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PREFACE 

The c a s e  s t u d y  by Wolfgang O e s t  i s  t h e  r e s u l t  o f  cooper- 
a t i o n  between t h e  I n n o v a t i o n  Task Group a t  IIASA and t h e  
I n s t i t u t e  o f  P r o g n o s i s  and Appl ied  Research  i n  Hannover, 
F e d e r a l  Republ ic  o f  Germany. D r .  O e s t  worked h e r e  a t  IIASA 
w i t h  t h e  I n n o v a t i o n  group f o r  two months., d u r i n g  which t h e  
c o n c e p t u a l  framework and t h e  f i r s t  d r a f t  o f  h i s  s t u d y  w e r e  
comple ted .  The main i d e a  o f  t h e  s t u d y  i s  t o  p r o v e  and e l a b -  
o r a t e  t h e  r e l a t i v e  e f f i c i e n c y  concep t  o f  t h e  I n n o v a t i o n  Task 
Group. W e  hope t h a t  t h e  r e s u l t s  of  t h i s  s t u d y  w i l l  s t i m u l a t e  
t h e  e m p i r i c a l  s t u d i e s  a b o u t  t h e  r e l a t i o n  o f  c o n c r e t e  Innova- 
t i o n  and E f f i c i e n c y .  The IIASA I n n o v a t i o n  Group i s  hoping 
t h a t  t h e  r e s u l t s  o f  t h i s  w i l l  n o t  o n l y  e x t e n d  o u r  knowledge 
a b o u t  key t e c h n o l o g i e s  b u t  w i l l  a l s o  h e l p  u s  t o  deve lop  a 
common techno logy  t o  a s s e s s  t e c h n o l o g i e s  from t h e  e f f i c i e n c y  
p o i n t  o f  view. 

Harry  Maier 
Leader  o f  I n n o v a t i o n  Group 
MMT, IIASA 
September,  1 9 8 0  
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INNOVATION PROCESS I N  THE ENERGY 
TRANSFORMATION SECTOR: A CASE STUDY 
FOR FLUIDIZED BED COMBUSTION (FBC) 

Wolfgang O e s t  

1 .  BASIC DESCRIPTION OF FLUIDIZED BED COMBUSTION (FBC) 

The c o n v e n t i o n a l  methods o f  burn ing  c o a l  f o r  power and h e a t  
g e n e r a t i o n  a r e  t h e  f o l l o w i n g  two p r o c e s s e s .  The o l d e r  p rocess - -  
e s p e c i a l l y  used i n  s m a l l  c o a l  power p l a n t s - - i s  c h a r a c t e r i z e d  by 
a  g r a t e  which is  moved t h r o u g h  t h e  s team b o i l e r  c a r r y i n g  burn ing  
s o l i d  p i e c e s  o f  c o a l .  I n  t h e  second p r o c e s s ,  which i s  used  i n  
a l m o s t  e v e r y  new b i g  c o a l  power p l a n t ,  t h e  c o a l  i s  ground t o  d u s t  
and t h e n  blown i n t o  t h e  combust ion chamber. I n  b o t h  c a s e s  t h e  
h e a t  i s  t r a n s f e r r e d  t o  w a t e r  t u b e s  by r a d i a t i o n  and c o n v e c t i o n .  
These p r o c e s s e s  have r e a c h e d  a  h i g h  l e v e l  o f  t e c h n i c a l  p e r f o r -  
mance and t h e r e  i s  no l o n g e r  a  major  p o t e n t i a l  f o r  f u r t h e r  
development  and new a p p l i a n c e s .  

F l u i d i z e d  bed combust ion (FBC) i s  a  new t e c h n i q u e  o f  c o a l  
combust ion ,  which i s  j u s t  l e a v i n g  t h e  l e v e l  o f  p i l o t  s t u d i e s  and 
e x p e r i m e n t s .  The f o l l o w i n g  i s  a  s h o r t  d e s c r i p t i o n  o f  t h e  p r o c e s s .  
When a  m a t e r i a l  c o n s i s t i n g  o f  s m a l l  p i e c e s  o f  sand ,  a s h e s  and 
c o a l  w i t h  a  s i z e  less t h a n  6  mrn i s  r u n  "rough by g a s ,  f o r  example 
a i r ,  w i t h  i n c r e a s i n g  s p e e d ,  t h e  m a t e r i a l  g e t s  i n t o  a  f l u i d  w h i r l -  
i n g  c o n d i t i o n  i f  t h e  speed  i s  h i g h  enough. T h i s  c o n d i t i o n  keeps  
s t a b l e  a l s o  by f u r t h e r  i n c r e a s e  of  t h e  ,gas  speed  u n t i l  t h e  speed  
i s  h i g h  enough t o  c a r r y  more and more p a r t i c l e s  o u t  of t h e  l a y e r .  
Reaching t h e  w h i r l i n g  c o n d i t i o n  t h e  m a t e r i a l  b e g i n s  t o  behave 
i n  a  s i m i l a r  way a s  l i q u i d s ;  it becomes f l u i d i z e d .  An o b s e r v e r  
g e t s  t h e  impress ion  o f  a  b o i l i n g  suspens ion .  Coal  can  b e  b u r n t  
v e r y  i n t e n s i v e l y  w i t h i n  t h e  f l u i d i z e d  m a t e r i a l .  T h e r e f o r e ,  t h e  
f l u i d i z e d  c o n d i t i o n  i s  m a i n t a i n e d  and o p e r a t e d  i n  a  s p e c i a l  com- 
b u s t i o n  chamber, which i s  c h a r a c t e r i z e d  by a  j e t  bot tom t h e  com- 
b u s t i o n  a i r  i s  blowing th rough  w i t h  a  p r e s s u r e  o f  a b o u t  10 atm. 

The b o i l e r  t u b e s  a r e  d i p p e d  i n t o  t h e  f l u i d i z e d  bed which 
r e a c h e s  a  h e i g h t  of  between 0 , 6  and 3 m depending on t h e  f u r n a c e  



and t h e  speed o f  t h e  combustion a i r .  So a  ve ry  good h e a t  t r a n s -  
m i s s ion  i s  p rov ided .  The burn ing  m a t e r i a l ,  which i s  normal ly  
c o a l  b u t  may a l s o  be household  was t e ,  o i l  s h a l e ,  t a r  sand ,  o r  
g a s ,  i s  brought  i n  t h e  f l u i d i z e d  bed from below o r  sometimes p u t  
j u s t  on t h e  s u r f a c e .  Other  m a t e r i a l  such  a s  l imes tone ,do lomi t e ,  
a s h e s  and sand i s  added i n  t h e  same way. The c o a l  must be  c ru shed  
i n t o  p i e c e s  o f  less s i z e  t h a n  s a y ,  6 mm up t o  10 mm. I n  compari- 
son w i t h  t h e  c o n v e n t i o n a l  t e chn ique  o f  c o a l  combust ion,  FBC h a s  
t h e  fo l l owing  advan tages :  

The w h i r l i n g  movement o f  t h e  p a r t i c l e s  i n  t h e  f l u i d  bed 
l e a d s  t o  a  h e a t  t r a n s m i s s i o n ,  which i s  s i g n i f i c a n t l y  
h i g h e r  t h a n  it i s  w i t h  conven t i ona l  c o a l  bu rn ing  methods. 
T h i s  a l l o w s  a  r e d u c t i o n  o f  s i z e  and number o f  b o i l e r  
t u b e s  (Locke speaks  o f  75% sav ing  i n  t u b e  r equ i r emen t )  
and e n a b l e s  s m a l l e r ,  more compact b o i l e r s  and f u r n a c e s  
t o  be  b u i l t  w i t h  t h e  same h e a t  o u t p u t  a s  b i g g e r  conven- 
t i o n a l  ones .  The re fo r e ,  t h e  s p e c i f i c  inves tment  i s  lower  
when t h e  s t a n d a r d i z a t i o n  phase  h a s  begun and a  s u f f i c i e n t  
h i g h  number o f  combustion chambers a r e  b u i l t .  

2 .  When l imes tone  o r  i n f e r i o r  q u a l i t y  do lomi t e  i s  added t o  
t h e  bed m a t e r i a l  a h igh  d e s u l p h u r i z a t i o n  o f  up t o  more 
t h a n  80% can be o b t a i n e d .  The r e a s o n  f o r  t h i s  i s  t h a t  
t h e  l imes tone  i s  changed t o  gypsum when it comes i n t o  
f a s t ,  c o n t i n u i n g  c o n t a c t  w i t h  t h e  bu rn ing  c o a l  p a r t i c l e s .  
I n  c o n v e n t i o n a l  f u r n a c e s  t h e  d e s u l p h u r i z a t i o n  can  o n l y  
be under taken  when t h e  smoke h a s  a l r e a d y  l e f t  t h e  f u r -  
nace.  Th i s  r e s u l t s  i n  h igh  inves tment  e x p e n d i t u r e  and 
a  pe r cen t age  d rop  i n  e f f i c i e n c y  

3 .  The combustion t empe ra tu r e  i s  between 8 0 0 ~ ~  and 950°c, 
which i s  c o n s i d e r a b l y  lower t h a n  i n  o t h e r  p r o c e s s e s .  
Th i s  l e a d s ,  on t h e  one  hand, t o  a  -. 
On t h e  o t h e r  hand t h e  a s h  p a r t i c l e s ,  hav ing  n o t  been 
melted,  remain s o f t  and non-abras ive  and p r o v i d e  
l i t t l e  chance o f  forming h o t  s p o t s .  

4. The f l u i d i z e d  bed normal ly  c o n t a i n s  o n l y  1% o r  even less 
of  ca rbon .  T h i s  makes i t - p o s s i b ! e  t o  burn  a lmos t  e v e r y  
k ind  of  c o a l .  Even c o l l i e r y  t a i l i n g s  which u n t i l  now 
a r e  t a k e n  a s  was t e ,  can  be  b u r n t .  A l s o  household  was te  
i s  c o n s i d e r e d  t o  be b u r n t  t o g e t h e r  w i t h  c o a l  i n  f l u i d i z e d  
beds .  

5. F l u i d i z e d  bed combustion i s  e s p e c i a l l y  s u i t a b l e  f o r  de- 
c e n t r a l i z e d  combined p r o d u c t i o n  o f  power and h e a t .  Com- 
b u s t i o n  f u r n a c e s  c an  be b u i l t  even i n  d e n s l e y  popu l a t ed  
a r e a s ,  because  t h e  emi s s ion  o f  SO,, NOx and d u s t  i s  lower  
t h a n  w i t h  s i n g l e  h e a t  sys tems f o r  each  b u i l d i n g .  

