMBt u  has  been  r educed  t o  3 . 50$ / MMB t u  to  r e f l ec t  
cu r r en t  p r i ce  l eve l s .  The  f o r ma t e  r eac t o r  o f f -gas  and  
combus t o r  fue l  gas  have  l owe r  hea t i ng  va l ues  t han  
na tura l  gas .  S i nce  i t  i s  assumed  t ha t  t hese  gases  
w i l l  be  used  on- s i t e ,  t he r e  w i l l  be  no  p i pe l i ne  
t r ansm i ss i on  cos t  pena l t y  due  to  t he i r  l owe r  hea t i ng  
va l ue .  For  t h i s  r eason ,  t he  assumed  va l ue  o f  t he  
f o r ma t e / combus t o r  gases  i s  $3 . 50$ / MMB t u  o r  t he  same  as  
na tura l  gas .  The  s t eam  va l ues  a r e  based  on  t he  
t he rma l  i nput ,  t he  na t ur a l  gas  cos t ,  and  a  bo i l e r  
e f f i c i ency  o f  85  pe r cen t .

Ope r a t i ng  Cond i t i ons

Bo th  t he  CO3 /S  r a t i o  and  t he  po t ass i um  seed  pe r cen t age  
r equ i r ed  f or  i on i z a t i on  a r e  i npu t  pa r ame t e r s  f o r  t he  
seed  sys t em  mode l .  The  l a t t e r  i npu t  pa r ame t e r  i s  
based  on  the  we i gh t  o f  po t ass i um  as  a  pe r cen t age  o f  
t he  t o t a l  combus t o r  ou t l e t  f l ow  r a t e  be f o r e  seed  
i n j ec t i on .  The r e f o r e  t he  we i gh t  pe r cen t age  o f  
po t ass i um  in t he  channe l  ( a f t e r  seed  i n j ec t i on )  w i l l  
be  a  s l i gh t l y  l owe r  va l ue  t han  t he  i npu t  pe r cen t age  
and  can  be  ad j us t ed  upwa rd  i f  necessa r y .  The  mode l  
i nco rpo r a t es  l og i c  t ha t  compa r es  t he  i npu t  CO3 /S  r a t i o
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T A B L E  1
C O N S U M A B L E / W A S T E  C O S T S  A N D  B Y - P R O D U C T  C R E D I T S

CONSUMABLE UNIT COST
Boiler Feed Water 0.70 $/1000 lb
Process Water 0.40 $/1000 gallon
175 PSIA Steam 4.72 $/1000 lb
150 PSIA Steam 4.71 S/1000 lb
Lime 40 $/ton
IC,C03 36 $/100 lb
K j S O , 150 $/ton
Natural Gas 3.5 $/MMBtu
Power 0.06$/kwh
Oxygen 50 $/ton

WASTE DISPOSAL UNIT COST
CAC03/CA(0H) 2 8.35 $/ton
Flyash/I^SO., 8.35 $/ton
Gypsum 5.00 $/ton

BY-PRODUCTS CREDIT VALUE
Formate Reactor Off-Gas 3.5 $/MMBtu
Combustor Fuel Gas 3.5 $/MMBtu

| 600 PSIA Steam 4.75 $/1000 lb

and  the  i npu t  po t ass i um  seed  r equ i r emen t  f or  
i on i za t i on .  I f  a  CO3 /S r a t i o  g r ea t e r  t han  one  i s  
spec i f i ed ,  t he  mode l  ca l cu l a t es  a  t o t a l  seed  i n j ec t i on  
f l ow  r a t e  f o r  K2CO3 t o  p r ov i de  t he  r equ i r ed  amoun t  o f  
ca rbona t e .  Th i s  r equ i r ed  K2CO3 f l ow  r a t e  can  be  
p rov i ded  by  a  comb i na t i on  o f  t he  seed  r egene r a t i on  
sys t em  ou t pu t ,  make  up  K2CO3 , and  r ecove r ed  K2CO3 
f l yash  bypassed  a round  t he  seed  r egene r a t i on  sys t em .  
For  l ow  su l f u r  coa l s ,  i on i z a t i on  r equ i r emen t s  (1 . 5%  K 
by  we i gh t  f o r  examp l e )  w i l l  r esu l t  in ve r y  h i gh  CO3 /S 
r a t i os  and  h i ghe r  seed  r egene r a t i on  sys t em  cos t  i f  
on l y  K2CO3 i s  used  as  t he  seed  ma t e r i a l .

Howeve r ,  i f  t he  add i t i ona l  po t ass i um  i s  supp l i ed  by  
bypassed  K2SO4  r ecove r ed  as  f l y  ash ,  t hen  t he  me t hods  
p roposed  in  r e f e r ences  (4)  and  (5)  do  no t  need  to  
ach i eve  comp l e t e  K2SO4 / K2CO3 sepa r a t i on  o f  t he  
r ecove r ed  f l y  ash  p r i o r  to  seed  r egene r a t i on  sys t em  
i nput .

COST  AND  PERFORMANCE  STUD I ES

The  cos t / pe r f o r mance  s t udy  o f  seed  r egene r a t i on  i ssues  
was  conduc t ed  in  t h r ee  pa r t s .  F i r s t ,  a  base  case  was  
de f i ned  in  o r de r  to  de t e r m i ne  t he  e f f ec t  o f  i nd i v i dua l  
pa r ame t e r s  on  seed  r egene r a t i on  cos t s  and  pe r f o rmance .  
Second ,  t he  e f f ec t  o f  coa l  su l f u r  con t en t  ove r  t he  
r ange  f rom  1-5%  was  eva l ua t ed .  Th i rd ,  t he  mode l  was  
used  to  ca l cu l a t e  seed  r egene r a t i on  sys t em  cos t s  for :  
t he  Scho l z  r e t r o f i t  MHD  p l an t ;  ea r l y  comme r c i a l ,  
Advanced  Powe r  T r a i n  p l an t s ;  and  a  h i gh  e f f i c i ency ,  
advanced  comme r c i a l  MHD  powe r  p l an t .

