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ABSTRACT 

Recent s tud ies  and research ind ica te  t h a t  fluidized-bed combustion systems, 
operat ing a t  atmospheric o r  e levated pressure i n  a combined cycle  power p l a n t ,  o f f e r  
t h e  poten t ia l  f o r  producing e l e c t r i c a l  energy from coal  within present  environmental 
r e s t r a i n t s  f o r  c lean  f l u e  gas emissions and a t  a cos t  l e s s  than  f o r  conventional 
steam power p l a n t s  u t i l i z i n g  low-sulfur c o a l  o r  f l u e  gas cleanup equioment. The 
team of Burns and Roe I n d u s t r i a l  Services Corporation, United Technologies Corpora- 
t i o n ,  and Babcock & Wilcox Company i s  under cont rac t  t o  t h e  Department of Energy t o  
prepare a conceptual design f o r  such a p l a n t .  The major ob jec t ives  of t h i s  program 
a r e  t o  ident i fy  the  technology required t o  develop a coal-f i red pressurized f l u i d  
bed combustor t o  dr ive  an i n d u s t r i a l  gas t u r b i n e  and t o  def ine t h e  technica l  and 
economic c h a r a c t e r i s t i c s  of a nominal 600 Mw base- o r  intermediate-load combined 
cycle  power p l a n t .  

Several cycle configurat ions with var ia t ions  of cycle  parameters were inves t i -  
gated during t h e  course of t h i s  study. These include t h e  considerat ion of d i f f e r -  
en t  pressure ratios, t h e  use of an unf i red  and f i r e d  steam bottoming cycle ,  and 
reheat ing the  gas  stream before t h e  power turb ine .  Eff ic iency est imates  f o r  these  
v a r i a t i o n s  range from about 38 percent  f o r  t h e  unfired waste hea t  system t o  over 43 
percent  for  t h e  reheat system. A s  a r e s u l t  of various trade-off s t u d i e s ,  a commer- 
c i a l  p l a n t  cyc le  arrangement has been se lec ted  which incorporates  a coal-f i red pres- 
sur ized f l u i d  bed combustor, operat ing a t  10 atm and 1650 F, and supplementary 
f i r i n g  of t h e  gas  t u r b i n e  exhaust i n  a coal-f i red atmospheric pressure f l u i d  bed 
b o i l e r  which produces 2400 psig/lOOO F/1000 F steam. 
p i l e  t o  bus bar eff ic iency f o r  t h e  se lec ted  system a r e  around 41 percent  (gross ,  

Preliminary est imates  f o r  coa l  

HHV). 
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INTRODUCTION 

Over the years, coal has become a major source of energy for power generation 
by electric utilities. However, it has become apparent that the use of coal 
requires control of the products of combustion to be compatible with the environ- 
ment. This fact, coupled with the increased emphasis on coal usage has created an 
incentive to develop alternate methods of extracting energy from coal in an 
environmentally and economically acceptable way. In addition, it is highly 
desirable that these alternate methods result in more efficient coal utilization. 
Recent studies (1) indicate that the use of gas turbines in conjunction with flu- 
idized bed combustion systems in a combined cycle power plant offer potential for 
satisfying these needs. 

The feasibility of burning coal directly in an open cycle gas turbine was 
investigated by Bituminous Coal Research Inc., as early as 1944 when a coal-fired 
competitor to the diesel engine for railroad applications was being sought. 
intervening years, a number of organizations have attemFted to design and test 
direct coal-fired gas turbines. However, problems with corrosion, erosion, and 
deposition on turbine blading due to the amount and nature of the ash passed through 
the high-temperature combustion zone have prevented the development of a commer- 
cially viable product. 
tion should alleviate the problems. 
(Contract EX-76-c-01-2371) the Burns and Roe Industrial Services Corporation, 
United Technologies Corporation, and the Babcock & Wilcox Company have formed a 
team to investigate the feasibility of a combined cycle plant utilizing a gas tur- 
bine with a pressurized fluid bed combustor. The purpose of this paper is to pre- 
sent important preliminary findings from the first year of effort on the DOE pro- 
gram. Because of the exploratory nature of this effort, some desired technical 
information is not yet available; indeed, more questions might be raised than are 
answered by this discussion, Nevertheless, it is deemed appropriate to present the 
preliminary findings to stimulate early discussion of this promising concept. 