Although t h e s e  a r e  v e r y  impor t an t  advan tages ,  t h e r e  a r e  a l s o  some 
d i s advan t ages  which have t o  be mentioned: 

1. Sca l ing-up  f l u i d i z e d  bed combustion i s  d i f f i c u l t .  U n t i l  
now a l l  FBC p l a n t s  which a r e  i n  o p e r a t i o n  have a  s team 
o u t p u t  o f  less t h a n  140 t / h  w i t h  a n  e l e c t r i c i t y  power of  



30 MWe. Already a t  t h i s  s i z e  t h e  f l u i d i z e d  bed must be 
d i v i d e d  i n t o  s e c t i o n s  because  t h e  f l u i d i z a t i o n  does  n o t  
work ve ry  w e l l  on  a  g r e a t e r  a r e a .  

2 .  The o p e r a t i o n  of  p a r t  l oad  seems t o  be b e t t e r  i n  t h e  
c o n v e n t i o n a l  p r o c e s s e s .  T h i s  i s  impor t an t  f o r  usage  i n  
i n d u s t r i a l  f i r m s ,  because  t h e  l o a d  f a c t o r  o f t e n  changes  
ve ry  q u i c k l y .  

3.  The combustion i n  f l u i d i z e d  beds i s  n o t  a s  complete  a s  
i n  c o n v e n t i o n a l  p r o c e s s e s .  One p o s s i b i l i t y  t o  i n c r e a s e  
t h e  burn-out  o f  c o a l  i s  a  feedback o f  t h e  a s h e s  from t h e  
c y c l u s  t o  t h e  f l u i d i z e d  bed. 

I n  s p i t e  o f  t h e s e  problems t h e r e  a r e  a l r e a d y  a  number of  FBC p l a n t s  
i n  d i f f e r e n t  c o u n t r i e s  i n  o p e r a t i o n .  The n e x t  s e c t i o n  g i v e s  an  
overview o f  t h e  t e c h n o l o g i c a l  development o f  FBC and t h e  s t a t e  o f  
t h e  a r t .  

2. TECHNOLOGICAL DEVELOPMENT--STATE OF THE ART 

To a  s m a l l e r  e x t e n t ,  FBC h a s  a l r e a d y  been used  i n  Chemics 
60 y e a r s  p r e v i o u s l y  (see S c h y t i l ,  1961) which h a s  been documented 
by t h e  p a t e n t s  o f  Winkler  i n  t h e  1920s.  Apar t  o f  some s p e c i a l  
a p p l i a n c e s ,  FBC r eached  a  more g e n e r a l  i n t e r e s t  w i t h i n  t h e  l a s t  
t e n  y e a r s .  I n  t h i s  p e r i o d ,  30-40 very  d i f f e r e n t  p l a n t s  w i t h  FBC 
have been c o n s t r u c t e d .  

Most o f  t h e  t e c h n o l o g i c a l  work and i n v e s t i g a t i o n s  h a s  been 
done i n  t h e  U K ,  which can  be c i t e d  a s  t h e  l e a d i n g  coun t ry  i n  FBC 
technology.  With some y e a r s  d e l a y  t h e  USA and t h e  FRG t u r n e d  
t h e i r  t e c h n o l o g i c a l  i n t e r e s t  t o  FBC and under took a d d i t i o n a l  
e f f o r t s  t o  improve FBC and t o  make it more s u i t a b l e  f o r  a p p l i c a -  
t i o n s  i n  i n d u s t r y  and d i s t r i c t  h e a t i n g .  Also  Sweden and F in l and  
have t o  be mentioned because  t h e r e  a r e  p l a n t s  f o r  d i s t r i c t  hea t -  
i n g  a l r e a d y  working s i n c e  1978. I n  EnkBping (Sweden) a  p l a n t  
f o r  d i s t r i c t  h e a t i n g  w i t h  a  25 MW f l u i d i z e d  bed combustion p a r t  
began o p e r a t i o n  i n  May 1978. The b o i l e r  was c o n s t r u c t e d  by t h e  
f i r m  Kymi Kymmene i n  He ino la ,  F in l and .  However, it i s  s a i d  
t h a t  t h e  p l a n t  i s  working normal ly  w i t h  g a s  and o i l  r e s i d u e s ,  a s  
w e l l  a s  wood was t e s  and t h a t  it i s  n o t  c p t i m a l  f o r  t h e  usage  o f  
c o a l  ( s e e  Foge lk lou ,  1978; Lindberg ,  19'77). 

I n  t h e  development o f  FBC two main d i r e c t i o n s  have been 
under taken :  f i r s t ,  a tmosphe r i c  f l u i d i z e d  bed combustion,  and 
second,  FBC under h i g h e r  p r e s s u r e .  FBC under  a tmospher ic  p r e s s u r e  
is  much f u r t h e r  deve loped  t h a n  under  h igh  p r e s s u r e  and i s  performed 
i n  f a r  more c o n s t r u c t i o n s .  F igu re  1  shows t h e  more i m p o r t a n t  power 
p l a n t s  w i t h  FBC i n  t h e  U K ,  t h e  USA, and t h e  FRG t h e  y e a r  t h e  
o p e r a t i o n  began and t h e  thermal  power. The main r e s u l t s  o f  
a n a l y s i s  o f  t h e  e x i s t i n g  FBC power p l a n t s  a r e  t h e  fo l l owing :  

-- Opera t ion  o f  FBC p l a n t s  began i n  1970 i n  t h e  U K ,  i n  1976 
i n  t h e  USA, and i n  1978 i n  t h e  FRG, 





-- There i s  a  s t r o n g  t r e n d  i n  s ca l i ng -up  p l a n t  s i z e ;  

-- Commercia l iza t ion i s  up u n t i l  now, seldom and can on ly  
be found i n  t h e  lowes t  power c l a s s ;  

-- There a r e  o n l y  very  few p l a n t s  w i t h  p r e s s u r i z e d  FBC. 

The USA and t h e  FRG could  t a k e  advan tages  from t h e  know-how, 
which t h e  U K  e n g i n e e r s  had won i n  t h e  lowes t  power c l a s s  and so  
both  cou ld  j o i n  t h e  development p r o c e s s  a t  a  h i g h e r  l e v e l .  The 
FBC p l a n t s  i n  R i v e s v i l l e ,  Renfrew, and F l i n g e r n  can be s een  a s  
t h e  most impor t an t  o f  t h o s e  which a r e  c i t e d  i n  F igu re  1 and t h e y  
a r e  d e s c r i b e d  i n  d e t a i l  a s  f o l l ows .  

The R i v e s v i l l e  P l a n t  i n  W e s t  V i r g i n i a  (USA) s t i l l  r anks  a s  
one of t h e  l a r g e s t  o p e r a t i n g  FBC p l a n t s  a l l  o v e r  t h e  world .  I t  
i s  g e n e r a t i n g  about  100 MWth and produces  electr ic  power of  30 MW. 
The p l a n t  was f i nanced  by t h e  Department of Energy ( D O E ) ,  con- 
s t r u c t e d  by Pope, Evans and Robbins (PER) i n  coope ra t i on  w i t h  
F o s t e r  Wheeler and i s  used a s  a  demons t ra t ion  u n i t .  Opera t ion  
began i n  December 1976. The b o i l e r  i s  s a i d  t o  be t h e  f i r s t  i n  
which f l u i d i z e d  combustion technology has  determine t h e  d e s i g n  
of  t h e  b o i l e r  (Gibson, 1977) .  The f l u i d i z e d  bed is  s e p a r a t e d  
i n t o  f o u r  s e c t i o n s ,  t h r e e  o f  which a r e  used f o r  i n i t i a l  combusion, 
wh i l e  t h e  f o u r t h  i s  used f o r  f l y  a s h e s  which s t i l l  c o n t a i n  15% 
unburnt  c o a l  and a r e  r e c y c l e d  and b u r n t  up. A s i g n i f i c a n t  f e a t u r e  
o f  t h e  p l a n t  i s  t h e  v e r t i c a l  arrangement of  t h e  f o u r  s e c t i o n s .  
The p l a n t  shou ld  g i v e  expe r i ence  f o r  t h e  c o n s t r u c t i o n  of a  200 MW 
p l a n t  a f t e r  1980. When t h e  f e a s i b i l i t y  of  v e r t i c a l l y  a r r anged  
f l u i d i z e d  bed c a l l s  i s  proved i n  a  200 MW p l a n t ,  t h e s e  modules 
s h a l l  be used t o  b u i l d  a  power s t a t i o n  w i t h  an o u t p u t  of 600 MW 
o r  800 MW. The R i v e s v i l l e  p l a n t  burns  1 4  tons /hour  of  c o a l  t o  
r a i s e  136 tons /hour  steam a t  a  t empera tu re  o f  4 9 6 O ~  and p r e s s u r e  
of  94 b a r .  Although t h e r e  have been s e v e r a l  shutdowns, most o f  
which have been caused  by problems n o t  r e s u l t i n g  from t h e  f l u i d -  
i z e d  bed,  t h e  r e s u l t s  a r e  s a i d  t o  be ex t remely  encouraging.  The 
shutdowns had been used t o  modify t h e  f u e l  f e ed ing  system and t o  
a d j u s t  t h e  r e c y c l i n g  s e c t i o n .  The combustion e f f i c i e n c y  i s  abou t  
79% t o  83% a t  m u l t i p l e  c e l l  o p e r a t i o n  and 89% t o  93% a t  s i n g l e  
ce l l  o p e r a t i o n ;  t h i s  i s  somewhat low, b u t  e f f o r t s  a r e  under taken 
t o  improve t h e  v a l u e s .  A d e s u l p h u r i z a t i o n  of more than  90% has  
been r e p e a t e d l y  o b t a i n e d ,  wh i l e  NOx emi s s ions  have been a  f r a c -  
t i o n  o f  t h e  a l l owab le  l e v e l s .  I n  November 1978, t h e  t o t a l  hours  
of c o a l  f i r i n g  had a l r e a d y  exceeded 2200 hours  (see Pope, 1978) . 