Base  Case  Cos t / Pe r f o r mance

The  base  case  was  de f i ned  to  measu r e  t he  i mpac t  o f  
i nd i v i dua l  pa r ame t e r s  on  seed  sys t em  cos t  and  
pe r f o rmance .  Tab l e  2  summa r i z es  t he  key  pa r ame t e r s  o f  
t he  base  case .

F i gur e  3 shows  t he  i mpac t s  o f  coa l  su l f u r  con t en t ,  
CO3 /S r a t i o  and ,  spen t  seed  l oss  on  t he  base  case  seed  
r egene r a t i on  sys t em  ope r a t i ng  cos t .  The  ope r a t i ng  
cos t  i s  mos t  sens i t i ve  to  t he  coa l  su l f u r  con t en t  when  
the  su l f u r  con t en t  i s  va r i ed  ove r  t he  1 -5%  r ange  (w i t h  
the  base  case  va l ue  o f  CO3 /S  = 1 .2 ,  S r emoved  = 90% ,  
and  spen t  seed  l oss  = 5%  he l d  cons t an t ) .

The  coa l  su l f u r  con t en t  de t e r m i nes  t he  amoun t  o f  
su l f u r  t ha t  mus t  be  r e j ec t ed  by  t he  seed  r egene r a t i on  
sys t em  du r i ng  t he  conve r s i on  o f  su l f a t e  t o  ca rbona t e .

TABLE 2
MHD PLANT BASE CASE FOR 

SFFD RFGENERATION SYSTEM SENSITIVITY STUDY

Plant Size
300 MWt

Plant Output 1 0 0  MWe

Overall Efficiency 33.3%

Annual Capacity Factor 65%

Coal Sulfur 3%

CO3/S Ratio 1.2

Sulfur Removed 90%

Potassium Required (By Weight) 1.5%

Prepared Coal Moisture 2.5%

Prepared Coal Heating Value 11900 Btu/lb

Combustor Stoichiometry 0.88

Slag/Ash Rejection 70%

Spent Seed Lost (K2C0 3 /K2S0 ,, by Weight) 5%

SEED REGENERATION SYSTEM 
Sulfur Rejected
Project/Process Capital Cost Contingency 
IDC/Working Capital Multiplier 
Total Capital Requirement 
Fixed Charge Rate

6609 tons/year 
19.4%

1.2

23,340,000 (89$) 
15.5%

Operating Costs 
Capital
Operation & Maintenance 
Consumable/Waste Disposal 
By-Product Credits (Gases & Steam) 
Total System Operating Cost

6.34 Mills/kwh 
2.07 Mills/kwh 
9.55 Mills/kwh 
2.63 Mills/kwh 
15.33 Mills/kwh

KjCOj Production Cost 0.179 $/lb

The  s i ze ,  cap i t a l  cos t ,  and  consumab l e  cos t s  a re  thus  
d i r ec t l y  r e l a t ed  to  t he  amoun t  o f  su l f u r  r e j ec t ed  in 
t he  r egene r a t i on  p rocess .

In F i gu r e  3,  a  s i ng l e  cu r ve  r ep r esen t s  t he  cos t  
sens i t i v i t y  o f  bo t h  t he  su l f u r  r emova l  pe r cen t age  and 
the  CO3 /S r a t i o  because  t hey  a r e  no t  i ndependen t  
va r i ab l es .  The  cu r ve  shows  t ha t  an  i nc r ease  in  su l fur  | 
r emova l  f r om  90%  t o  100%  i nc r eases  t he  base  case  
ope r a t i ng  cos t  by  1 . 7  m i l l s / kwh  o r  abou t  11% .  The  
spen t  seed  l oss  cu r ve  shows  t he  l eas t  cos t  sens i t i v i t y  
i n  t ha t  a  l oss  i nc r ease  f r om  5 t o  10%  (necess i t a t i ng  
add i t i ona l  po t ass i um  make  up)  r esu l t s  i n  0 .6  m i l l s / kwh  
(4%)  i nc r ease  in  ope r a t i ng  cos t .

F i gur e  4  shows  t he  cos t  gens i t i v i t y  t o  t he  combus t o r  
s l ag / ash  r e j ec t i on  r a t e .  When  t he  s l ag / ash  r e j ec t i on  
r a t e  i s  r educed ,  t he  ope r a t i ng  cos t  i s  i nc r eased  by  a 
h i ghe r  seed  i n j ec t i on  f l ow  r a t e  and  by  a  h i ghe r  ra t e  
o f  su l f u r  r e j ec t i on  i n  t he  seed  r egene r a t i on  process .

The  e f f ec t  o f  t he  p l an t  capac i t y  f ac t o r  on  t he  seed  
sys t em  ope r a t i ng  cos t  i s  shown  i n  F i gu r e  5.  The  
phys j ga l  s i ze  o f  t he  seed  sys t em  ( i n  t e rms  o f  t he  
r a t e  o f  su l f u r  r e j ec t i on )  does  no t  change  w i t h  
capac i t y  f ac t or ,  bu t  t he  numbe r  o f  t ons  o f  su l f u r  
r e j ec t ed  pe r  y ea r  i s  i nc r eased  a t  h i ghe r  capac i t y  
f ac t or s .  The  consumab l e ,  ope r a t i on ,  and  ma i n t enance  
cos t s  and  t he  va l ue  o f  t he  by - p r oduc t  c r ed i t s  a r e  a l so  
shown  in  F i gu r e  5.