In the 

The low temperatures associated with fluidized bed combus- 
Under Department of Energy (DOE) sponsorship 

AIR-COOLED PRESSURIZED FLUID BEE 

Fluid bed combustion as currently discussed involves the combustion of coal in 
a fluid bed containing a crushed sulfur acceptor such as limestone o r  dolomite. 
Pressurized fluid bed (PFB) combustion is similar to atmospheric fluid bed (AFB) 
combustion except that the process takes place under a pressure of several atmo- 
spheres such as would exist at the exhaust of the compressor of a gas turbine 
unit. 
bine combustor (Figure 1). 
studied by several investigators (2  through 7 ) .  
operated with a PFB combustor burning coal (8). 

PFB combustion, therefore, offers the potential of serving as the gas tur- 
This use of a PFB as a gas turbine combustor has been 

Indeed, a 1-MW gas turbine has 

The temperature of the combustion process would be controlled by heat extrac- 
tion from the bed and/or by controlling the fuel-air ratio in the bed. 
necessary to maintain the PFB temperature at about 1650 F to minimize the release of 

It would be 
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v o l a t i l e  a lka l ine  metal compounds which would otherwise cause severe corrosion i n  
t h e  gas turbine and t o  assure  an operat ing margin below t h e  coa l  ash sof tening tem- 
pera ture  t o  prevent agglomeration within t h e  bed. The low combustion temperature 
a l s o  would r e s u l t  i n  NO emissions t h a t  a r e  lower than t h e  Federal EPA l i m i t s  f o r  
coa l  f u e l .  

X 

Higher PFB operating temperature would be benef ic ia l  t o  cycle performance and 
carbon u t i l i z a t i o n .  
t o r i l y  operated up t o  1750 F without incurr ing problems w i t h  su l fur  re ten t ion  or  
ash s in te r ing ,  bu t  deposi ts  of e l u t r i a t e d  mater ia l  on  t h e  w a l l s  of t h e  primary 
cyclone and i n  t h e  turb ine  could be excessive. 
i n  t h e  l i t e r a t u r e  ( 9 ) ,  a bed operat ing temperature of 1650 F was se lec ted  f o r  
t h e  cycle  analysis  and PFB combustor design.  

It appears ( 9  through 13 )  t h a t  f l u i d  beds could be s a t i s f a c -  

Considering t h e  experience reported 

A s  t h e  mechanical design of t h e  PFB combustor developed it w a s  determined t h a t  
temperatures grea te r  than 1650 F would not  be p r a c t i c a l .  The heat  exchange surface 
within t h e  PFB must be designed f o r  the  bed temperature plus  a margin for  operat ing 
var ia t ions .  
t u r e  was used f o r  the  bed i n t e r n a l s .  At t h i s  temperature l e v e l  the  ava i lab le  mate- 
rials exhibi t  l i t t l e  s t rength.  The lower allowable s t r e s s  leve ls  t h a t  would r e s u l t  
from using higher bed temperature would make such a design impract ical ,  i f  not 
impossible. Also,  while corrosion of t h e  in-bed surface has not  been quant i f ied,  
it would be expected t o  be more severe at higher operating temperatures. 

Consequently, f o r  t h e  1650 F bed temperature a 1700 F design tempera- 

With the PFB process it should be poss ib le  t o  capture  suf f ic ien t  su l fur  prod- 
uc ts  t o  permit use  of high-sulfur coals and s t i l l  meet the  current  EPA l i m i t  of 
1 . 2  l b  S02/106 Btu input .  For a t y p i c a l  3.4 percent  s u l f u r ,  12,000 Btu/lb HHV 
coal  t h e  required su l fur  removal e f f ic iency  i s  about 80 percent. Dolomite appears 
t o  be an e f fec t ive  su l fur  acceptor ,  and ava i lab le  da ta  ( 9 ,  10) ind ica te  t h a t  a 
calcium/sulfur r a t i o  near 1 . 0  should be adequate t o  achieve t h e  desired 80 percent 
s u l f u r  re ten t ion  a t  t h e  se lec ted  bed operat ing condi t ions.  