The Na t iona l  Coal Board (NCB) of  t h e  UK had a l r e a d y  con- 
s t r u c t e d  o r  supe rv i s ed  16 FBC p l a n t s  a t  t h e  end of  1977, of  which 
t h e  Renfrew P l a n t  i n  Sco t land  was t h e  l a r g e s t .  The b o i l e r  pro-  
duces  the rmal  power o f  16 MW. The c o n s t r u c t i o n  was s u p e r v i s e d  
by Babcock Combustion Systems Limited (BCSC) and t h e  p l a n t  began 
o p e r a t i o n  i n  1976. A t  t h e  end o f  1977 t h e  p l a n t  had a l r e a d y  
c locked a  working t i m e  o f  about  5000 hours .  The b o i l e r  i s  
d i v i d e d  i n t o  t h r e e  s e c t i o n s ,  a l t hough  t h e r e  is  no s e p a r a t i o n  
w i t h i n  t h e  bed i t s e l f .  The steam i s  produced w i t h  28 b a r  and 
3000C a t  a  r a t e  o f  18 tons /hour .  T o t a l  b o i l e r  e f f i c i e n c y  i s  80% 
b u t  t h i s  va lue  can  be improved when new advanced b o i l e r s  a r e  con- 
s t r u c t e d ,  because t h e  e x i s t i n g  b o i l e r  i s  a  m o d i f i c a t i o n  of a n  



o l d e r  one which had a  wandering g r a t e  b e f o r e .  The e f f i c i e n c y  had 
a l r e a d y  been i n c r e a s e d  by some pe r cen t age  w i th  t h e  m o d i f i c a t i o n  
t o  FBC. A d e s u l p h u r i z a t i o n  of  up t o  90% by add ing  l imes tone  had 
been proved.  There i s  no carbon burn  up c e l l  a s  t h e r e  i s  a t  t h e  
R i v e s v i l l e  p l a n t ;  however it i s  p o s s i b l e  t o  r e c y c l e  t h e  f l y  
a she s .  The problem o f  g e t t i n g  s u f f i c i e n t  p a r t  l o a d  r e s u l t s  i s  
s o l v e d  by s h u t t i n g  down d i f f e r e n t  s e c t i o n s  and f i e l d s .  By t h i s ,  
p a r t  l o a d  o f  25  p e r c e n t  can  be o b t a i n e d .  The p l a n t  was des igned  
t o  g e t  know-how f o r  b u i l d i n g  l a r g e r  p l a n t s  o f  up t o  160 tons /hour  
steam p roduc t i on .  

The l a r g e s t  FBC p l a n t  i n  t h e  FRG i s  a d j u s t e d  t o  t h e  h e a t  
s t a t i o n  i n  F l i n g e r n ,  a  suburb  o f  Dusse ldo r f .  Its the rma l  power 
i s  35 MW. The p l a n t  i s  o p e r a t e d  by Ruhrkohle AG (RAG) and 
G e s e l l s c h a f t  f u r  Vergasung und Verf l f i ss igung mbH ( G W ) ,  wh i l e  it 
w a s  c o n s t r u c t e d  by V e r e i n i g t e  Kesselwerke AG ( V K W ) ,  which be longs  
t o  Deutsche Babcock AG. Opera t ion  began i n  t h e  summer o f  1979. 
U n t i l  t h e  summer o f  1980 d i f f e r e n t  programs t o  g e t  more knowledge 
abou t  t h e  behav io r  o f  t h e  f l u i d i z e d  bed had been under taken .  
Flue-gas d e s u l p h u r i z a t i o n  o f  up t o  90% h a s  been proved;  however, 
a  s i g n i f i c a n t  dependence from t h e  s o r t  o f  l imes tone  h a s  been 
found. The performance o f  t h e  p l a n t  and t h e  r e s u l t s  have en- 
couraged the building o f  t h r e e  f u r t h e r  FBC p l a n t s  f o r  s i m i l a r  a p p l i -  
a n c e s ,  i . e . ,  combined h e a t  and power g e n e r a t i o n .  The F l i n g e r n  
p l a n t  produces  50 tons /hour  s team a t  a  p r e s s u r e  o f  17 b a r  and a  
t empe ra tu r e  o f  4600C. The c o a l  i n p u t  i s  6  tons /hour  of  h i g h  a s h  
c o a l  w i t h  abou t  35% a s h .  The f l u i d i z e d  bed i s  d i v i d e d  i n t o  f o u r  
s e c t i o n s ,  e ach  o f  which can  be o p e r a t e d  i ndependen t l y  o f  t h e  
o t h e r s ,  s o  t h a t  s u f f i c i e n t  p a r t  l o a d  performance can be  o b t a i n e d .  
The f l y  a s h e s  can  be  r e c y c l e d  t o  g a i n  a  b e t t e r  burn  o u t  o f  t h e  
c o a l .  F igu re  2 g i v e s  an  overview o f  t h e  t e c h n o l o g i c a l  d e s i g n .  
The c o a l  and l imes tone  supp ly ing  sys tem i s  ve ry  compl i ca t ed  and 
s t i l l  a  s u b j e c t  o f  f u r t h e r  development.  The whole p r o j e c t  c o s t s  
18 m i l l i o n  DM of  which 60% had been sponsored by t h e  German 
M i n i s t r y  of Research and Technology. 

The second main d i r e c t i o n ,  t h e  development o f  FBC under  
p r e s s u r i z e d  c o n d i t i o n s ,  i s  n o t  proceeded a s  f a r  a s  FBC under  
a tmospher ic  c o n d i t i o n s .  The h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  a r e  
much b e t t e r  under  p r e s s u r e  t h a n  under a tmospher ic  c o n d i t i o n s .  So 
t h e  t ube  s u r f a c e  and volumina i s  i n  t h e  b ! i l e r  and a s  a  consequence 
t h e  t o t a l  p l a n t  s i z e  can  be  reduced.  The s m a l l  p l a n t  s i z e  and 
t u b e  volumina i s  t h e  main advan tage  o f  p r e s s u r i z e d  FBC because  it 
a l l o w s  t h e  s a v i n g  o f  a  s i g n i f i c a n t  amount o f  inves tment  c a p i t a l .  
I n  F i g u r e  3 ,  which i s  v e r y  o f t e n  c i t e d  (see S c h i l l i n g ,  1977; 
Hol ighaus ,  1977; Locke, 1 9 7 4 ) ,  a  g r a p h i c  e s t i m a t i o n  of t h e  s i z e  
r e l a t i o n s h i p  i s  shown. 

I n  connec t i on  w i t h  p r e s s u r i z e d  FBC a  g a s  t u r b i n e  i s  n e c e s s a r y  
t o  r e l a x  t h e  h i g h  p r e s s u r e  f l u e  g a s  t o  a tmospher ic  c o n d i t i o n s .  
A r e s u l t  o f  implementing ' t h e  g a s  t u r b i n e  i s  an  i n c r e a s e  i n  e f f i -  
c i e n c y  o f  some p e r c e n t a g e ,  because  t h e  better burn  o u t  o f  c o a l  i s  
reached  and t h e  t empe ra tu r e  r e l a t i o n s  i n  t h e  c a r n o t  p r o c e s s  a r e  
b e t t e r  t han  i n  b o i l e r s  w i t h  a tmospher ic  combustion c o n d i t i o n s .  

The most p r o g r e s s i v e  p r o j e c t  o f  p r e s s u r i z e d  FBC i s  t h e  
Grimethorpe P l a n t  i n  t h e  U K ,  which w a s  c o n s t r u c t e d  by t h e  
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I n t e r n a t i o n a l  Energy Agency (IEA) and f i n a n c e d  by t h e  N a t i o n a l  
C o a l  Board ( U K )  , t h e  Department  of  Energy (USA) and t h e  W e s t  
German M i n i s t r y  f o r  Research  and Technology. The p l a n t  w i l l  pro-  
duce  80% under a p r e s s u r e  of  10 b a r .  I t  w i l l  be t a k e n  as a 
f e a s i b i l i t y  s t u d y  f o r  modules o f  f u t u r e  power s t a t i o n s  w i t h  
e lec t r i c  power of 600 MW. 

For  f u r t h e r  i n v e s t i g a t i o n s  a smaller e x p e r i m e n t a l  p l a n t  i s  
i n  c o n s t r u c t i o n  i n  B o t t r o p  a t  H a n i e l  c o l i i e r y  (FRG). It w i l l  
p roduce  25 MW t h e r m a l  power a t  a p r e s s u r e  o f  4,5 b a r  and i s  b u i l t  
by A r b e i t s g e m e i n s c h a f t  W i r b e l s c h i c h t f e u e r u n g  (AGW), which is  a 
Co-Foundation o f  a b o i l e r  f i r m  and t h e  Ruhrkohle AG. The a d j u s t e d  
g a s  t u r b i n e  w i l l  g e n e r a t e  3 , 5  MW e lec t r ic  power and w i l l  b e  u s e d  
t o  i n v e s t i g a t e  t h e  t u r b i n e  b e h a v i o r  o v e r  l o n g  r u n n i n g  p e r i o d s  
and produce  v a l u e s  a b o u t  t h e  l e v e l  o f  c l e a n i n g  of  t h e  combust ion 
g a s ,  which i s  n e c e s s a r y  t o  g i v e  a s u f f i c i e n t  t u r b i n e  performance .  
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Fur the rmore ,  t h e  13 MWel  u n i t  i n c o r p o r a t i n g  a g a s  t u r b i n e ,  
which i s  b e i n g  b u i l t  by C u r t l s  Wright  C o r p o r a t i o n  i n  t h e  USA h a s  
t o  be  mentioned as w e l l  a s  some s m a l l e r  p l a n t s  w i t h  a b o u t  3 MW 
t h e r m a l  power. Among t h o s e  t h e  e x p e r i m e n t a l  u n i t  a t  Lea the rhead  
L a b o r a t o r i e s  of  t h e  NCB w a s  a l r e a d y  i n  o p e r a t i o n  i n  1970. 

- 

Grot3envergleich vefschiedener Kessel 

Summing up,  one c a n  c o n c l u d e  t h a t  a t m o s p h e r i c  FBC h a s  l e f t  
t h e  e x p e r i m e n t a l  and p i l o t  s t u d y  l e v e l .  A s . t h e r e  are d e m o n s t r a t i o n  



u n i t s  w i t h  commercial background working a  b r o a d e r  commercia l iza-  
t i o n  w i l l  s t a r t  w i t h i n  t h e  n e x t  few y e a r s .  P r e s s u r i z e d  FBC h a s  
n o t  proceeded t h a t  f a r  b u t  when t h e  Grimethorpe p l a n t  w i l l  p ro-  
duce  good r e s u l t s ,  p r e s s u r i z e d  FBC w i l l  a l s o  come t o  t h e  l e v e l  
o f  c o m m e r i c a l i z a t i o n .  

3 .  REASONS FOR THE INNOVATIONAL PROCESS OF FBC 

I f  w e  want t o  a n a l y z e  f l u i d i z e d  combust ion a s  a n  example f o r  
i n n o v a t i o n s  i n  t h e  e n e r g y  s e c t o r  it i s  i n t e r e s t i n g  t o  a s k  f o r  t h e  
r e a s o n s  which s t a r t e d  t h e  i n n o v a t i o n  p r o c e s s .  I t  i s  obv ious  t h a t  
t h e s e  r e a s o n s  had been d i f f e r e n t  i n  t h e  U K ,  t h e  USA, and t h e  
F e d e r a l  Republ ic  o f  Germany. 