Combus t o r  s t o i ch i ome t r y  has  ve r y  l i t t l e  e f f ec t  on  the  
seed  r egene r a t i on  sys t em  ope r a t i ng  cos t .  I nc r eas i ng  
t he  combus t o r  t he rma l  i npu t  de c r eases  t he  ope r a t i ng  
cos t  s l i gh t l y  due  to  economy  o f  sca l e  bene f i t s  i n  t he

� See  t he  Addendum  No t e  a t  t he  end  o f  t h i s  pape r .
**The  Seed  Sys t em  i s  a l ways  s i z ed  f o r  t he  max i mum  

su l f u r  r e j e c t i on  r a t e  t ha t  occu r s  when  t he  p l an t  
ope r a t es  a t  f u l l  r a t ed  powe r  ou t pu t .
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F i g u r e  4 .  E f f e c t  o f  C o m b u s t i o n  S l a g / A s h  R e j e c t i o n .

C0 3 /S 1 .2

S Coal 3.0%
Stoich = 0 .8 8

Cap. Factor = 65%
Oin = 300MWt
EFF 33.3%

seed  r egene r a t i on  sys t em  cap i t a l  cos t .  I nc r eas i ng  t he  
ove r a l l  e f f i c i ency ,  as  shown  i n  F i gu r e  6 , 
s i gn i f i can t l y  r educes  t he  ope r a t i ng  cos t  due  to  
i nc r eased  annua l  k i l owa t t - hou r  p roduc t i on .

E f f ec t  o f  Coa l  Su l f u r  Con t en t

The  seed  r egene r a t i on  ope r a t i ng  cos t  i s  d i r ec t l y  
p ropor t i ona l  t o  t he  su l f u r  r e j ec t ed  by  t he  p r ocess  and  
the  coa l  su l f u r  con t en t  a t  a  g i ven  CO3 /S r a t i o  as  
shown  in  F i gu r e  7.  The  amoun t  o f  r ecove r ed  spen t  seed  
tha t  can  be  bypassed  a round  t he  seed  r egene r a t i on  
sys t em  t o  j educe  t he  ope r a t i ng  cos t  by  r educ i ng  t he  
t h roughpu t  i s  shown  i n  F i gur e  8 . A  s i gn i f i can t  
f r ac t i on  o f  t he  r equ i r ed  t o t a l  seed  i n j ec t i on  f l ow  
r a t e  i s  p r ov i ded  by  t he  bypassed  spen t  seed  espec i a l l y  
when  the  coa l  su l f u r  con t en t  i s  l ow .  Fo r  t he  da t a  
shown  in  F i gu r e  9,  t he  CO3 /S r a t i o  i s  f i xed  a t  1 . 2  so  
t ha t  any  add i t i ona l  po t ass i um  r equ i r ed  f o r  i on i z a t i on  
i s  supp l i ed  by  K2SO4  and  no t  mor e  expens i ve  K2CO3 . At  
coa l  su l f u r  con t en t s  above  3 pe r cen t ,  consumab l e  and  
was t e  d i sposa l  cos t s  a r e  mor e  t han  s i x t y  pe r cen t  o f  
t he  to t a l  ope r a t i ng  cos t .  A  b r eakdown  o f  t he  
consumab l e  and  was t e  d i sposa l  cos t s  on  a  r e l a t i ve  
bas i s  i s  shown  in  F i gu r e  10  f o r  a  coa l  su l f u r  con t en t  
o f  3% .  The  h i ghes t  consumab l e  cos t s  i n  o r de r  o f  
i mpor t ance  a re :

Na tur a l  gas
175  PSIA  s t eam
Oxygen
L i me
Make  up  K2CO3

Coa l  can  r ep l ace  na t ur a l  gas  as  t he  f eed  s t ock  f o r  t he  
ECONOSEED  ca rbon  monox i de  p r oduc t i on  (a t  t he  expense  
o f  s l i gh t l y  h i ghe r  cap i t a l  cos t )  to  r educe  t h i s  f eed  
s t ock  cos t  by  abou t  one - t h i rd .  I t  may  be  poss i b l e  to  
r educe  t he  oxygen  and  175  PS IA  s t eam  cos t s  somewha t  by  
c l ose  i n t eg r a t i on  w i t h  t he  ba l ance  o f  p l an t  bu t  t he  
l i me  and  make - up  K2CO3 cos t s  canno t  be  r educed .

Des i gn  and  Ope r a t i ng  Op t i ons

For  mos t  o f  t he  s t udy ,  a  po t ass i um  seed  concen t r a t i on  
o f  1 . 5  pe r cen t  by  we i gh t  o f  t he  combus t o r  ou t l e t  f l ow  
be f o r e  seed  add i t i on  was  spec i f i ed .  The  po t ass i um  
seed  concen t r a t i on  mus t  be  r e l a t ed  to  t he  amoun t  o f  
ca rbona t e  i n  t he  seed  ma t e r i a l  r equ i r ed  f o r  su l f u r  
r emova l .  A  CO3 /S r a t i o  o f  1 . 2 -1 . 4  i s  r equ i r ed  f o r  
90-100%  su l f u r  r emova l .  When  the  po t a ss i um  seed  
r equ i r emen t  f o r  i on i z a t i on  i s  compa r ed  t o  t he  CO3 /S 
ra t i o ,  a  coa l  su l f u r  con t en t  o f  3%  r ep r esen t s  a  b r eak  
po i n t  be t ween  t wo  me t hods  o f  des i gn i ng  and  ope r a t i ng  
t he  seed  r egene r a t i on  sys t em  wh i ch  a r e  summa r i z ed  in  
Tab l e  3.