A low f lu id iz ing  ( s u p e r f i c i a l )  gas ve loc i ty  is desirable  t o  reduce e l u t r i a -  
t i o n  from t h e  bed, thereby reducing both t h e  carbon l o s s  and t h e  required par t ic -  
u l a t e  cleanup duty. It should be noted t h a t  t h e  s i z e  of both t h e  coa l  and 
dolomite feed must be properly r e l a t e d  t o  t h e  f l u i d i z i n g  ve loc i ty ,  w i t h  increased 
ve loc i ty  implying increased s i z e s .  Low ve loc i ty  a l s o  implies a la rger  bed area  
r e s u l t i n g  i n  a shallower bed and, hence, lower bed pressure loss .  A f lu id iz ing  
ve loc i ty  of 2.5 - 3.0 fps  w a s  se lec ted  f o r  the  PFB design r e f l e c t i n g  previous 
work ( 9  through 11). 

Even with low f l u i d i z i n g  ve loc i ty ,  a highly e f f i c i e n t  p a r t i c u l a t e  removal 
system would be required t o  prevent excessive turb ine  blade erosion.  
cos t  of t h e  p a r t i c u l a t e  removal system i s  s t rongly influenced by t h e  volume of gas 
passing through it, one method of reducing the  system cost  would be t o  l i m i t  t h e  
combustion a i r  flow (and hence t h e  d i r t y  gas flow) t o  only as much as  required f o r  
coal  combustion within the  PFB. This could be accomplished by s p l i t t i n g  t h e  com- 
pressor  discharge flow with approximately 25 percent  of t h e  a i r  being routed t o  
t h e  PFB combustion zone and t h e  remainder of t h e  a i r  being routed through t h e  bed 
cooling system cons is t ing  of  tubes immersed within t h e  f l u i d  bed. 
re leased during t h e  combustion process would be t ransfer red  t o  t h e  cooling a i r  

Since t h e  

The heat  
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l e s s  than one-quarter of  t h e  oxygen avai lable  i n  t h e  air ,  the turbine exhaust gas '  
could support considerable f i r i n g  of addi t iona l  coal .  
generator was considered as t h e  means f o r  capturing the  SO2 re leased during the  
f i n a l  combustion process. 
a i r  cooled e i ther  by varying excess a i r  t o  the  bed o r  by using a sp l i t - f low arrange- 
ment  similar t o  t h a t  described f o r  the  PFB i n  Figure 1. 
approach, heat would be recovered from t h e  a i r  and combustion gases i n  a waste heat  
steam generator. 

For t h i s  study, an AFB steam 

The AFB could be steam cooled, as noted i n  Figure 4, or 

With e i t h e r  air-cooled 

The performances of  these various combined cycle configurations and of the  
simple cycle gas turb ine  a r e  compared i n  Figure 5. Selected component e f f ic iency ,  
pressure loss ,  and temperature assumptions used i n  t h e  ca lcu la t ions  a r e  summarized 
i n  Table I. 
eff ic iency (about 38 percent ,  HHV) b u t ,  s ince it requires  combustion at  only one 
point  i n  t h e  cycle, it i s  a less complex configuration than the  o ther  cycles and has 
been u t i l i z e d  as a reference point  i n  the  economic ana lys i s .  The reheat  system 
o f f e r s  the highest p o t e n t i a l  e f f ic iency  (43 percent ,  HHV) but increases  t h e  complex- 
i t y  of the  gas turbine design and requires  a reheat  f l u i d  bed combustor with an 
associated par t icu la te  removal system. The FFB gas turb ine  topping of  t h e  AFB steam 
cycle has a n  a t t r a c t i v e  eff ic iency (approaching 4 1  percent ,  HHV) and shows promise 
f o r  minimum equipment cos t  because of i t s  r e l a t i v e l y  high spec i f ic  work. 

A s  expected, the  waste heat recovery system displays t h e  lowest 

ECOMONIC ANALYSIS 

The se lec t ion  of t h e  commercial p lan t  configuration cannot be made on t h e  bas i s  
of performance alone. The most important se lec t ion  c r i t e r i o n  is overa l l  cost  of 
e l e c t r i c i t y ;  therefore ,  an order of magnitude analysis  w a s  made t o  estimate t h e  
r e l a t i v e  c a p i t a l  and operating costs  of  t h e  a l t e r n a t i v e  configurat ions.  
ing cost  differences due t o  f u e l  consumption were expressed i n  terms of equivalent 
cap i ta l ized  costs  where a one point difference i n  e f f ic iency  would give an equivalent 
f u e l  savings of $10/kW. 