I n  t h e  UK where development  had a l r e a d y  begun i n  t h e  e a r l y  
60s ,  t h e  s e a r c h  f o r  new methods of  u s i n g  c o a l  i n  power r a i s i n g  
was t h e  s t a r t i n g  p o i n t .  I n v e s t i g a t i v e  work began under  t h e  l e a d e r -  
s h i p  o f  t h e  N a t i o n a l  Coal Board ( N C B ) ,  t h e  B r i t i s h  Coal  U t i l i z a -  
t i o n  Research A s s o c i a t i o n  (BCURA) and the C e n t r a l  E l e c t r i c i t y  
Genera t ing  Board ( C E G B ) .  FBC soon emerged a s  t h e  most p romis ing  
new techno logy  because  o f  i t s  s i m p l i c i t y ,  f l e x i b i l i t y  and poten-  
t i a l  economic advan tages  ( s e e  Gibson, 1 9 7 7 ) .  I t  seemed most i m -  
p o r t a n t  t o  deve lop  t h e  new t e c h n i q u e  f i r s t  f o r  t h o s e  a p p l i c a t i o n s  
which would show t h e  most advantage  o v e r  a l t e r n a t i v e  sys tems.  So 
development was d i r e c t e d  on burn ing  low g r a d e  and ' d i f f i c u l t '  
f u e l s ,  as: 

-- h i g h  a s h  c o a l s ,  where t h e  a s h  c o n t e n t  makes p u l v e r i z e d  
f u e l  f i r i n g  d i f f i c u l t ,  i f  n o t  i m p r a c t i c a l ,  

-- f u e l s  w i t h  h i g h  a l k a l i  o r  o t h e r  c o n t e n t s ,  where FBC 
o f f e r s  a way o f  a v o i d i n g  e x t e n s i v e  b o i l e r  f o u l i n g  o r  
d e p o s i t  f o r m a t i o n ,  

-- w a s t e  f u e l s ,  s l u d g e s  o r  s l u r r i e s  which a r e  i m p o s s i b l e  
t o  burn  s u c c e s s f u l l y  i n  e x i s t i n g  u n i t s .  

Sulphur  r e t e n t i o n  was a  good s i d e  e f f e c t  b u t  n o t  a  d r i v i n g  power. 

I n  t h e  USA t h e  f i r s t  e f f o r t s  t o  d e v e l o p  a t m o s p h e r i c  FBC was 
wide ly  sponsored  by government.  The r e a s o n s  f o r  t h e  development 
o f  FBC a r e  n o t  a s  obv ious  a s  i n  t h e  UK b u t  it c a n  be  s a i d  t h a t :  

-- fundamentory r e s e a r c h ,  and 

-- t h e  p o s s i b i l i t y  t o  r educe  inves tment  c o s t s  i n  b i g  power 
s t a t i o n s ,  

were t h e  d r i v i n g  f o r c e s .  So development work s t a r t e d  a t  t h e  
l a b o r a t o r y  s c a l e  s t u d y i n g  NOx and SO2 e m i s s i o n  and s u p p r e s s i o n ,  
t h e  l i f e  o f  m a t e r i a l s  i n  f l u i d i z e d  beds ,  e t c . ,  fo l lowed by h i g h l y  
v a l u a b l e  d e s i g n  s t u d i e s  and c o s t  compar isons .  On t h e  o t h e r  hand,  
t h e  R i v e s v i l l e  p r o t o t y p e  b o i l e r  w i t h  100 MW the rmal  power was 
c o n s t r u c t e d  t o  d e m o n s t r a t e  t h e  f e a s i b i l i t y  of b u i l d i n g  a  module 
of  m u l t i p l e  f l u i d i z e d  bed c e l l s  t o  produce  a b o u t  200 MW. The 
f u t u r e  was s e e n  i n  600 MW o r  800 MW power s t a t i o n s  c o n s i s t i n g  of  
s e v e r a l  modules f o r  which t h e  R i v e s v i l l e  p l a n t  was a  p i l o t  s t u d y .  



I n  t h e  FRG n o t  ve ry  much had been done i n  . the f i e l d  of  
FBC b e f o r e  t h e  f i r s t  o i l  p r i c e  crisis. A f t e r  1973, however, c o a l  
a s  a n  energy  r e s o u r c e  g o t  a  h i g h e r  l e v e l  o f  impor tance  e s p e c i a l l y  
i n f l u e n c e d  by t h e  f i r s t  government energy  demand p r o g n o s i s .  
Fur thermore ,  t h e  s i t u a t i o n  had become b e t t e r  i n  t h e  FRG f o r  
new a c t i v i t i e s  promoting t h e  usage  o f  c o a l  because  a lmos t  a l l  c o a l  
mining companies had t r a n s m i t t e d  t h e i r  c a p i t a l  i n t o  one new f i r m ,  
t h e  Ruhrkohle AG ( R A G ) ,  which was i n  t h e  government ' s  f a v o r .  

RAG developed a program f o r  t h e  market  i n t r o d u c t i o n  o f  FBC 
i n  t h e  FRG (see S c h i l l i n g ,  1978) .  The managers o f  RAG s a w  t h e  
fo l l owing  main advan tages  o f  FBC: 

-- A f t e r  t h e  f i r s t  o i l  p r i c e  crisis t h e  d i f f e r e n c e  between 
o i l  and c o a l  p r i c e s  had dec r ea sed  and t h e  OPEC-cartel1 
seemed t o  a l l o w  f u r t h e r  p r i c e  l i f t i n g s  which would be 
much h i g h e r  t h a n  t h o s e  f o r  coal. Th i s  s i t u a t i o n  a l lowed  
t h e  way f o r  a  comeback o f  c o a l  as an energy r e s o u r c e .  

-- P o s s i b i l i t y  o f  burn ing  h i g h  a s h  c o a l ,  and c o l l i e r y  was t e ,  
such a s  f l o t a t i o n  r e s i d u e s  (see Asche, 1978) . 

-- High d e s u l p h u r i z a t i o n  w i t h o u t  expens ive  new components. 

-- P o s s i b i l i t y  t o  g e t  back market  s h a r e s  i n  h e a t - g e n e r a t i o n  
e s p e c i a l l y  d i s t r i c t  h e a t i n g  w i t h i n  t h e  l a s t  q u a r t e r  o f  
t h i s  c e n t u r y ,  when o i l  w i l l  run  s h o r t .  

A comparison o f  t h e  r e a s o n s  f o r  deve lop ing  FBC i n  t h e  UK and t h e  
FRG shows t h a t  i n  t h e  UK d e s u l p h u r i z a t i o n  d i d  n o t  p l a y  a n  impor- 
t a n t  role and t h a t  i n  t h e  FRG it d i d .  T h i s  d i f f e r e n c e  must be 
d e d i c a t e d  t o  env i ronmenta l  laws i n  t h e  FRG. These l aws  p o s t u l a t e d  
f o r  a l l  c o a l  f i r e d  power p l a n t s  s t r o n g e r  t h a n  400 MW a d e s u l p h u r i -  
z a t i o n  u n i t .  Desu lphu r i za t i on  a t  b i g  p l a n t s ,  however, seemed 
o n l y  p o s s i b l e  by f l u e  g a s  t r e a t m e n t  which i s  expens ive  and c a u s e s  
a  d e c l i n e  o f  e f f i c i e n c y .  So t h e  way which haG been s t a r t e d  i n  
t h e  USA w i t h  t h e  R i v e s v i l l e  100 MWth p l a n t  showed t h e  p o s s i b i l i t y  
of  b u i l d i n g  b i g  coal f i r e d  power p l a n t s  w i thou t  f l u e  g a s  de su l -  
p h u r i z a t i o n .  Seen i n  t h i s  way, it can  be s a i d  t h a t  env i ronmenta l  
laws c o n t r i b u t e d  t o  t h e  i n t r o d u c t i o n  o f  FRC i n  t h e  FRG. U n t i l  
now, t h e r e  are no s t r o n g  laws f o r  d e s u l p h ~ r i z a t i o n  i n  c o a l  f i r e d  
power p l a n t s  i n  t h e  U K ,  so t h a t  t h e  i n t e r e s t  i n  FBC under t h i s  
s p e c i a l  a s p e c t  i s  s t i l l  ve ry  l o w .  

4 .  FLUIDIZED BED COMBUSTION I N  THE CONTEXT OF INNOVATION THEORY 

Schumpeter and o t h e r s  a l r e a d y  s t a t e d  i n  1950 t h a t  t e c h n o l o g i c a l  
p r o g r e s s  and i n n o v a t i o n  a r e '  promoted predominaht ly  by l a r g e  f i r m s  
and t r u s t s  (Schumpeter,  1950; G a l b r a i t h ,  1952; Duesenberry,  1958) .  
T h i s  t h e o r y i s  v e r i f i e d  b y  t h e  i n n o v a t i o n a l  p r o c e s s  o f  f l u i d i z e d  
bed combustion a s  f a r  a s  it has  developed u n t i l  t h e  p r e s e n t ,  be- 
c a u s e  t h e  p r o c e s s  h a s  t h e  fo l l owing  f e a t u r e s  which, i n  g e n e r a l ,  
s u p p o r t  Schumpeter ' s  t k o r y :  



-- The development of FBC required a lot of research input 
and specialized scientists (for example, for the solution 
of problems of streaming dynamics), which can merely be 
provided by small firms. 

-- The danger that the research input will have no results 
is high. The risks can be borne when many different 
research projects are undertaken. This, however, is 
typical for large firms and not for small ones. 

-- The costs of research and development are high and need 
current profits from other parts of the firm. So, 
financial requirements have to be fulfilled which are 
bearable only by large firms. 

-- For large firms it is much easier to get governmental 
subsidies and support as well as credits from banks and 
other institutions than for small firms. 

All these arguments are proved completely right in each of the 
three main FBC developing countries. The facts of the few FBC 
stations described in section 2 also support this theory. 

A counter-argument is that the predominance of large firms 
with a monopoly-like strength do not need innovations and so such 
firms do not spend much activity in promoting innovations. This 
argument, however, does not hold true when new market areas and 
appliances are opened by the innovations. For FBC technology, 
this is indeed the fact. In the FRG and in the UK, Ruhrkohle AG 
and the National Coal Board have approximately the monopoly of 
the national coal market and FBC technology offers further market 
areas in the energy market as, for example, district heating and 
heat supply of firms (see section 5) and special applications 
(in the UK, see section 2). 

Another point of interest within innovation theories is the 
question of defining and classification of innovation. MUller 
and Schienstock (1978) are orienting their typology of innovation 
on the social unit of an organization which is defined as a 
purposeful, open, socio-technical system. Thus, innovative 
changes may have the following organizational items: 

-- Organizational Purposes and Goals, i.e., innovative 
changes may concern an object reduction or enlargement, 
a change of priorities in a given object system, as 
well as specifying intermediate aims. 

-- Relationship Between Organization and Environment. 
Innovation can be done autonomously, in agreement with 
the environment, and induced by the environment (the 
case against the environment is included in autonomous 
innovation) . 

-- Organizational Structure. Innovations mean the change 
of the elements of the organization system or a change 
of the interdependences of the elements of which the 
organization exists. 



