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Combustion of Coal i n  a Bed of Fluidized Lime 

R. R. Bertrand, R. C. Hoke, H. Shaw, A. Skopp 

Esso Research and Engineering Company, Linden, New Jersey 

Under Contract t o  the Off ice  of Research 6 Monitoring - 
US Environmental Pro tec t ion  Agency 

A program i s  being conducted f o r  t h e  Environmental Pro tec t ion  Agency t o  
develop a regenera t ive  limestone process f o r  f lu id i zed  bed coa l  combustion and 
desul fur iza t ion .  The p o t e n t i a l  of f lu id ized  bed combustor f o r  a i r  po l lu t ion  control 
i s  good because the  in t imate  gas-solid contac t ing  in a f lu id ized  bed promotes high 
SO2 removal e f f i c i ency  on s u i t a b l e  materials such as limestone or dolomite. 

A schematic diagram of the  process is  shown in Figure 1. In  the combustor, 
the  s u l f u r  i n  the coa l  is burned t o  SO2 which then r eac t s  with the l i m e  t o  form CaS04. 
The system under s tudy  involves t r ans fe r r ing  the  p a r t i a l l y  su l f a t ed  l ime from the  
combustor t o  a separa te  regeneration vesse l  where the  su l f a t ed  l i m e  i s  regenerated 
according t o  the r eac t ion  

CaSO + CO +. CaO + SO2 + C02 4 
H2 H2° 

The regenerated s tone  (CaO) can then be  returned t o  the  combustor f o r  fu r the r  use, 
thereby subs t an t i a l ly  reducing the f resh  limestone requirement. The of f  gas from t h e  
regenerator has  a high SO2 concentration and can b e  used a s  feed t o  a by-product 
su l fu r  o r  s u l f u r i c  ac id  p lan t .  

Previous S tudies  

Various l abora to r i e s  have studied f lu id ized  bed coa l  combustion over the  
p a s t  few years .  The r e s u l t s  of the s tud ies  have s h a m  t h a t  coa l  can be burned 
e f f i c i e n t l y  with over 90% removal of SO2 and with reduced NO, emissions. 
of su l f a t ed  limestone has been studied using a number of regeneration methods. 
method cur ren t ly  under study has been shown t o  give 6-10% SO2 in the product gas when 
car r ied  out  a t  1 a t m  and about 20000F. The recycled lime was a l s o  shown t o  maintain 
a reasonably high l e v e l  of a c t i v i t y  a f t e r  7 combustion/regeneration cyc les .  

Regeneration 
The 

Economic s tud ie s  car r ied  out by Westinghouse Research Laboratories under 
cont rac t  t o  EPA(1) have ind ica ted  t h a t  operation of the  cumbustor and regenerator a t  
higher pressures,  approximately 10 atm, would be s i g n i f i c a n t l y  more economical than 
atmospheric pressure operation. A s  a r e s u l t ,  the cur ren t  s tud ie s  are being made at  
higher pressures.  

Objectives 

Objectives of t he  cur ren t  experimental program cons i s t  i n  (1) inves t iga t ing  
the  f ac to r s  influencing the  reduction of NO, emissions in f lu id i zed  bed combustion, 
and (2) studying the regeneration of s u l f a t e d  lime a t  pressures  up t o  10 atm. 

EXPERIMENTAL RESULTS 

Factors Affecting NO-. Emissions 
n 

It w a s  determined previously tha t  NO, emissions measured a t  the  law 
temperatures occurring i n  f lu id i zed  bed combustion a r e  formed by oxida t ion  of nitrogen 
compounds in the coal. Oxidation of atmospheric N2 occurs only a t  higher temperatures. 
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In  t h i s  study, the e f f e c t  of temperature, excess air and f lu id i zed  bed material on NO 
emissions waa measured. 
combustor i s  shown i n  Figure 2. As temperature decreases,  NO emissions drop and drop 
LaLLLSL sharply b e k v  1500oB. Thc effect  af excesa 6ir as ing  a bed of CaSO4 i s  shown 
i n  Figure 3. Actual NO emissions decreased as excess air  (percent 02) w a s  increased. 
However, when the  emissions were normalized t o  a constant gas volume ( a t  3% 02), t h e  
NO emissions increased  aa t he  excess air increased. The NO formation r a t e  w a s  t hus  
i~crtaeed by the 'nigher average oxygen concencracion in rhe bed. iine efiecr:  of bed 
material is sham i n  F igure  4. 
bed, t h e  emissions were h igh  i n i t i a l l y ,  bu t  as the bed su l f a t ed ,  the  emission l e v e l  
approached t h a t  of CaS04. 

The e f f e c t  of temperature using a bed of CaS04 i n  the 

--..Le- 

Cas04 gave lower emissions than alundum. With a CaO 

One cons is ten t  explanation fo r  these  r e s u l t s  is  the  r eac t ion  of NO with CO. 
CO emissions are h igher  a t  the  lower temperatures and at  lower excess air  conditions.  
The higher CO l e v e l s  then give lower NO emissions. 
appears t o  be a c a t a l y t i c  e f f ec t .  