The operat- 

The r e s u l t s  of t h i s  economic screening analysis  a r e  given i n  Table 11. A l l  
costs  a re  given as incremental costs  r e l a t i v e  t o  t h e  unfired waste heat  recovery 
system which was taken as  t h e  base. 
tu rb ine  pressure r a t i o  of 1 0  and t h e  gas turb ine  system with reheat before  t h e  power 
turb ine  have the  lowest evaluated net  r e l a t i v e  cos ts .  The cos t  d i f f e r e n t i a l  between 
these two systems i s  not s t a t i s t i c a l l y  s i g n i f i c a n t .  The power turb ine  reheat  cycle 
requires  a more complex gas turbine design and addi t iona l  hot p a r t i c u l a t e  removal 
equipment. 
the  2.5 atm pressure ex is t ing  at  t h e  reheat  point .  Therefore, it was f e l t  t h a t  t h e  
FFB cycle with an exhaust-fired steam-cooled AFB would o f f e r  less technica l  r i s k .  

The exhaust-fired, steam-cooled AFB with a gas 

In addi t ion,  l i t t l e  data is  ava i lab le  f o r  design of a FFB combustor at 

Capital costs  were not estimated f o r  all major pieces  of equipment o f  systems 
required i n  the p lan t .  
s idered.  Obviously, some major systems (such as t h e  coa l  and sorbent feed systems 
t o  t h e  AFB and t h e  low-pressure reheat PFB combustors) were omitted which would tend 
t o  decrease the advantage o f  t h e  reheat  and exhaust-fired cycles. However, it w a s  

Table I11 contains a l i s t  of those items which were con- 
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f e l t  t h a t  the differences i n  t h e  cos ts  of these  systems would not be l a r g e  enough 
t o  o f f s e t  the differences shown on Table 11. Therefore, there  i s  a s t rong  probabil- 
i t y  t h a t  the t rends shown i n  t h i s  study could be confirmed by more d e t a i l e d  design 
and cos t  estimates of t h e  a l t e r n a t i v e s .  

I t  should be recognized t h a t  t h e  cos t  es t imates  d id  not consider some of the  
mater ia l ,  equipment, and other  balance of  p l a n t  costs  normally associated with the  
items indicated on Table 111. I n  addi t ion ,  l i t t l e  more than conceptual o u t l i n e  
drawings were  avai lable  f o r  many items t h a t  were considered. The bas ic  i n t e n t  of 
the  e f f o r t  w a s  t o  provide a systematic approach f o r  summarizing t h e  r e l a t i v e  pros 
and cons of each cycle on t h e  b a s i s  of t h e  preliminary design def in i t ion  t h a t  w a s  
ava i lab le .  While each pro and con w a s ,  i n  e f f e c t ,  weighted on a cos t  b a s i s ,  it 
would be misleading t o  consider t h e  numbers shown as anything more than rough order  
of magnitude. 

COMMERCIAL PLANT CONFIGURATION 

On the b a s i s  of  t h e  preceeding screening ana lys i s ,  t h e  PFB/AF'B combined cycle 
power plant  was se lec ted  f o r  t h e  commercial plant  conceptual design study. During 
the course of  t h e  design s tudy,  f u r t h e r  optimization of t h e  selected configuration 
l e d  t o  incorporation of th ree  s tages  of regenerat ive feedwater heating and an adjust-  
ment i n  the r e l a t i v e  power s p l i t  between t h e  gas and steam turbines .  
system, i l l u s t r a t e d  i n  Figure 6,  u t i l i z e s  two 63.5 MW gas turbines  with two PFB ' 

combustors per  gas turbine.  The gas turbines  would exhaust in to  a s i n g l e  exhaust- 
f i r e d  AFB steam generator and carbon burnup bed (CBB) which would generate steam a t  
2400 ps ig  1000 F/1000 F t o ' d r i v e  a s i n g l e  461.4 MW steam turbine.  
gross plant output would be 588.4 MW. 
summarized i n  the  l a s t  column of  Table 11. 

The r e s u l t i n g  

The r e s u l t i n g  
Selected performance and cos t  da ta  a re  

The gas turbine assumed f o r  t h i s  study is  a base load design which represents  
a modification of UTC's FT50 gas turb ine  o r  an engine of s i m i l a r  performance and 
physical  charac te r i s t ics .  
temperature and have a l l  necessary ducting t o  allow discharge of compressor air t o  
the PFB combustor and r e t u r n  of hot gases t o  t h e  turb ine .  