In this context the case of FBC concerns all three items. 
The organizational purposes and goals are changed because of. the 
innovation of FBC--and here one has to determine strictly between 
innovation and invention--enlarges the object area of the pro- 
moting organizations (Ruhrkohle AG, National Coal Board, etc., 
boiler firms) from very large scale power plants belonging over- 
whelmingly to public electricity corporations to small and medium 
scale power plants belonging to firms, communities and public 
electricity corporations. Furtheron a change in the priorities 
in the object system of the coal mining corporations is, or will, 
be evolved by the innovation of FBC. The object system until the 
present time is characterized by the electricity generating sector 
and for special coal sorts as, for example, cooking coal by the 
steel production sector as well as a lot of less important applica- 
tions. FBC offers the way into almost all heat consuming applica- 
tions beginning at a minimum size of approximately 3 MWtb which 
are, until now, less important because most of the heat In this 
field is produced with oil. Zintl (1970) postulates a necessary 
condition for an innovation: innovation has the task to improve 
the situation of the innovating organization, and to enlarge its 
autonomy. Considering the described aspects of FBC, this postu- 
late is obviously fulfilled by FBC. 

As far as the relationship between organization and environ- 
ment is concerned the case of FBC is an example for an innovation 
which is induced by the environment of the innovating organization 
because: 

-- the oil prices have risen to such a high level that the 
inventions in the field of FBC offered a cheaper way to 
heat production, 

-- the ecological and environmental movement caused the 
first laws for retention of SOx, dust and other emissions. 
If this trend continues, then the main market areas for 
coal are threatened. Thus, innovating FBC is a strategy 
to avoid emerging problems, 

-- the supply situation has become unreliable and more and 
more dependent on political circumstances. Coal, the 
input energy for FBC, however, is sufficiently available 
in all of the FBC innovating countries (except Sweden) 
and also available on the world market. A physical 
shortage as can be foreseen for oil, is not evident for 
the next 200 years. Thus, a situation similar to that 
which marks the oil supply cannot be expected, although 
short-time supply problems may occur as a result of too 
slowly extended mining capacities. 

The organizational structure of the FBC innovating organiza- 
tions is concerned because FBC corresponds to other market areas, 
i.e., the coal selling organization will have a lot of small and 
medium size customers in the case of FBC instead of a few large 
sized customers such as public electricity corporations and steel 
production corporations in the conventional case. 



The d i s c u s s e d  i t e m s  a r e  ' s i m i l a r  t o  Schumpeter ' s  (1  961 ) des-  
c r i p t i o n  o f  i n n o v a t i o n :  i n n o v a t i o n  i n c l u d e s  t h e  c a s e  of  a  new 
commodity a s  w e l l  a s  open ing  up new marke t s  o r  a new t y p e  o f  
o r g a n i z a t i o n  a s  w e l l  a s  a  f u s i o n .  From t h i s  v i e w p o i n t  two i t e m s  
have t o  be d i s t i n g u i s h e d  i n  t h e  c a s e  o f  FBC. F i r s t  o f  a l l  f o r  
t h e  c o a l  mining c o r p o r a t i o n s  FBC o f f e r s  new marke t  a r e a s  f o r  t h e  
sale of  c o a l  e s p e c i a l l y  h i g h  a s h  c o a l  and s u l p h u r i c  c o a l  ( t h e  
f ac t  t h a t  p a r t s  o f  t h i s  market  be longed t o  t h e  c o a l  companies i n  
t h e  50s  i s  no l o n g e r  i m p o r t a n t b e c a u s e  t h e y  had been d e f i n i t e l y  
l o s t  t o  o i l  i n  t h e  6 0 s ) .  Secondly ,  f o r  t h e  b o i l e r  p roduc ing  i n -  
d u s t r y  FBC o f f e r s  a  new market  area because  FBC g i v e s  t h e  p o s s i -  
b i l i t y  t o  s u p p l y  many urban d i s t r i c t s  w i t h  h e a t  i n  c o g e n e r a t i o n  
w i t h  e l e c t r i c i t y ;  d i s t r i c t s  which a r e  up u n t i l  now p r o v i d e d  w i t h  
s i n g l e  f u r n a c e s  u s i n g  o i l  o r  g a s  o r  d i rec t  e l e c t r i c i t y .  How can  
FBC be c l a s s i f i e d  i n  t h e  c o n t e x t  o f  i n n o v a t i o n  t h e o r y ?  

The most used  c l a s s i f i c a t i o n  o f  i n n o v a t i o n  i s  t h e  d i s t i n c -  
t i o n  i n  b a s i c ,  improvement and p e r h a p s  pseudo- innovat ion  (Mensch, 
1975; H a u s t e i n ,  Maier ,  1979) . The terms basic i n n o v a t i o n  (some- 
t i m e s  a l s o  c a l l e d  r e v o l u t i o n a r y  i n n o v a t i o n ) ,  however,  i s  n o t  
d e f i n e d  un i fo rmly .  H a u s t e i n  and Maier  (1979) p ropose  t o  c a l l  
b a s i c  i n n o v a t i o n s  such  major  t e c h n o l o g i c a l  changes  which: 

-- a r e  based  o n  fundamenta l  and a p p l i e d  r e s e a r c h ,  

-- have a w e l l  d e f i n e d  h i g h  range  o f  a p p l i c a t i o n ,  

-- are connec ted  w i t h  new s c i e n t i f i c - t e c h n o l o g i c a l  p r i n -  
c i p l e s  o f  a  d i f f e r e n t  o r d e r .  

Thus, H a u s t e i n  and Maier  r e s t r a i n  basic i n n o v a t i o n s  ( B I )  t o  t e c h -  
n o l o g i c a l  changes .  

Uhlmann (1978) proposed t o  c a l l  such t e c h n o l o g i c a l  changes  
B I  when new s c i e n t i f i c  knowledge i s  i n c o r p o r a t e d  o r  a p p l i e d  i n  
t h e  t echno logy  concerned.  L a s t  b u t  n o t  l e a s t ,  Mensch (1977) de- 
f i n e s  B I  more narrowly:  B I  a r e  i n n o v a t i o n s ,  which l e a d  i n t o  new 
i n d u s t r i a l  a r e a s .  The t e r m  improvement i n n o v a t i o n  (sometimes 
a l s o ,  c a l l e d  r o u t i n e  i n n o v a t i o n  (Uhlmann, 1 9 7 8 ) ,  o r  e v o l u t i o n a r y  
i n n o v a t i o n )  needs  no f u r t h e r  e x p l a n a t i o n  because  it i s  clear  
from t h e  c o n t e x t  i n  e a c h  o f  t h e  t h r e e  clses. Pseudo i n n o v a t i o n  
i s  f i r s t  d i s c u s s e d  from Haus te in  and Maier:  " I n  r e a l i t y  w e  have 
some i n n o v a t i o n s ,  seemingly  a p p r o p r i a t e  t o  m e e t  t h e  g o a l s  o f  t h e  
socio-economic sys tem o r  subsys tem,  b u t  hav ing  a  n e g a t i v e  i n f l u -  
e n c e  o n  it o v e r  a  l o n g e r  t i m e .  I ts  pr imary  o r  secondary  conse-  
quences  damage t h e  e f f i c i e n c y  o f  t h e  system".  

I n  t h i s  c l a s s i f i c a t i o n  sys tem it i s  d i f f i c u l t  t o  d e c i d e  i f  
FBC i s  a b a s i c  o r  improvement i n n o v a t i o n .  I f  one  t a k e s  t h e  
Mensch d e f i n i t i o n  it i s  o b v i o u s l y  an  improvement i n n o v a t i o n  be- 
c a u s e  it d o e s  n o t  lead t o  new i n d u s t r i a l  areas as ,  f o r  example, 
t h e  i n n o v a t i o n s  o f  t e l e v i s i o n  o r  nylon.  From t h e  Uhlmann view- 
p o i n t ,  however, FBC i s  a  B I ,  as  s c i e n t i f i c  p r o g r e s s  i s  i n c o r p o r -  
ated ( d e s u l p h u r i z a t i o n  i n  t h e  b u r n i n g  p r o c e s s ,  c o m p l e t e l y  new 
combustion chamber, e tc .  ) . I n  t h e  s e n s e  o f  t h e  f i r s t  d e f i n i t i o n  
FBC i s  a  B I  i f  one  l o o k s  o n  t h e  set o f  t e c h n o l o g i e s  c o n c e r n i n g  



t h e  combustion o f  c o a l ,  b u t  it i s  a n  improvement i n n o v a t i o n  i f  t h e  
whole f i e l d  o f  c o a l  usage  as a n  energy  r e s o u r c e s  is  concerned .  
Thus, it t u r n s  o u t  t h a t  t h e  c l a s s i f i c a t i o n  sys tem i s  up u n t i l  now 
n o t  s u f f i c i e n t l y  based  because  d i f f e r e n t  d e f i n i t i o n s  a r e  b r o a d l y  
used and t h e  s t a n d p o i n t  o f  view may d e c i d e  t h e  q u e s t i o n  whether  
an  i n n o v a t i o n  i s  b a s i c  o r  improving.  

Another  f i e l d  o f  i n v e s t i g a t i o n  i n  t h e  t h e o r y  o f  i n n o v a t i o n s  
is  t h e  a n a l y s i s  of  t h e  p r o c e s s  l e a d i n g  t o  a n  i n n o v a t i o n .  T h i s  
p r o c e s s  i s  d i v i d e d  i n  f o u r  s t e p s :  

-- Research  ( b a s i c ,  fundamenta l ,  non-product  d i r e c t e d )  ; 

-- I n v e n t i o n  ( l a b o r a t o r y  p r o o f ,  t e s t  r e s u l t s  o r  t es t  g r o u p s ) ;  

-- P i l o t  P r o j e c t s  ( d i s s e m i n a t i o n  o f  r e s u l t s ,  proof o f  
e f f i c i e n c y )  ; 

-- Market D i f f u s i o n .  

A h i g h  s e n s i t i v e  p o i n t  i n  t h e  queue of  s t e p s  l e a d i n g  t o  a n  innova- 
t i o n  i s  t h e  q u e s t i o n  of  e f f i c i e n c y .  Fol lowing t h e  e f f i c i e n c y  
model o f  Maier (1979,  1980) a n  i n v e n t i o n  w i l l  n o t  become an  innova- 
t i o n  i f  t h e  e f f i c i e n c y  o f  t h e  new p r o c e s s  i s  n o t  h i g h e r  t h a n  t h e  
a v e r a g e  e f f i c i e n c y  of t h e  p r o d u c t i o n  sys tem as a whole.  T h i s  
p redomipan t ly  menta l  model needs ,  however, ma themat ica l  i n t e r p r e t a -  
t i o n .  So w e  d e f i n e  e f f i c i e n c y  a s  a n  n-dimensional  v s c t o r  e w i t h  
t h e  f o l l o w i n g  g roups  of components: 

-- e f f i c i e n c y  o f  material f lows  

-- e n e r g e t i c  p r o c e s s  e f f i c i e n c y  (energy  n e c e s s a r y  f o r  t h e  
p r o c e s s  i t s e l f )  

-- i n f o r m a t i o n a l  e f f i c i e n c y  

-- economic e f f i c i e n c y  

-- s o c i a l  e f f i c i e n c y .  