When  the  coa l  su l f u r  con t en t  i s  above  3% ,  t he  need  f or  
" excess "  ca r bona t e  dom i na t es .  Then ,  i f  K2CO3 i s  used  
to  p rov i de  t he  r equ i r ed  amoun t  o f  ca rbona t e ,  t he  
ac tua l  concen t r a t i on  o f  po t ass i um  i n  t he  MHD  channe l  
w i l l  be  s i gn i f i can t l y  h i ghe r  t han  t he  1 . 5%  spec i f i ed  
f or  i on i z a t i on  r equ i r emen t s .  Th i s  f ac t o r  shou l d  be  
exam i ned  in  f u t u r e  MHD  channe l  pe r f o r mance  
ca l cu l a t i ons  w i t h  h i gh  su l f u r  coa l .  A t  a  coa l  su l f u r  
con t en t  o f  3%  o r  h i ghe r ,  r ecove r ed  spen t  seed  i n  t he  
K2CO3  f o rm  can  be  bypassed  a round  t he  seed  
r egene r a t i on  sys t em  and  r e i n j ec t ed  a t  t he  combus t or ,  
bu t  no  spen t  seed  i n  t he  K2SO4  f o rm  can  be  bypassed .

� The  t o t a l  amoun t  o f  su l f u r  r emoved  i s  no t  changed  by  
t he  bypass  i t se l f .
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F i g u r e  5 .  E f f e c t  o f  P l a n t  C a p a c i t y  F a c t o r .
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F i g u r e  7 .  O p e r a t i n g  C o s t  a n d  S u l f u r  R e j e c t e d  p e r  Y e a r  v s  S u l f u r  C o n t e n t .

M ills /  Kwh

Overall Plant Efficiency, %

F i g u r e  6 .  E f f e c t  o f  O v e r a l l  P l a n t  E f f i c i e n c y .

Flow  Rate 
Lb/Hour

F i g u r e  8 . T o t a l  S e e d  I n j e c t i o n ,  B y - P a s s e d  S p e n t  S e e d ,  R e g e n e r a t e  

M a k e - U p  S e e d  F l o w  R a t e s  v s  C o a l  S u l f u r  C o n t e n t .  '  a n °
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TABLE 3 SEED REGENERATION SYSTEM 
DESIGN/OPERATING OPTIONS

M ills/Kwh

F i g u r e  9 .  O p e r a t i n g  C o s t  B r e a k d o w n  v s .  C o a l  S u l f u r  C o n t e n t .

Percent o f Total Consumable/Waste Disposal Cost.

F i g u r e  1 0 .  R e l a t i v e  C o n s u m a b l e  a n d  W a s t e  D i s p o s a l  C o s t s  a t  S  =  3 % ,  C O 3 / S  =  

1 . 2 ,  <2  =  1 . 5 % .

Less than 3% 
Coal Sulfur Content

Greater than 3% 
Coal Sulfur Content

% K For Ionization Dominates CO3/S For Sulfur Removal Dominates

•Excess' Carbonate If Only KgCOg is used 'Excess* %K Available For Ionization

Spent Seed Bypass Spent Seed Bypass

• Bypass only KjCOg means: • Only Recovered KjCOg Can Be
High COg/S Ratio
High % Separation of Spent

Bypassed

KgCOg/KgSO,, Required High % Separation Of Spent
Higher Operating Cost KgCOg/KjSO^ Required

• Bypass Mix of K2 C0 3 /K2 S0 4  means: 
COg/S =  1.2-1.4 
High % Separation of Spent 
ICjCOg/l^SO* Not Required 
Up To 90% Of Bypass Can Be 
K jSO,
Lower Operating Cost

COg/S =  1.2-1.4

E f f ec t s  o f  K?C0^ / K?S04  By  Pass

When  the  coa l  su l f u r  con t en t  i s  be l ow  3% ,  t he  need  f o r  
" excess "  po t ass i um  dom i na t es  and  t he r e  a r e  two  des i gn  
op t i ons  f o r  supp l y i ng  su f f i c i en t  po t ass i um  f or  
i on i za t i on .  A  CO3 /S r a t i o  can  be  spec i f i ed  f or  a 
des i r ed  amoun t  o f  su l f u r  r emova l  and  t he  spec i f i c  
CO3 /S r a t i o  i s  t hen  ach i eved  by  i n j ec t i ng  a 
co r r espond i ng  amoun t  o f  seed  in  t he  K2CO3 f orm .  Bu t  
f or  l ow  su l f u r  coa l s ,  add i t i ona l  po t ass i um  i s  needed  
f or  i on i za t i on .  The  add i t i ona l  po t ass i um  can  be  
supp l i ed  by  us i ng  one  o f  t he  f o l l ow i ng  op t i ons :

(1)  The  add i t i ona l  po t ass i um  can  be  supp l i ed  in  t he  
K2SO4  f o rm  by  bypass i ng  some  o f  t he  K$04  f rom  
r ecove r ed  spen t  seed  a round  t he  seed  r egene r a t i on  
sys t em  and  r e i n j ec t i ng  t he  K2SO4  a t  t he  combus t o r .  
Th i s  op t i on  l i m i t s  t he  CO3 /S  r a t i o  to  the  
spec i f i ed  va l ue  and  r educes  seed  r egene r a t i on  cos t  
s i nce  t he  t o t a l  seed  sys t em  f l ow  r a t e  i s  r educed  
and  some  o f  t he  make - up  po t ass i um  can  be  supp l i ed  
as  K2SO4 . Th i s  op t i on  was  used  in  t he  ana l yses  
d i scussed  above .

(2)  The  add i t i ona l  po t ass i um  i s  supp l i ed  as  K2CO3 by  
bypass i ng  on l y  K2CO3 and  us i ng  on l y  K2CO3 f or  
make -up .  As  a  r esu l t ,  seed  r egene r a t i on  and  
po t ass i um  make - up  cos t s  a r e  h i ghe r  t han  in op t i on  
(1) .  The  su l f u r  concen t r a t i on  in  t he  channe l  i s  

m i n i m i z ed  bu t  t he  CO3 /S  r a t i o  w i l l  be  h i ghe r  t han  
t ha t  r equ i r ed  f o r  su l f u r  r emova l .