It would opera te  at 1O:l pressure ratio with 1600 F i n l e t  

The PFB combustors, depicted i n  Figure 7 ,  would heat  t h e  compressor discharge 

The combustion air would flow 
air from approximately 600 F t o  1600 F. 
the  bottom o f  t h e  re f rac tory  l i n e d  pressure vesse l .  
through bubble caps i n  the  d i s t r i b u t o r  p l a t e  and i n t o  the f lu id ized  bed. The cooling 
air would flow through supply pipes at t h e  d i s t r i b u t o r  p l a t e  t o  t h e  i n l e t  headers of 
the  cooling c i r c u i t s ,  through the  tubes ,  and f i n a l l y  would be co l lec ted  at t h e  hot 
air o u t l e t  manifold. The flow s p l i t  between cooling air and combustion air would 
be control led by b ias ing  valves i n  t h e  hot  air o u t l e t  piping and t h e  hot gas o u t l e t  
piping. 
surface area and a l a r g e  bed volume. The des i re  t o  maintain a low bed super f ic ia l  
ve loc i ty  (of t h e  order of 3 f t / s e c )  i s  compatible with t h i s  la rge  volume and would 
r e s u l t  i n  an expanded bed height  of approximately 22 f t  t o  submerge t h e  cooling 
system within the  bed. 

The compressor discharge air  would en ter  

The heat t r a n s f e r  from t h e  bed t o  t h e  cooling a i r  would requi re  a l a rge  
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Incoloy 800 a l l o y  was se lec ted  f o r  a l l  mater ia l  exposed t o  the  f l u i d  bed. This  
mater ia l  has had grea te r  usage than t h e  other  ava i lab le  high temperature a l l o y s ,  and i t s  
physical propert ies  (forming, welding, e t c . )  a r e  b e t t e r  es tabl ished.  
ava i lab le  corrosion, creep, fa t igue ,  and other  data  ind ica te  t h a t  t h i s  a l loy  should 
give su i tab le  l i f e  f o r  the  cooling system. However, u l t imate  mater ia l  se lec t ion  
must eventually be based on t h e  outcome of  o ther  more r igorous invest igat ions of 
mater ia l  charac te r i s t ics  within a PFB environment. 

Also, cur ren t ly  

Operation at the  elevated temperature of t h e  PFB presents  s ign i f icant  challenges 
i n  designing t o  accommodate t h e  expected thermal expansion. 
cooling system would undergo near ly  1000 F temperature change from t h e  i n l e t  t o  t h e  
o u t l e t  i n  a t o t a l  tube length o f  l e s s  than 26 f t .  In  addi t ion ,  the  cooling system 
from the  d is t r ibu tor  p l a t e  t o  the  o u t l e t  header must be supported by t h e  pressure 
vesse l  which operates a t  a temperature of 250 F. The design philosophy has been t o  
support the o u t l e t  manifold and i n l e t  and o u t l e t  headers of t h e  cooling system from 
the  same elevat ion on t h e  vesse l  wall and t o  use U-shaped cooling tubes between t h e  
i n l e t  and o u t l e t  headers. 

f l e x i b i l i t y  t o  accommodate t h e  d i f f e r e n t i a l  temperature along t h e  length of the  
tube. 

The a i r  i n  t h e  bed 

These U-shaped tubes would be designed with s u f f i c i e n t  

A s  previously noted, a p a r t i c u l a t e  removal system would be required t o  l i m i t  
the  s o l i d  loading enter ing t h e  turbine.  
experience with PFB exhaust gases i n  gas turb ines ,  f u r t h e r ' t e s t i n g  i s  required t o  
determine the  acceptable l e v e l  of p a r t i c u l a t e  concentration i n  t h e  gas enter ing t h e  
turbine.  On the  bas i s  oT l imi ted  data  (141, an est imate  of  allowable gas turb ine  
par t icu la te  loading w a s  made showing t h a t  p a r t i c l e s  grea te r  than 1 0  microns i n  s i z e  
would give unsat isfactory turb ine  l i f e ,  p a r t i c l e s  l e s s  than 2 microns i n  s i z e  would 
have negl igible  e f f e c t ,  and t h a t  some l imi ted  amount of par t icu la te  i n  the  2-10 mic- 
ron s i z e  could be to le ra ted  within t h e  gas turb ine .  These estimates a r e  compared i n  
t h e  top two l i n e s  of Table IV t o  t h e  estimated p a r t i c u l a t e  loading i n  the  gas ex i t ing  
from the  PFB combustor. 