E f f i c i e n c y  i s  measured by t h e  p r o p o r t i o n  o f  t o t a l  o u t p u t  t o  i n p u t ,  
i . e . ,  f o r  example: 

ei = t o t a l  o u t p u t  
i i n p u t  

Where ei i s  t h e  i - t h  component o f  t h e  v e c t o r  e .  

The a v e r a g e  e f f i c i e n c y  o f  an  economic s e c t o r  i s  d e f i n e d  i n  
t h e  same way. I n  t h i s  case t h e  v e c t o r  e i s  s imi la r  t o  t h e  
r e c i p r o c a l  o f  t h e  v e r t i c a l  c o e f f i c i e n t s  o f  a n  i n p u t  o u t p u t  m a t r i x .  
A problem i s  t h e  embedding o f  env i ronmenta l  and e c o l o g i c a l  re- 
l a t i o n s h i p s  i n  t h i s  t h e o r y .  Of c o u r s e ,  h i g h e r  e f f i c i e n c y  c a n n o t  
mean h i g h e r  e m i s s i o n s  o f ,  f o r  example, SOx. But i n n o v a t i o n  h a s  
t o  be s e e n  i n  t h e  c o n t e x t  o f  economy and o p e r a t i o n s  r e s e a r c h ,  
and i n  t h i s  c o n t e x t  envi ronment  i s  embedded by laws.  T h i s  means 



t h a t  i f  t h e r e  i s  a  law which f o r b i d s  an  e m i s s i o n  o f  SOx, t h e n  
t h o s e  t e c h n o l o g i e s  w i l l  be  t h e  most e f f i c i e n t ,  which f u l f i l  t h e  
law w i t h  t h e  l o w e s t  amount o f  c o s t s  o r  e f f i c i e n c y  l o s s e s .  

A new t e c h n o l o g y  o r  an  i n v e n t i o n  can  be compared w i t h  t h e  
average  e f f i c i e n c y  o f  t h e  s e c t o r  concerned by comparing t h e  d i f -  
f e r e n t  components of  e f f i c i e n c y .  I t  may happen t h a t  i n  one  com- 
ponent  t h e  new t e c h n o l o g y  has  a  b e t t e r  e f f i c i e n c y  w h i l e  it is  
worse i n  a n o t h e r  component. I n  t h i s  c a s e  w e  can  come t o  a  d e c i -  
s i o n  whether  t h e  new t e c h n o l o g y  i s  b e t t e r  o r  n o t  by w e i g h t i n g  
t h e  n  components w i t h  w e i g h t s :  

i i { g i  . . .  n )  w i t h  C g  = l  
i = l  

and d e f i n i n g  f o r  t h e  new techno logy  e j = { e j ' , . . . e j n )  and t h e  

a v e r a g e  o r  s e c t o r a l  t e c h n o l o g y  E = { s l ,  . . . gn} t h e  r a t i o  

which w e  c a l l  dynamic e f f i c i e n c y .  W e  can  now s a y :  

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

when = 1 
e 

e -- - I > ,  it i s  b e t t e r  t h a n  t h e  a v e r a g e  e f f i c i 2 n c y  when - 

and e 

-- it i s  worse t h a n  t h e  a v e r a g e  e f f i c i e n c y  when - el < 1.  - 
e 

Thus t h e  i n n o v a t i o n  p r o c e s s  w i l l  have t h e  g raph  a s  shown i n  F i g u r e  
4 w i t h  t h e  f i v e  d i f f e r e n t  s t a g e s  w e l l  k n ~ w n  from t h e  m e n t a l  model 
o f  Maier ( s e e  Maier ,  1980; H a u s t e i n  and X a i e r ,  1 9 7 9 ) .  Phase I 
i s  de te rmined  by t h e  i n v e n t i o n  f o r  whic'.~ t h e  l a b o r a t o r y  p r o o f s  a r e  
f u l f i l l e d .  A t  t h e  end o f  Phase  I p i l o t  p r o j e c t s  show t h e  p o s s i b -  
i l i t i e s  t o  r e a c h  h i g h e r  e f f i c i e n c y .  A t  t h e  b e g i n n i n g  o f  Phase I1 
d e m o n s t r a t i o n  p l a n t s  o r  u n i t s  show t h e  h i g h e r  e f f i c i e n c y  and 
o r g a n i z a t i o n s  beg in  t o  a p p l y  t h e  i n n o v a t i o n .  I n  Phase I11 improve- 
ment changes  s u p e r s e d e  t h e  f o u n d a t i o n  phase .  I n  Phase I V  o n l y  
improvement changes  t a k e  p l a c e ,  w h i l e  t h e  t e c h n o l o g y  concerned 

e i  
becomes s t a n d a r d ,  i . e . ,  - t e n d s  t o d e c r e a s e  t o  1 .  - 

e 

Analyzing FBC i n  t h i s  c o n t e x t  one can  d i s t i n g u i s h  t h e  
f o l l o w i n g  marke t  r e g i o n s :  

1 .  Combustion o f  r e s i d u e s  and was te  i n  i n d u s t r y ,  e s p e c i a l l y  
i n  c o l l i e r i e s .  



A 

Efficiency 

Average efficiency 

b 

Time 

F i g u r e  4 R e l a t i o n s h i p  between e f f i c i e n c y  o f  a n  i n n o v a t i o n  pro-  
cess ( t e c h n o l o g y  e j )  . a n d  e f f i c i e n c y  o f  t h e  p r o d u c t i o n  
sys tem a s  a  whole o v e r  t i m e  t. 

2 .  Block h e a t i n g  u n i t s  f o r  g roups  o f  connec ted  househo lds  
and s m a l l  s c a l e  u s e r s .  

3 .  D i s t r i c t  h e a t i n g ,  combined h e a t  and power g e n e r a t i o n .  

4 .  Big power p l a n t s  w i t h  s e v e r a l  p r e s s u r i z e d  FBC models .  

5 .  EFFICIENCY COMPARISON BETWEEN FBC AND COMPETING TECHNOLOGIES 

5 .1  Replacement o f  O i l - f i r e d  B o i l e r s  by FBC B o i l e r s  i n  t h e  
Energy S t a t i o n  o f  a n  Automobile P l a n t  

I n  i n d u s t r y ,  a  g r e a t  number o f  combined power and h e a t  pro- 
duc ing  e n e r g y  s t a t i o n s  a r e  a c t u a l l y  h e a t e d  w i t h  o i l  and g a s  o r  
sometimes w i t h  c o a l .  A s  FBC i s  o n l y  a b o i l e r  t e c h n o l o g y ,  it i s  
p o s s i b l e  t o  change t h e  h e a t  s t a t i o n  i n  a n  e x i s t i n g  power p l a n t  
t o  a n  FBC h e a t e d  sys tem and  u s e  t h e  o t h e r  p a r t s  of  t h e  s y s t e m  
( t u r b i n e s ,  b u i l d i n g ,  h e a t  d i s t r i b u t i o n ,  e tc . )  w i t h o u t  f u r t h e r  
change. 

T h i s  o p e r a t i o n  w a s  p lanned  f o r  t h e  power s t a t i o n  of  a n  a u t o -  
mobi le  p l a n t  i n  Hannover, FRG. T h i s  p l a n t  c o v e r s  a n  a r e a  of  



a p p r o x i m a t e l y  1  km2, where  a  work ing  a r e a  o f  0 . 3  km i s  u n d e r  
c o v e r  and  18 ,000  p e r s o n s  a r e  work ing  a t  t h i s  p l a n t .  

The h e a t  consumpt ion  is f u l l y  c o v e r e d  by  a p l a n t  owned e n e r g y  
s t a t i o n  (some p r o d u c t i o n  d a t a  o f  t h i s  s t a t i o n  are shown i n  T a b l e  
1 ) .  E l e c t r i c i t y  consumpt ion  i n  r e l a t i o n  t o  h e a t  i s  too h i g h ,  s o  
t h a t  n e a r l y  h a l f  o f  it must  b e  bough t  f rom e x t e r n a l  p u b l i c  power 
p l a n t s .  The e n e r g y  s t a t i o n  c o n s i s t s  of s e v e n  i n d e p e n d e n t  o i l  
h e a t e d  b o i l e r s  w i t h  a n  o u t p u t  o f  58 m e t r i c  t o n s  o f  s team/h .  These  
b o i l e r s  s e r v e  e i g h t  i n d e p e n d e n t  t u r b i n e s  w i t h  a  maximum electr ic-  
i t y  l o a d  o f  48 MW. I n  1978 t h e  e n e r g y  s t a t i o n  b u r n e d  67 ,700  m e t r i c  
t o n s  o f  f u e l  o i l .  The i n t e r n a l  s t a t u s  quo  p r i c e  o f  o n e  u n i t  o f  
h e a t  a n d  e l e c t r i c i t y  i s  c a l c u l a t e d  f rom p a r t i a l  costs ,  a s  shown 
i n  T a b l e  2. 

T a b l e  1  Energy  p r o d u c t i o n  w i t h i n  t h e  a u t o m o b i l e  p l a n t  i n  GWh 

Maximum 1970-1978/ 
Energy  Type 1977 1978 Minimum 1970-1978 

E l e c t r i c i t y  136 154 185/130 

Hea t  below 1 3 0 ~ ~  154 182 220/150 

Heat o v e r  1  30°C 200  
b u t  be low 1 6 0 0 ~  

T a b l e  2  S t a t u s  quo  costs o f  t h e  e n e r g y  s t a t i o n  i n  1978 

106 US d o l l a r s  

G a s  o i l  costs (1  14 US$ p e r  m e t r i c  t o n )  7 , 7 3  

R e p a i r  and  s p a r e  p a r t s  0 ,57  

Manpower cos t ,  c a p i t a l  costs a n d  o t h e r  g e n e r a l  costs 6 , 4 1  

T o t a l  c c . s t s :  14 ,71  

C o s t  of o n e  u n i t  o f  e l e c t r i c i t y  ( M W ~ )  US$ 71 ,19  

C o s t  o f  o n e  u n i t  o f  h e a t  1 3 0 ~ ~  (MWh) US $ 8 .503  

C o s t  o f  o n e  u n i t  o f  h e a t  1 6 0 ~ ~  (MWh) US$ 10.492 



I t  must  be a n a l y z e d  i f  t h e  r e p l a c e m e n t  o f  t h e  p r e s e n t  
b o i l e r - s y s t e m  by FBC-boi le rs  c a n  lower  t h e  c o s t s  shown above .  
To s i m p l i f y  t h i s  c a l c u l a t i o n  it is  assumed t h a t  manpower c o s t s  
and  o t h e r  g e n e r a l  c o s t s  o f  t h e  power s t a t i o n  h o l d  t h e i r  l e v e l  
a f t e r  t h e  r e p l a c e m e n t .  T h i s  a s sumpt ion  i s  v e r y  c o n s e r v a t i v e ,  as 
t h e  75 t e c h n i c a l  employees  i n  t h e  p r e s e n t  power s t a t i o n  are 
m a i n l y  o c c u p i e d  w i t h  r e p a i r  and  ma in tenance  o f  t h e  20 y e a r  o l d  
machines .  So it seems t o  be s u r e  t h a t  manpower c o s t s  o f  t h e  new 
FBC b o i l e r  s y s t e m  c a n  b e  lower .  