No t e  t ha t  t he  amoun t  o f  su l f u r  r emoved  f r om  t he  
p rocess  ( i n  t ons  pe r  yea r ,  f o r  examp l e )  by  t he  seed  
r egene r a t i on  sys t em  i s  t he  same  i n  bo t h  op t i ons  i f  t he  
op t i on  (1)  CO3 /S r a t i o  i s  h i gh  enough  f or  100%  su l f u r  
r emova l .

The  above  op t i ons  we r e  exam i ned  us i ng  t he  f o l l ow i ng  
cond i t i ons  f o r  t he  r esu l t s  shown  i n  F i gur es  11 t h rough  
14:

M i n i mum  Po t ass i um  Requ i r emen t = 1 . 5%
Combus t o r  S l ag / Ash  Re j ec t i on = 70%
Combus t o r  s t o i ch i ome t r y = 0.88
Capac i t y  f ac t o r = 65%
The rma l  I npu t = 300  MW t
E f f i c i ency = 33 . 3%
Spen t  Seed  Loss = 5%

� We i gh t  pe r cen t  o f  t he  combus t o r  ou t l e t  f l ow  be f o r e  
seed  add i t i on .
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F i gur e  11 shows  t he  i mpac t  o f  us i ng  op t i on  (2)  on  the  
CO3 /S r a t i o .  W i t h  op t i on  (2)  on l y  t he  r ecove r ed  spen t  
seed  i n  t he  K2CO3 f o r m  i s  bypassed  and  a l l  o f  t he  
K2SO4  spen t  seed  i s  r ecyc l ed  t h r ough  t he  seed  
r egene r a t i on  sys t em .  As  a  r esu l t  t he  CO3 /S r a t i o  i s  
much  h i ghe r  t han  needed  f or  su l f u r  r emova l  when  t he  
coa l  su l f u r  con t en t  i s  l owe r  t han  2 . 5% .  Howeve r ,  t he  
po t ass i um  concen t r a t i on  in t he  channe l  i s  t he  same  f or  
bo t h  op t i ons  when  t he  coa l  su l f u r  con t en t  i s  l ow  as  
shown  i n  F i gu r e  12 .  A t  h i ghe r  coa l  su l f u r  l eve l s ,  t he  
ca rbona t e  r equ i r emen t  dom i na t es .  S i nce  t he  ca r bona t e  
i s  supp l i ed  as  K2CO3 , t he  po t ass i um  concen t r a t i on  in 
the  channe l  i s  h i ghe r  t han  t he  spec i f i ed  1 . 5%  K a t  t he  
combus t o r  ou t l e t  f o r  i on i za t i on .  The  i mpac t  o f  t h i s  
" excess "  po t as s i um  on  p l asma  conduc t i v i t y  shou l d  be  
cons i de r ed  i n  MHD  channe l  pe r f o r mance  ca l cu l a t i ons .

At  l ow  coa l  su l f u r  l eve l s ,  bo t h  K2CO3 and  K2SO4  spen t  
seed  can  be  bypassed .  I f  op t i on  (2)  i s  se l ec t ed  and  
no  K2SO4  i s  bypassed ,  t he  bypass  f l ow  r a t e  cons i s t s  
on l y  o f  K2CO3  spen t  seed  and  t he  t o t a l  f l ow  r a t e  i s  
r educed .  When  t he  coa l  su l f u r  con t en t  i s  h i gh ,  t he  
CO3 /S r a t i o  cons t r a i n t  pe r m i t s  on l y  K2CO3 bypass  f l ow  
and  a l l  r ecove r ed  K2SO4  spen t  seed  mus t  be  r ecyc l ed  
t h rough  t he  seed  r egene r a t i on  sys t em .

M i n i m i z i ng  t he  amoun t  o f  K2CO3 make  up  t ha t  i s  
r equ i r ed  i s  des i r ab l e  s i nce  K2CO3  i s  abou t  f i ve  t i mes  

mo r e  expens i ve  t han  K2SO4  on  a  pe r  pound  bas i s .
F i gur e  13  shows  t he  i mpac t  o f  t he  bypass  op t i ons  on  
the  K2CO3 make  up  r equ i r emen t .  W i t h  1%  coa l  su l f ur ,  
bypass i ng  K2SO4  can  r educe  t he  K2CO3 makeup  
r equ i r emen t  by  a  f ac t o r  o f  f i ve .  Fo r  a  300  MW t  p l an t  
ope r a t i ng  a t  a  65%  capac i t y  f ac t or ,  t h i s  i s  an  
ope r a t i ng  cos t  r educ t i on  o f  abou t  $1  M  pe r  yea r .

At  a  coa l  su l f u r  con t en t  o f  1% ,  t he  seed  sys t em  t o t a l  
ope r a t i ng  cos t  when  no  K2SO4  i s  bypassed  i s  abou t  1 
m i l l / kWh  h i ghe r  t han  t he  CO3 /S  = 1 . 4  case .  Howeve r ,  
t h i s  cos t  d i f f e r en t i a l  d i sappea r s  when  t he  coa l  su l f u r  
con t en t  i s  above  3%  when  no  K2SO4  can  be  bypassed .

F i gur e  14  shows  t he  su l f u r  concen t r a t i on  in  t he  MHD  
channe l  w i t h  and  w i t hou t  bypassed  K2SO4 . When  t he  
coa l  su l f u r  con t en t  i s  l ow ,  bypass i ng  K2SO4 
s i gn i f i can t l y  i nc r eases  t he  channe l  su l f u r  
concen t r a t i on .  Bu t  t he  su l f u r  concen t r a t i on  does  no t  
exceed  0 .6% by  we i gh t  when  t he  coa l  su l f u r  con t en t  i s  
be l ow  3% .  Fo r  h i ghe r  su l f u r  eas t e r n  coa l s ,  t he  
channe l  w i l l  ope r a t i ng  w i t h  0 . 6  to  0 . 96%  su l f u r  
concen t r a t i on .