Because of  lack  o f  a c t u a l  operat ing 

Since the design requirements and charac te r i s t ics  of p a r t i c u l a t e  removal systems 
a r e  not f u l l y  known a t  t h i s  time, two d i f fe ren t  technologies were invest igated i n  
developing the  o v e r a l l  p lan t  design. 
flow cyclone and a granular bed f i l t e r ,  both of which a r e  i n  t h e  developmental s tage 
at t h e  temperature, pressure,  and s i z e  required for  t h e  PFB combustion process. 
a theore t ica l  s tandpoint ,  both types o f  p a r t i c u l a t e  co l lec tors  should meet the  
requirements of a commercial p lan t .  The estimated effect iveness  of t h e  p a r t i c l e  
co l lec tors  i s  indicated i n  Table I V  where t h e  c o l l e c t o r  e f f luent  i s  seen t o  s a t i s f y  
t h e  gas turbine requirement. F ina l  d i l u t i o n  of t h e  co l lec tor  e f f luent  with cooling 
air which bypassed t h e  PFB combustion zone should reduce t h e  p a r t i c l e  concentration 
well below t h a t  required f o r  t h e  gas turbine.  
conditions w i l l  ensure t h e  s u i t a b i l i t y  of these co l lec tors .  

The two concepts a r e  a high-efficiency ro ta ry  

From 

Only t e s t i n g  under ac tua l  operating 

The exhaust gases from t h e  two gas turb ines  would be routed t o  t h e  AFB steam 
generator system consis t ing of four AFB main beds i n  one s t r u c t u r e  (Figure 8) and a 
separate  CBB. 
as combustion a i r .  Unburned char e l u t r i a t e d  from t h e  AFB main beds would be 
captured and combusted i n  the  CBB. 
t h e  steam cooling system would be i n  p a r a l l e l  with t h a t  f o r  t h e  m a i n  beds. 

The main beds would combust coal  using t h e  exhaust of t h e  gas turbines  

The CBB would be i n  a separate  enclosure, but 
Most of 

177 



t h e  superheater surface would be i n  t h r e e  of the  four beds, with t h e  four th  contain- 
ing  only evaporator surface.  The four  main beds would each exhaust hot  gas upward 
i n t o  a common convection sec t ion  of t h e  AFB steam generator .  A l l  of t h e  rehea ter  
tubes and a port ion of t h e  primary superheater  would be i n  t h e  convection sect ion.  
Gas from the  convection sec t ion  would flow i n t o  t h e  economizer sect ion.  The CBB 
would consis t  of t h r e e  beds, each with two compartments for load t u r n  down cont ro l .  
A l l  b o i l e r  surface would be above t h e  beds i n  t h e  convection zone. 

The f l u e  gas from t h e  AFB b o i l e r ,  a f t e r  passing through high ef f ic iency  m u l t i -  
c lones,  go through a high temperature e l e c t r o s t a t i c  p r e c i p i t a t o r .  
p rec ip i ta tor  would be designed f o r  a maximum temperature of 750 F. 
of f l u e  gas t o  be handled by t h e  p r e c i p i t a t o r  i s  3.2 x l o 6  ACFM. 
would have four  e l e c t r i c  f i e l d s  i n  s e r i e s .  The t o t a l  p a r t i c u l a t e s  emission would 
be l e s s  than 0 .1  l b  per  mi l l ion  Btu of  hea t  input .  The gas stream from t h e  prec ip i -  
t a t o r  would pass through t h e  low l e v e l  economizer t o  t h e  induced d r a f t  fans  and 
s tack.  

The e l e c t r o s t a t i c  
The t o t a l  Volume 

The p r e c i p i t a t o r  

The hypothet ical  Middletom, USA s i t e  w a s  se lec ted  f o r  loca t ion  of  t h e  PFB 
combined cycle power p lan t .  
shown i n  Figure 9. 
switchyard t o  the  e a s t ,  c o a l  and sorbent s torage areas  t o  t h e  south, and wastewater 
t reatment  p lan t  t o  t h e  west. 