The t e c h n i c a l  c o n s t r u c t i o n  and  t h e  i n v e s t m e n t  volume o f  t h e  
FBC b o i l e r  s y s t e m  w a s  done  by " V e r e i n i g t e  Kesse lwerke  AG" i n  
Df i s se ldo r f ,  FRG. The fo rmer  s i x  b o i l e r s  are r e p l a c e d  by o n l y  
t h r e e  b o i l e r s  w i t h  a n  o u t p u t  o f  140 m e t r i c  t o n s  o f  steam p e r  
hour  e a c h .  T a b l e  3  g i v e s  a n  ove rv iew o f  some t e c h n i c a l  d a t a .  

T a b l e  3  T e c h n i c a l  d a t a  o f  a 1 4 0 t  s team/h  FBC b o i l e r  

1 .  P r imary  Energy 

1.1 c a l o r i f i c  v a l u e  

1.2 w a t e r  c o n t e n t  

1 .3  a s h  c o n t e n t  

1 .4  s u l p h u r  c o n t e n t  

1 .5  s i z e  o f  c o a l  p i e c e s  

2.  P r e p a r a t i o n  o f  t h e  F u e l  

2.1 s i z e  o f  g round  c o a l  d u s t  

2.2 r e s i d u a l  w a t e r  c o n t e n t  

2.3 g round  l i m e s t o n e  added  

3.  FBC Combust ion U n i t  

3.1 f u e l  q u a n t i t y  

3 .2  t e m p e r a t u r e  o f  combust ion  a i r  

3.3 a i r  s p e e d  

3.4 f l u i d i z e d  bed  t e m p e r a t u r e  

3 .5  h e i g h t  o f  t h e  f l u i d i z e d  l a y e r  

3 .6  s u r f a c e  o f  t h e  f l u i d i z e d  bed  

3.7 number o f  s e c t i o n s  i n  t h e  f l u i d i z e d  bed 

3 .8  f l u e  g a s  t e m p e r a t u r e  

3.9 f l u e  g a s  q u a n t i t y  

4 .  B o i l e r  U n i t  

4.1 s t e a m  q u a n t i t y  

4.2 steam p r e s s u r e  

4 .3  steam t e m p e r a t u r e  

Hard c o a l  

20.930 KJ/kg 

4 .6% 

35-4596 

0 .8% 

10 mm 

140 t / h  

95 b a r  

530°c 



F i g u r e  2  g i v e s  a n  ove rv iew o f  one FBC b o i l e r  and t h e  f u e l  
t r a n s p o r t a t i o n  c o n s t r u c t i o n .  The v a l u e  o f  t h e  t o t a l  i n v e s t m e n t  
o f  t h r e e  new FBC b o i l e r s ,  i n c l u d i n g  t r a n s p o r t a t i o n  o f  a l l  t h e  
p a r t s  and t h e  c o s t s  o f  t h e  c o a l  d e p o t  is  ( i n  1980 p r i c e s )  
US$37.29 x  l o 6 .  ( A l l  government  s u b s i d i e s  which are  g r a n t e d  i n  
t h e  FRG are n o t  c o n s i d e r e d . )  

The f o l l o w i n g  c o s t  compar i son  o f  t h e  e x i s t i n g  p l a n t  w i t h  a  
h y p o t h e t i c  FBC d r i v e n  p l a n t  i s  made under  t h e  a s s u m p t i o n  t h a t  t h e  
new FBC b o i l e r s  have a l r e a d y  been  i n s t a l l e d  i n  1980.  For  t h i s  
compar ison  t h e  c a p i t a l  c o s t s  o f  t h e  FBC b o i l e r s  and  c a p i t a l  c o s t s  
f o r  t h e  e x i s t i n g  b o i l e r s  have  t o  be  a c c o u n t e d  f o r .  The e x i s t i n g  
b o i l e r s  have  been  c o n s t r u c t e d  i n  1960 ( a v e r a g e )  a t  a p r i c e  o f  
5.7 x  106 US$. The a v e r a g e  l i f e t i m e  i s  25 y e a r s .  Tak ing  an  
a v e r a g e  i n f l a t i o n  ra te  o f  5% p e r  ear i n t o  a c c o u n t  t h e  v a l u e  o f  
t h e  o l d  b o i l e r s  i n  1980 i s  3  x  l o g  US$. So i n v e s t m e n t  volume 
o f  US$ 3  x  106 f o r  t h e  o l d  b o i l e r s  and US$ 37 ,29  x  l o 6  f o r  t h e  
FBC b o i l e r s  have  t o  b e  compared. They are c a l c u l a t e d  w i t h  a f i x e d  
i n t e r e s t  ra te  o f  3% and  a f u r t h e r  i n t e r e s t  r a t e  o f  4 .5% t o  com- 
p e n s a t e  i n f l a t i o n ,  which i s  assumed t o  be on  a n  a v e r a g e  ra te  o f  
4 .5% o v e r  a l o n g  p e r i o d  of  t i m e  and which i s  s p e c i f i c  f o r  t h e  
s i t u a t i o n  i n  t h e  FRG. ~ e p r e c i a t i o n  i s  l i n e a r  o v e r  a l i f e t i m e  o f  
25 y e a r s  w i t h  4 %  p e r  y e a r .  So c a p i t a l  c o s t s  f o r  t h e  o l d  b o i l e r s  
are 0 , 3 5  x 106 US$/a and 4 ,34  x  106 uS$/a f o r  FBC b o i l e r s .  

F u e l  c o s t s  a r e  b a s e d  on a n  e n e r g y  i n p u t  o f  98,000 TCE c o r -  
r e s p o n d i n g  t o  70,000 metric t o n s  o f  g a s  o i l  and 165,000 metric 
t o n s  o f  h i g h a s h  c o a l  (45% a s h ) .  The 1980 p r i c e  o f  g a s  o i l  i s  
169.5  US$/t s o  t h a t  t h e  f u e l  c o s t  f o r  t h e  o i l  b o i l e r  amounts  t o  
11 ,86  x  106 US$. The 1980 p r i c e  o f  h i g h  a s h  c o a l  i s  59 ,82  uS$/ t  
i n c l u d i n g  f r e i g h t  ra tes  f rom c o l l i e r y  t o  t h e .  ! .automobile  p l a n t .  
High a s h  coal i s  s u b s i d i s e d  by  government  w i t h  2 4 , 3  ~ ~ $ / t . [ l ]  
Thus,  f u e l  c o s t s  f o r  FBC b o i l e r s  amounts t o  5.86 x  106 US$. I t  
w a s  a l r e a d y  ment ioned  t h a t  a l l  t h e  o t h e r  c o s t s  (manpower a n d  
g e n e r a l  c o s t s ) a r e  assumed t o  be  e q u a l  f o r  t h e  two s y s t e m s .  T a b l e  
4  shows t h e  d i r e c t  compar ison  o f  t h e  two d i f r e r e n t  t e c h n o l o g i e s  
i n  1980. 

T a b l e  4  C o s t  compar ison  o f  t h e  o i l - f i r e d  b o i l e r s  and  FBC b o i l e r s  
i n  1980 i n  106 US$ 

O i l  b o i l e r  FBC b o i l e r  

f u e l  c o s t s  

c a p i t a l  c o s t s  

T o t a l  c o s t s  12.21 10.20 

[ I ]  The re  are f u r t h e r  s u b s i d i e s  i n  t h e  FRG ( h a n d l i n g  s u p p o r t  f o r  
c o a l  combustion, i n v e s t m e n t  s u p p o r t  f o r  c o a l  f i r e d  power p l a n t s )  
which are n o t  t a k e n  i n t o  a c c o u n t  i n  t h i s  p a p e r .  Thus,  a 
compar ison  t o  t h e  s i t u a t i o n  i n  o t h e r  c o u n t r i e s  c a n  be done 
i n  a n  easier way. 



The c o s t  advan tage  o f  2 :: l o 6  US$ i s  f u l l y  induced by t h e  
lower f u e l  c o s t s  o f  t h e  c o a l  technology and n o t  by t h e  FBC sys tem 
i t s e l f .  Hence, c a p i t a l  c o s t s  o f  FBC a r e  h i g h e r  t h a n  t h e  normal 
c o a l  combustion s o  t h e r e  must be o t h e r  advan tages  t o  s t r e n g t h e n  
t h e  t o t a l  e f f i c i e n c y  g a i n  o f  FBC. 

I n  s e c t i o n  1 ,  it h a s  a l r e a d y  been mentioned t h a t  by u s i n g  
t h e  FBC techno logy  i n  a  ve ry  s imple  way a h i g h e r  degree of de-  
s u l p h u r i z a t i o n  can  be o b t a i n e d .  I n  normal c o a l  b o i l e r s  t h e  f l u e  
g a s  d e s u l p h u r i z a t i o n  method i s  used.  T h i s  method needs  a s p e c i a l  
u n i t ,  i s  c o s t  i n t e n s i v e  and lowers  t h e  p l a n t  e f f i c i e n c y  by 
approx imate ly  2%.  I f  compared, t h e  inves tment  c o s t s  o f  t h e  FBC 
techno logy  a r e  a t  t h e  same l e v e l  o r  a  l i t t l e  lower  t h a n  t h o s e  o f  
t h i s  second way. However, a  d e s u l p h u r i z a t i o n  i s  normal ly  n o t  
p r e s c r i b e d ,  a l t hough  t h e r e  i s  a t r e n d  t o  s t r o n g e r  env i ronmenta l  
l a w s .  For example, i n  t h e  FRG a d e s u l p h u r i z a t i o n  i s  p r e s c r i b e d  
f o r  p l a n t s  producing more t h a n  400 MWth. Tab le  5 shows t h e  main 
components i n  t h e  e m i t t e d  f l u e  g a s  induced by t h e  combustion of 
1,000 TCE. 