Re t ro f i t ,  APT  Ea r l y  Comme r c i a l ,  and  Advanced  P l an t s

Coa l - f i r ed  MHD  powe r  p l an t  des i gns  f r om  r e t r o f i t  
t h r ough  advanced  p l an t s  have  a  w i de  s i z e  and  
e f f i c i ency  r ange  as  shown  in  Tab l e  4.  The  seed  sys t em  
ope r a t i ng  cos t  ove r  t he  coa l  su l f u r  r ange  f o r  t hese  
p l an t  des i gns  was  ca l cu l a t ed  and  i s  shown  i n  F i gu r e
15.

The  APT^  ea r l y  comme r c i a l  p l an t s  we r e  a l so  exam i ned  
w i t h  t he  o r i g i na l  des i gn  assump t i ons  wh i ch  i nc l uded  
t he  f o l l ow i ng :

Coa l  su l f u r  con t en t  = 0 . 85%
Combus t o r  S t o i ch i ome t r y  = 0 . 90
S l ag / ash  r e j ec t i on  = 85%

A coa l  fue l  cos t  o f  1 . 5  $ / MMB t u  was  used  and  t he  cos t  
es t i ma t es  we r e  ad j us t ed  f rom  1982  do l l a r s  t o  1989  
do l l a r s  us i ng  t he  Handy - Wh i t man  I ndex .  The  
l eve l i z i ng  f ac t o r  (2 . 004)  was  t aken  ou t  o f  t he  fue l  
and  0&M  cos t s  o f  APT  ea r l y  comme r c i a l  p l an t s  so  t hey

F i g u r e  1 1 .  I m p a c t  o f  K 2 S O 4  B y p a s s  o n  C O 2 / S  R a t i o .

F i g u r e  1 2 .  P o t a s s i u m  C o n c e n t r a t i o n  i n  t h e  M H O  C h a n n e l .
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% Sulfu r In Coal

F i g u r e  1 3 .  K 2 C O 3  M a k e  U p  R e q u i r e m e n t s .

F i g u r e  1 4 .  S u l f u r  C o n c e n t r a t i o n  1 n  t h e  M H D  C h a n n e l .

TABLE 4
DATA FOR RETROFIT, APT EARLY COMMERCIAL, AND 

ADVANCED COAL-RRED MHD POWER PLANTS

Scholz1'1
Retrofit

APT Early Commercial19*

Advanced1101200 500

Thermal Input, MWt 192 483 1163 1578

Net Output, MWe 59.6 195 495 953

| Efficiency, % 31.0 40.4 42.6 60.4

F i g u r e  1 5 .  S e e d  S y s t e m  O p e r a t i n g  C o s t s  f o r  R e t r o f i t ,  A P T  E a r l y  C o i r m e r c l a l  

a n d  A d v a n c e d  C o a l - F 1 r e d  M H D  P o w e r  P l a n t s .

cou l d  be  compa r ed  d i r ec t l y  w i t h  t he  f i r s t  yea r  
ope r a t i ng  cos t s  f o r  t he  seed  sys t em .  Cap i t a l  cos t  
es t i ma t es  ( i ns t a l l ed  cos t  p l us  con t i ngency )  f o r  t he  
APT  seed  sys t ems  we r e  a l so  upda t ed  to  1989  do l l a r s .
The  bas i c  ECONOSEED  cap i t a l  cos t  es t i ma t e  was  mo r e  
de t a i l ed  t han  t he  APT  seed  sys t em  cos t  es t i ma t es  wh i ch  
a r e  13-21  pe r cen t  h i ghe r .  Th i s  i nd i ca t es  t ha t  t he  APT  
seed  sys t em  cap i t a l  cos t  es t i ma t es  we r e  conse r va t i ve .  
Howeve r ,  t he  ne t  ope r a t i ng  cos t  o f  t he  ECONOSEED  based  
sys t em  ( for  f ue l ,  consumab l e ,  O&M ,  and  by - p r oduc t  
c r ed i t )  i nd i ca t es  t ha t  O&M  and  consumab l e  cos t s  f or  
t he  APT  seed  sys t ems  may  have  been  unde r es t i ma t ed .