The e f f e c t  of bed materials 

Reactions of NO and CO 

The reac t ion  of CO and NO w a s  s tud ied  fu r the r  i n  f ixed  bed u n i t s .  The 
e f f e c t  of bed mater ia l ,  temperature and feed gas composition were s tudied .  
system, Cas04 catalyzed the reac t ion  s l i g h t l y  and showed a smal l  e f f e c t  of temperature, 
bu t  alumina and an empty bed gave e s s e n t i a l l y  no reac t ion .  
water enhanced the r eac t ion  and gave the same NO conversion regard less  of the  presence 
of the  bed material. But when CaO w a s  used as the bed ma te r i a l  i n  a dry system, a very 
rapid reac t ion  occurred which gave Over 90% conversion of t he  l imi t ing  r eac t an t  as 
sham in  Table 1. 
the reac t ion  

I n  a dry  

However, t he  addi t ion  of 

The r eac t ion  proceeded i n  1/1 molar r a t i o  of CO and NO suggesting 

2 CO 4- 2 NO + 2 Cog+ N2 

CO was then added t o  the  feed and reduced the conversion s ign i f i can t ly  over 
both calcine8 limestone and calcined dolomite. This is shown i n  Table 1. 

TABLE 1 

NO-CO REACTIONS 

BED SOURCE CALCINED CALCINED 
LIMESTONE DOLOMITE ~~ ~ 

INLET GAS .COW. 
NO PPm 1400 1800 860 1400 1990 840 
co ppm 940 1870 990 900 2080 980 
cog x 0 0 1 7  0 0 16 

OUTLET GAS COW. 
NO PPm 400 20 640 350 240 680 
co PPm 10 160 770 20 100 830 
co2 % 0 0 1 7  0 0 1 7  

cow. ( X )  

TENF'ERATURE: 1600°F 

99 99 26 98 95 16 

RES. TIME: 0.3 SEC 

The most l i k e l y  explanation f o r  these e f f e c t s  is a k i n e t i c  l imi t a t ion  caused 
by the presence of the C02. 
r e v e r s i b i l i t y  were considered as poss ib le  explanations,  b u t  were ru led  out  a f t e r  c lose r  
examination, 

Formation of CaC03 and inh ib i t i on  caused by chemical 
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Reactions of NO and SO2 
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Studies  of t he  reac t ion  of NO and SO2 were a l so  made in a f ixed  bed 
The e f f e c t s  of bed mater ia l  and temperature were s tud ied .  reac tor .  

t h a t  NO and SO2 do not r e a c t  i n  the  vapor phase o r  over alundum or CaS04. 
reac t ion  does occur over p a r t i a l l y  su l f a t ed  l i m e  and appears t o  be dependent on SO2 
concentration. Further r a t e  s tud ie s  ind ica ted  a 0.5 order dependence on t he  NO 
concentration. Temperature had a negative e f f e c t  on the r a t e ,  decreasing the  r a t e  
wi th  increas ing  temperature. 
r eve r s ib l e  formation of Cas03 intermediate from CaO and SO2. The s u l f i t e  then r eac t s  
with NO t o  form N2 and CaS04. However, i t  i s  known t h a t  the  s u l f i t e  becomes unstable 
in the  temperature range where t h e  SO2/NO r eac t ion  r a t e  drops and t h i s  i n s t a b i l i t y  is 
the  probable explanation f o r  t he  nega t ive  temperature e f f e c t .  

The r e s u l t s  show 
However, a 

A proposed mechanism f o r  the  r eac t ion  involves the  

Two Stage Combustion 

The reac t ions  of NO with CO suggest the  poss ib le  lowering of NO emissions 
by operating a staged combustion system. 
combustor giving an 02 lean sec t ion  a t  t he  bed i n l e t .  
because of the  r e l a t i v e l y  high CO leve ls .  The second s t ep  would then complete 
combustion. The f l u i d  bed combustor was then modified t o  opera te  i n  a staged fashion. 
A s  t h e  r a t i o  of the amount of air  added t o  the  second s tage  t o  the  amount added t o  the  
f i r s t  s t age  increased, the  NO emissions dropped from 600 t o  200 ppm. Although these 
conditions may not b e  f e a s i b l e  i n  commercial operation, the  p r i n c i p a l  of s taged  
combustion appears a t t r a c t i v e .  

A i r  would b e  in j ec t ed  a t  two po in t s  in the 
This should promote NO reduction 

Regeneration of Sulfated Limestone 

Regeneration s tud ie s  were car r ied  out in f ixed  and f lu id ized  beds using Cas04 
a t  p ressures  up t o  10 a t m .  

Concentrations of SO2 i n  the o f f  gas as high as 7.5% have been measured a t  
.p ressures  up t o  6 a t m .  A t  10 a t m ,  t he  h ighes t  SO2 concentration measured t o  da te  is  
3%. Comparisons were a l so  made with SO2 l e v e l s  estimated from equilibrium ca lcu la t ions  
made by Argonne National Laboratory(2). In genera l ,  t he  measured SO concentrations 
were 40-50% of the equilibrium leve ls .  Further work is planned i n  t i e  f l u id i zed  bed 
regeneration u n i t  t o  determine the  SO2 l e v e l s  a t t a inab le  a t  pressures  up t o  10 a t m  as 
a function of temperature, regeneration gas composition and flow r a t e ,  p a r t i c l e  s i z e  
and su l f a t ed  l i m e  source. 
measured by cycling the stones between a pressurized combustor and the  regenerator un i t .  

? 

Act iv i ty  maintenance of var ious  s tones  w i l l  a l s o  be 
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FIGURE 1 

Fluidized Bed Combustion - 
Lime Regeneration Sys tern 
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FIGURE 3 

E F F E C T  OF 02 IN FLUE GAS ON 
NO EMISSIONS (CaS04 BED) 

900 I I I I 

U = 6 fps I 

500 

800 

700 

600 

Actual - - 

I I I I 

T = 1600°F 
ked Material = CaS04 (-1000 p 1 
(dp) coal = 3 0 0 p  

- 

- 

- 

FIGURE 4 

PO EMISSIONS USING DIFFERENT BED MATERIALS 
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