According t o  t h e  h i g h e r  s h a r e  o f  a s h ,  t h e  e m i t t e d  d u s t  
q u a n t i t i t e s  a r e  h i g h e r  when u s i n g  t h e  c o a l  t e c h n o l o g i e s .  On t h e  
o t h e r  hand, t h e  emi s s ion  of SO2 i s  much l o w e r  u s i n g  t h e  FBC tech-  
nology.  The amount o f  SO2 emiss ion  i s  more t h a n  100 t i m e s  h i g h e r  
t h a n  t h e  d u s t  emi s s ion  s o  t h a t  o n l y  t h i s  advan tage  o f  FBC may 
a l l o w  t h e  change t o  a  c o a l  t echno logy  i n  areas where t h e  env i ron-  
menta l  laws p r e v e n t  h i g h e r  r a t e s  o f  a i r  p o l l u t i o n .  

F i n a l l y  it i s  p o s s i b l e  t o  u s e  f o r  FBC h igh  a s h  c o a l  o f  which 
t h e  a v a i l a b i l i t y  i s  h i g h e r  t h a n  f o r  most o f  t h e  o t h e r  t y p e s  o f  
p r imary  energy .  T h i s  t y p e  o f  f u e l  may have a l s o  t h e  l owes t  r a t e  
o f  p r i c e  i n c r e a s e  e s p e c i a l l y  compared t o  o i l  and g a s .  

5.2 E f f i c i e n c y  Comparison Between an  FBC Reated  Combined Power 
P l a n t  and I n d i v i d u a l  H.ouse Hea t i ng  

The e f f i c i e n c y  o f  a  combined power and h e a t  s t a t i o n  t o g e t h e r  
w i t h  a d i s t r i c t  h e a t i n g  n e t  and i n d i v i d u a l  house and room h e a t i n g  
o f  an  urban d i s t r i c t  i n  Hannover (FRG) a r e  compared i n  a  second 
c a s e  s t u d y  (Mdl le r ,  O e s t ,  S t rBbe le ) ,  The d i f f e r e n c e  t o  t h e  f i r s t  
case s t u d y  i s  t h e  much h i g h e r  inves tment  volume o f  a  t o t a l l y  new 
power p l a n t  and a h e a t i n g  n e t ,  compared w i t h  o n l y  t h e  change o f  
t h e  b o i l e r  sys tem a s  d e s c r i b e d  i n  s e c t i o n  5 .1 .  

Tab le  5 F l u e  g a s  components depending on d i f f e r e n t  b o i l e r  
t e c h n o l o g i e s  f o r  combustion o f  1 ,000 TCE 

gas- o i l  f i r e d  normal c o a l  f i r e d  h i g h  a s h  FBC f i r e d  

S02 14,65 t 16,22 t 7 / 9 1  t *  

d u s t  0,106 t 0,1796 t 0,186 t 

* acco rd ing  t o  a  va lue  o f  0.859 sulphur/m3 f l u e  g a s  2 70% 
d e s u l p h u r i z a t i o n ;  90% d e s u l p h u r i z a t i o n  (= 258 t )  a r e  a l r e a d y  
reached  i n  s m a l l e r  demons t r a t i on  p l a n t s .  



The s t a t u s  quo c o s t s  o f  t h e  used  i n d i v i d u a l  e n e r g y  s u p p l y  
sys t em are shown i n  T a b l e  6.  

The e n e r g y  demand f o r  h e a t i n g  o f  t h e  h o u s i n g  d i s t r i c t  and 
t h e  i n d u s t r i a l  area i s  700 TJ p e r  y e a r .  T h i s  demand, a c t u a l l y  
c o v e r e d  by t h e  e n e r y  t y p e s  shown, s h o u l d  be s e t t l e d  by a new 
combined h e a t  and power FBC s t a t i o n  t o g e t h e r  w i t h  a new d i s t r i c t  
h e a t i n g  n e t .  The produced e l e c t r i c i t y  i s  g o i n g  t o  t h e  p u b l i c  
e l e c t r i c i t y  n e t .  

C o n s t r u c t i o n  and  i n v e s t m e n t  c a l c u l a t i o n s  of  t h e  new FBC 
s t a t i o n  w a s  done  by Kra f twerk  Union AG,  E r l a n g e n ,  FRG. F i g u r e  5 
shows t h e  e x t e r n a l s  o f  t h e  s t a t i o n  and F i g u r e  6  g i v e s  a n  ove rv iew 
o f  t h e  e n e r g y  f low.  T a b l e  7  shows t h e  p a r t s  and  t h e  i n v e s t m e n t  
volume o f  t h e  whole s t a t i o n  and  t h e  d i s t r i c t  h e a t i n g  n e t .  
C a p i t a l  c o s t s  are c a l c u l a t e d  w i t h  4% d e p r e c i a t i o n  and 7.63% t o t a l  
i n t e r e s t  (3% r e a l  i n t e r e s t  and  4.5% compensa t ion  o f  i n f l a t i o n ) .  
D e p r e c i a t i o n  and  i n t e r e s t  t o g e t h e r  a n  amount o f  6.57 x I O ~ U S $  
p e r  y e a r .  

To p roduce  700 TJ h e a t  f o r  t h e  p r i v a t e  and i n d u s t r i a l  cus-  
t o m e r s ,  t h e  FBC s t a t i o n  n e e d s  a p r imary  e n e r g y  i n p u t  o f  92,300 
metric t o n s  o f  h i g h  a s h  c o a l  (45% a s h ) .  I n c l u d i n g  t h e  same 
government  s u b s i d i e s  and  t r a n s p o r t a t i o n  c o s t s  as i n  t h e  f i r s t  
case t h i s  p r i m a r y  e n e r g y  i n p u t  i n d u c e s  y e a r l y  f u e l  c o s t s  o f  
4 ,29 X I O ~ U S $ .  

Manpower c o s t s  a r e  i n d u c e d  by 45 p e o p l e .  F o r t y  p e o p l e  are 
n e c e s s a r y  t o  r u n  t h e  FBC s t a t i o n ,  f i v e  p e o p l e  are n e c e s s a r y  f o r  
t h e  g e n e r a l  o r g a n i z a t i o n .  Assume t h a t  e a c h  p e r s o n  h a s  a  g r o s s  
s a l a r y  o f  33,900.-  US$ p e r  y e a r  ( i n c l u d i n g  a l l  s o c i a l  c o s t s )  
o v e r a l l  y e a r l y  manpower c o s t s  are 1 , 5 3  x 106 US$. 

O t h e r  g e n e r a l  c o s t s  l i k e  t a x e s ,  i n s u r a n c e ,  e t c . ,  are  
a c c o r d i n g  t o  o t h e r  combined h e a t  and power p l a n t s ,  US$50 p e r  y e a r  
and i n s t a l l e d  K W e l .  T h i s  g i v e s  a  t o t a l  o f  1 .13  x  106 US$. 
T a b l e  8  shows t h e  t o t a l  c o s t s  o f  t h e  whole FBC s t a t i o n .  

T a b l e  6  Energy s u p p l y  c o s t s  o f  an  u rban  d i s t r i c t  i n  Hannover 
(FRG) w i t h  15 ,000 p e o p l e  and a n  i n d u s t r i a l  area w i t h  
1  ,000 working  p e o p l e  i n  1  o 6  US$ 

Gas 200 GWh 3.84 

O i l  31 GWh 0.90 

Coal  685 metr ic  t o n s  0.06 

C a p i t a l  c o s t s ,  d e p r e c i a t i o n  and  ma in tenance  0 .56  



Front view 

Side view 

Figure 5 External view of the new FBC station in FRG 
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f 
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F i g u r e  6 Overview o f  e n e r g y  f l o w  of  FBC s t a t i o n  i n  FRG 



Table 7 Investment volume of a 60 MWfh and 22 MWel FBC heat 
and power station together with the district heating 
net 

Part of the investment Financial volume in lo6 US$ 

Planning fees 1 .98 

Building 11.69 

FBC boiler 10.79 

Turbine and other machines 11.53 

Electric installation 3.39 

District heating net 14.12 

Other small parts 2.99 

Total investment 

Table 8 Total costs of the FBC in lo6 US$ 

Fuel 4.29 

Capital costs and depreciation 

Manpower costs 

Other general costs 

The costs shown above are induced by the production of 
700 TJ heat (at the customers side) and 52.5 GWh electricity 
(according to 2,400 h full load of the turbine per year) . The 
heat is delivered for the same price to the customers as already 
shown in Table 6. Additional revenue comes from the production 
of 52,5 GWh electricity, which can be sold at a price of 0.05 US$ 
per Kwh. Total revenues (at the 1980 price level) are shown in 
Table 9. 

The deficit of the FBC technology compared with the cost 
of the individual heating is 5,53 x 106 US$. This deficit is 
mainly induced by the high capital co t of the new technology. 
Fuel cost of FBC is already 0.51 x 10% US$ lower. So a much 
higher cost advantage of coal against gas oil is necessary to 
equalize the overall deficit. This is possible when imported 
coal, which is much cheaper than those produced in the FRG, is 
taken. 

Finally it must be proved, if the environmental situation 
would be at least the same when the new FBC station will replace 



t h e  i n d i v i d u a l  hea t i ng  o f  t h e  d i s t r i c t .  The s i t u a t i o n  becomes 
more complicated,  a s  emiss ions  o f  t h e  p roduc t ion  o f  52.5 GWh 
e l e c t r i c i t y  must be c a l c u l a t e d  from t h e  coproduc t ion  on t h e  FBC 
s i d e  and n o t  on t h e  i n d i v i d u a l  h e a t i n g  s i d e .  To g e t  a  f a i r  com- 
p a r i s o n  t h e  emiss ion coming from t h e  p roduc t ion  o f  52.5 GWh 
e l e c t r i c i t y  i n  a  normal c o a l  hea ted  power p l a n  must be added t o  
t h o s e  coming from t h e  i n d i v i d u a l  h e a t i n g .  The comparison i s  
shown i n  Table 10. A l l  emiss ion  va lues  a r e  b e t t e r  u s ing  t h e  
FBC s t a t i o n ,  s o  t h a t  i n  t h i s  c a s e  FBC s e e m s  t o  be  t h e  b e s t  c o a l  
combusting technology t o  s e r v e  d i s t r i c t s  w i th  h igh  popu la t i on  
d e n s i t y .  

Table 9 Revenue from t h e  p roduc t ion  o f  h e a t  and e l e c t r i c i t y  
produced i n  t h e  FBC s t a t i o n  i n  lo6 U S $  

Heat (700 T J )  5.36 

E l e c t r i c i t y  (52.5 GW) 

T o t a l  Revenue 

Table  10 P a r t s  o f  t o t a l  emiss ion o f  i n d i v i d u a l  h e a t i n g  and an  
FBC s t a t i o n  producing 700 T J  h e a t  and 52.5 GWh 
e l e c t r i c i t y  i n  m e t r i c  t o n s  p e r  y e a r  

Emission p a r t s  I n d i v i d u a l  hea t i ng  FBC s t a t i o n  

Dust 

* According t o  a  grade of d e s u l p h u r i z a t i o n  of  72%. 
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