Addendum  No t e

Mos t  o f  t he  r esu l t s  p r esen t ed  i n  t h i s  pape r  we r e  
d i scussed  a t  t he  1992  DOE  MHD  Con t r ac t o r s '  Rev i ew  
C o n f e r e n c e . A t  t ha t  Con f e r ence  i t  was  sugges t ed  
t ha t  l ow  combus t o r  s l ag / ash  r e j ec t i on  r a t es  r equ i r ed  
h i ghe r  concen t r a t i ons  o f  Po t ass i um  f o r  p l asma  
i on i za t i on .  Th i s  i ssue  was  add r essed  pa r ame t r i c a l l y  
by  ca l cu l a t i ng  t he  seed  sys t em  ope r a t i ng  cos t  w i t h  t he  
Po t ass i um  concen t r a t i on  i nc r eased  f r om  1 . 5  t o  3%  ( see
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F i gur e  4  he r e i n ) .  The  F i gu r e  4  ca l cu l a t i on  assumes  a  
sma l l  coa l - f i r ed  MHD  powe r  p l an t  o f  300  MW t  and  33%  
e f f i c i ency .  Seed  sys t em  cap i t a l  and  ope r a t i ng  cos t s  
we r e  a l so  ca l cu l a t ed  f o r  a  l a r ge r  (1578  MW t ) ,  h i ghe r  
e f f i c i ency  (60%)  MHD  powe r  p l an t 10  w i t h  t he  r esu l t s  
shown  in  F i gur e  16.  The  r esu l t i ng  conc l us i on  i s  t ha t  
t he  combus t o r  s l ag / ash  r e j ec t i on  r a t e  (and  t he  r e l a t ed  
Po t ass i um  concen t r a t i on )  i s  a  m i no r  i ssue  r e l a t i ve  t o  
t he  h i gh  cos t  o f  " conven t i ona l "  seed  r egene r a t i on  w i t h  
h i gh  su l f u r  coa l s .  I t  may  be  poss i b l e  to  r educe  t h i s  
h i gh  cos t  by  i mp r ovemen t s  i n  t he  ECONOSEED  p r ocess  f o r  
h i gh  su l f u r  app l i ca t i ons  o r  by  deve l opmen t  o f  t he  
p roposed  i on  exchange  seed  r egene r a t i on  p rocess .  
Ano t he r  poss i b l e  app r oach  i s  to  e l i m i na t e  t he  seed  
r egene r a t i on  p r ocess  as  a  means  f o r  su l f u r  r emova l .  
Seve ra l  app r oaches  based  on  DOE  c l ean  coa l  i n i t i a t i ves  
a re  i l l us t r a t ed  in  F i gu r e  17.  App r oaches  (B)  and  (D)  
have  been  exam i ned  p r ev i ous l y ,  no t ab l y  by  
G i l be r t / Commonwea l t h, 13  bu t  shou l d  be  r e - exam i ned  
because  o f  r ecen t  deve l opmen t s .  Fo r  examp l e ,  i t  was  
f ound13  t ha t  appr oach  (D)  was  $190 / KWe  and  5 . 7  

m i l l / KWh  h i ghe r  i n  cos t  t han  a  coa l - f i r ed  MHD  p l an t  
w i t h  seed  r egene r a t i on .  Howeve r ,  t he  Pur e  a i r  
advanced  we t  l i mes t one  FGD  sys t em  be i ng  demons t r a t ed  
unde r  DOE ' s  c l ean  coa l  t echno l ogy  p r og r am  a t  No r t he r n  
I nd i ana  Pub l i c  Se r v i ce  Co . ' s  Ba i l l y  s t a t i on  cou l d  be  
used  i n  app r oach  (D)  w i t h  K2SO4  used  as  t he  r ecyc l ed  
seed .  I t  i s  c l a i med  t ha t  t he  Pur e  A i r  AFGD  w i l l  cos t  
l ess  ($160 /KWe  ve r sus  $300 /KWe )  w i t h  f a r  l owe r  powe r  
consump t i on  t han  conven t i ona l  we t  sc rubbe r s .

D«0. 754447— A

F i g u r e  1 6 .  E f f e c t  o f  S l a g / A s h  R e j e c t i o n  R a t e

(A) ’’Conventional’’ Seed Regeneration

Gypsum

(C) Combustion S ulfur Removal
Lime

(B) Beneficiated Coal
+

(D) Scrubber Sulfur R emoval

S tock

Lime

F i gur e  17.  Seed  Regene r a t i on  and  Su l f u r  Remova l  App r oaches
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CONCLUS I ONS

The  seed  r egene r a t i on  i ssue  f o r  coa l - f i r ed  MHD  powe r  
p l an t s  can  be  f r amed  in  t e rms  o f  t he  coa l  su l f u r  
con t en t .  Fo r  l ow  (~ 1%)  su l f u r  con t en t  wes t e r n  coa l s ,  
the  ECONOSEED  based  seed  r egene r a t i on  sys t em  appea r s  
to be  a v i ab l e  a l t e r na t i ve  when  t he  ope r a t i ng  cos t s  
are  cons i de r ed .  Th i s  conc l us i on  i s  based  on  a  
compa r i son  o f  t he  seed  r egene r a t i on  ope r a t i ng  cos t  
w i t h  t he  fue l  and  O&M  cos t s  p r ed i c t ed  f o r  ea r l y  
comme r c i a l  APT  p l an t s . 9  In  t hese  cases  t he  seed  
r egene r a t i on  sys t em  ope r a t i ng  cos t  i n  m i l l s / kWh  i s  
abou t  one  t h i r d  o f  t he  p l an t  fue l  cos t  and  abou t  equa l  
to o r  l ess  t han  t he  t o t a l  p l an t  O&M  cos t .  Wh i l e  t he  
seed  sys t em  cos t  i s  s t i l l  h i gh ,  i t  i s  poss i b l e  t ha t  
cos t  r educ t i ons  can  be  ach i eved  by  evo l u t i ona r y  
t echn i ca l  p r og r ess  and  de t a i l ed  p l an t  i n t egr a t i on .
Then  i t  shou l d  be  poss i b l e  to  des i gn  a  h i gh  e f f i c i ency  
MHD powe r  p l an t ,  f ue l ed  w i t h  l ow  su l f u r  coa l  and  w i t h  
an i n t egr a t ed  seed  sys t em ,  t ha t  i s  econom i ca l l y  
compe t i t i ve .