An a r e a  s i te  plan f o r  the  prospect ive power p l a n t  i s  
The p l a n t  i s l a n d  i s  c e n t r a l l y  loca ted  with t h e  cool ing tower and 

CONCLUDING REMARKS 

The air-cooled PFB offers  t h e  p o t e n t i a l  of using coal-f i red gas turbines  t o  top 
a more conventional coal-f i red steam plan t .  
p l a n t  has t h e  capabi l i ty  of more e f f i c i e n t  conversion of coa l  t o  e l e c t r i c i t y  wi th  
t h e  p o t e n t i a l  of y ie ld ing  an o v e r a l l  lower cos t  of e l e c t r i c i t y  than can be obtained 
with current  technology. 
hot  p a r t i c u l a t e  removal systems and demonstration of mater ia l  s u i t a b i l i t y .  However, 
t h e  technological challenges facing t h i s  type of system a r e  l e s s  demanding than those 
f o r  o ther  advanced coal-f i red conversion systems present ly  under study because of 
t h e  lower temperatures and reduced degree of coa l  conversion and processing required.  
I n  c losing,  t h e  prospective performance, economic, and environmental advantages of 
combined cycle power p lan ts  using PFB combustors suggest t h a t  development of t h i s  
promising concept be energe t ica l ly  pursued. 

The r e s u l t i n g  combined cycle  power 

The PFB system requires  development of high eff ic iency 
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TABLE I 

SYSTEM ASSUMPTIONS FOR PERFORMANCE ANALYSIS 

Combustion E f f i c i e n c y ,  % 
PFB, main and r e h e a t  
AFB 

Pressure Loss, % o f  l o c a l  gas pressure  

PFB, main and r e h e a t  
Bed 

10 .0  
AFB 9.2 

Temperature, OF 

PFB, r a i n  
PFB, reheat  
AFB 

Bed 

1550 
1 6 5 0  

1550 

Component E f f i c i e n c y ,  % 
E l e c t r i c  genera tor  (steam t u r b i n e )  
E l e c t r i c  genera tor  (gas t u r b i n e )  
E l e c t r i c  motors 
B o i l e r  feed pump 
B o i l e r  feed pump d r i v e  t u r b i n e  
Condensate pump 
ID f an  

i ao  

99 .o 
98.5 

Coo l ing  Tubes 
10.0 ( a i r )  

- (steam) 

Coo l ing  Tubes 
1575 ( a i r )  
1475 ( a i r )  

- (steam) 

98.4 
98.7 
95 .o 
82 .O 
75.0 
82 .O 
70.0 
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TABLE I 1 1  

MAJOR EQUIPMENT INCLUDED IN COST SUMMARY 

S ize  Range 

Gas Turbine L i m i t  

PFB E f f l u e n t  

C o l l e c t o r  E f f l u e n t  

E n t e r i n g  Turb ine 

. Main PFB Coal /Sorbent  Feed System 

. Gas Turb ines/Generators  

. PFB Main Combustors 

. PFB Reheat Combustors 

. AFB Combustors 
(Exc lud ing:  Flues, Duct, Cyclones, 
Fans, Coal/Limestone Feed System) 

, E l e c t r i c a l  Equipment 

. Steam Turb ine/Generators  

. Waste Heat B o i l e r s  

. E l e c t r o s t a t i c  P r e c i p i t a t o r s  

TASLE I V  

PARTICLE S I Z E  DISTRIBUTION AND LOADINGS 

Pred ic ted  P a r t i c l e  Concentrat ion,  g r / s c f  
Under 2~ 2-1 %I Over 1% 

u n l  i m i  t e d  0.01 n i  1 

0 .3  2.0 6 . 4  

0.06 0.01 0.00 

0.02 0.003 0.000 

1' 
1 
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Fig. 1 

PFB Combustor for Gas Turbine 

Coal + 
sorbent 

1 Ash + spent 
material 

Fig. 2 

Unfired Waste Heat Recovery Cycle 

Comp Turb 

1 PFB 
Air -*- 

1580 F 
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Fig. 3 

Power Turbine Reheat Cycle 

Compr 

Air c 
1580 F 

coal 
and sorbent 

Power 

Waste 
heat boiler 

Coal 
and sorbent 

Fig. 4 

Exhaust-Fired Steam-Cooled AFB Cycle 

Cornp Steam to turb 

PFB 
Air -*- 

Coal 
and sorbent 

t 
1500 F 

Coal 
and sorbent 
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Fig. 5 

PFB Cycle Performance Comparison 
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Fig. 7 

Pressurized Fluid Bed Combustor 

inlet Air 1 
T 

I 
I 

I 

Fig. 8 

Atmosphere Fluid Bed Boiler 
(Sectional sideview) 
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Fig. 9 

Plot Plan for PFB Combined Cycle Power Plant 
n n n n  
d V U U  
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