For  h i ghe r  su l f u r  eas t e r n  coa l s  w i t h  a  su l f u r  con t en t  
above  t h r ee  pe r cen t ,  t he  seed  r egene r a t i on  sys t em  
ope r a t i ng  cos t  i n  m i l l s / kWh  can  be  h i ghe r  t han  t he  
tot a l  p l an t  fue l  cos t  i n  m i l l s / kWh .  The r e f o r e ,  
ach i ev i ng  ove r a l l  powe r  p l an t  econom i c  v i ab i l i t y  w i l l  
mos t  l i ke l y  r equ i r e  r evo l u t i ona r y  advances  i n  seed  
r egene r a t i on  t echno l ogy  and / o r  a l t e r na t e  app r oaches  
for  r emov i ng  su l f u r  and  r ecove r i ng  t he  po t ass i um  seed .  
I t  appea r s  un l i ke l y  t ha t  de t a i l ed  i n t egr a t i on  o f  an  
ECONOSEED based  seed  r egene r a t i on  sys t em  w i t h  the  
ba l ance  o f  a  coa l - f i r ed  MHD  powe r  p l an t  w i l l  r esu l t  i n  
a ma j o r  ope r a t i ng  cos t  r educ t i on  w i t h  h i gh  su l f u r  
con t en t  coa l s  because  on l y  ma rg i na l  r educ t i ons  in 
consumab l e  cos t s  can  be  ach i eved  w i t h  t h i s  approach .  
S i nce  t he  consumab l es  r ep r esen t  mor e  t han  60  pe r cen t  
o f  t he  seed  sys t em  ope r a t i ng  cos t ,  any  des i gn  o r  
process  i mp r ovemen t s  o r  t echn i ca l  advances  wh i ch  
r educe  t he  consumab l e  cos t s  a r e  h i gh l y  des i r ab l e  and  

wor t hy  o f  i nves t i ga t i on .  Some  o t he r  app r oaches  t ha t  
shou l d  be  eva l ua t ed  i nc l ude :

• The  use  o f  b e n e f i d a t e d  coa l  as  t he  p l an t  fue l .
Coa l  bene f i c i a t i on  me t hods  f o r  h i gh  su l f u r  coa l s  
shou l d  be  eva l ua t ed  to  se l ec t  a  cand i da t e  me t hod  
and  to  de t e r m i ne  i f  t he  coa l  bene f i c i a t i on  me t hod  
y i e l ds  advan t ages  when  t echn i ca l l y  i n t eg r a t ed  w i t h  
t he  coa l - f i r ed  MHD  powe r  p l an t .

• O t he r  new  c l ean  coa l  t echno l og i es  such  as  
combus t i on  su l f u r  r emova l  and  advanced  FGD for  
em i ss i ons  con t ro l  shou l d  be  exam i ned  as  an  
a l t e rna t e  to  su l f u r  r emova l  v i a  seed  r egene r a t i on  
f o r  h i gh  su l f u r  coa l s .

• O f f - s i t e  seed  r egene r a t i on  i f  t he r e  i s  a  poss i b l e  
econom i c  advan t age  due  to  i n t egr a t i on  w i t h  a  l a rge  
sca l e  chem i ca l  p r ocesses .

• A l t e r na t e  seed  r egene r a t i on  me t hods  such  as  i on  
exchange  p r ocesses .

Ot he r  conc l us i ons  r e l a t i ve  t o  " conven t i ona l "  seed  
r egene r a t i on  f r om  t h i s  s t udy  i nc l ude  t he  f o l l ow i ng :

• The  combus t o r  s l ag / ash  r e j ec t i on  r a t e  can  be  
r educed  be l ow  70  pe r cen t  (w i t h  l owe r  combus t o r  
t he rma l  l oss  as  a  bene f i t )  w i t hou t  a  seve r e  seed  
sys t em  econom i c  pena l t y .  •

• S i nce  excess  ca r bona t e  o r  a  CO3 /S  r a t i o  o f  1 . 2 -1 . 4  
i s  des i r ab l e  f o r  su l f u r  r emova l  r a t es  o f  90- 100  
pe r cen t ,  a  s i gn i f i can t  amoun t  o f  r ecove r ed  spen t

seed  can  be  bypassed  a round  t he  seed  r egene r a t i on  
sys t em  and  r e - i n j ec t ed  i n t o  t he  combus t o r .

• Above  a  3 pe r cen t  coa l  su l f u r  con t en t ,  t he  bypass  
f l ow  shou l d  be  nea r  100%  K2CO3 , so  h i gh  deg r ee  o f  
sepa r a t i on  o f  K2SO4  f rom  K2SO4  spen t  seed  i s  
needed .

• A t  l ow  coa l  su l f u r  con t en t s ,  t he  bypass  f l ow  r a t e  
can  be  as  h i gh  as  90%  by  we i gh t  o f  K2SO4 . Th i s  
ho l ds  t he  CO3 /S r a t i o  to  a  max i mum  o f  1 . 4  o r  l ess  
and  does  no t  r equ i r e  comp l e t e  sepa r a t i on  o f  
K2SO4 / K2CO3 f l yash .  Seed  sys t em  ope r a t i ng  cos t s  
a r e  m i n i m i z ed  by  max i m i z i ng  t he  amoun t  o f  K2SO4 
wh i ch  i s  bypassed .

• Con t r o l l i ng  t he  bu i l d - up  and  r e j ec t i on  o f  sod i um ,  
ch l or i ne ,  e t c .  was  no t  a  sub j ec t  o f  t h i s  s t udy  and  
r ema i ns  an i ssue .  The  bu i l d - up  o f  t hese  e l emen t s  
cou l d  be  l i m i t ed  somewha t  by  r e j ec t i ng  h i ghe r  
amoun t s  o f  r ecove r ed  f l yash  a t  t he  expense  o f  
h i ghe r  seed  sys t em  ope r a t i ng  cos t s .  Th i s  i s  t he  
approach  r ecommended2 f o r  l i m i t i ng  sod i um  bu i l dup  
in  t he  EC0N0SEED  Sys t em  s i nce  t he  sys t em  as  
p r esen t l y  des i gned  canno t  sepa r a t e  sod i um  f rom  
po t ass i um .  D i r ec t  r emova l  o f  so l ub l e  ch l or i des ,  
f l uo r i des  and  n i t r a t es  f rom  t he  r ecove r ed  f l yash  i s  
one  o f  the  s t a t ed  advan t ages5  o f  t he  Ion  Exchange  
seed  r egene r a t i on  p rocess .
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