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INTRODUCTION 

NOX is the remaining major or c r i t e r i a  p o l l u t a n t  t h a t  has  not been e f f e c t i v e l y  
reduced to emission l e v e l s  approaching 10% or l e s s  of those from an uncontrol led 
s t a t i o n a r y  combustion source.  This  i s  p a r t i c u l a r l y  t r u e  a t  the  present  i n  coa l - f i red  
u t i l i t y  b o i l e r s  because of the conversion of  fuel-bound n i t rogen  i n  t h e  c o a l  t o  NO 
during t h e  combustion process .  However, c o a l  i s  o u r  l a r g e s t  n a t u r a l  f o s s i l  f u e l  
resource and DOE is respons ib le  f o r  developing methods of  u t i l i z i n g  c o a l  i n  an 
environmentally acceptable  manner. An important  f a c t o r  i n  meeting f u t u r e  energy 
needs and achieving n a t i o n a l  energy independence is our a b i l i t y  to expand t h e  use of 
c o a l  i n  e l e c t r i c a l  power generat ion.  Cons is ten t  wi th  i t s  r e s p o n s i b i l i t i e s ,  EPA has  
e s t a b l i s h e d  research goals  f o r  NOx emissions with coa l  of 200 ppm by 1980 and 100 ppm 
by 1985. I f  it i s  eventua l ly  shown t h a t  comparable l e v e l s  a r e  necessary t o  maintain 
air  q u a l i t y  s tandards and c o s t - e f f e c t i v e  methods e x i s t ,  then t h e  l ike l ihood of  more 
s t r i n g e n t  new source performance s tandards  (NSPS) i n  t h e  mid-1980's e x i s t s  f o r  coal- 
f i r e d  u t i l i t y  boilers. 

For t h e  reasons o u t l i n e d  above, a need e x i s t e d  to  conduct a comprehensive s t a t e -  
of - the-ar t  review of  a l l  p o t e n t i a l  combustion modif icat ion methods f o r  NOx c o n t r o l  on 
c o a l - f i r e d  uni t s .  Combustion modif icat ion has  i n  t h e  p a s t  been t h e  m o s t  cos t -e f fec t ive  
approach t o  l imi t ing  NOx formation and emissions. With the emergence of s e l e c t i v e  
gas-phase NOx decomposition methods, it was d e s i r a b l e  to a l s o  conduct a review of the  
m o s t  r e c e n t  developments i n  t h a t  f i e l d .  

NOX FORMATION 

Control  of NOx formation during coa l  combustion is p a r t i c u l a r l y  d i f f i c u l t  because 
nitrogen-bearing compounds i n  t h e  c o a l  are oxidized in  t h e  i n i t i a l  s t a g e s  of the  flame 
zone t o  produce " fue l  n i t rogen  NOx". Important  parameters i n  t h i s  process  a r e  l o c a l  
s toichiometry,  temperature, and the res idence  time a t  t h e s e  condi t ions p l u s  t h e  mixing 
condi t ions  f o r  supplemental a i r  addi t ion  and carbon burnout. 

Combustion modif icat ions a l s o  inf luence  t h e  formation of "thermal NOx" a t  high 
combustion temperatures due t o  the  thermal f i x a t i o n  of ni t rogen and oxygen i n  the 
combustion a i r .  
oxygen a v a i l a b i l i t y ,  f u e l - a i r  mixing p a t t e r n s ,  the  presence of h e a t  absorbing i n e r t  
combustion products, combustion a i r  p rehea t ,  l o c a l  hea t  t r a n s f e r  to  ad jacent  cooled 
sur faces ,  e t c .  
NOx emissions s ince  they inf luence both thermal  and fue l - re la ted  NOx. 

Important parameters  t h a t  a f f e c t  peak flame temperature a r e  l o c a l  

Both burner and furnace des ign  a r e  very important f a c t o r s  i n  t o t a l  

*This s tudy w a s  conducted f o r  Argonne Nat ional  Laboratory under Contract  31-109-38-3726 
as p a r t  of an ongoing program, Environmental Control  Implicat ions of Coal U t i l i z a t i o n  
f o r  Power Generation, being conducted i n  t u r n  f o r  DOE. 
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NOx CONTROL METHODS 

One of t h e  purposes of the  s tudy w a s  to  not  only summarize the  technica l  perfor-  
mance of var ious NOX c o n t r o l  methods, b u t  a l s o  t o  p o i n t  ou t  and quant i fy  some of the  
more important opera t iona l  c o n s t r a i n t s  assoc ia ted  w i t h , t h e s e  methods. The s tudy was 
pr imar i ly  concerned with t h e  following cont ro l  methods and opera t iona l  concerns. 

Methods ( o r  Factors)  Concerns 

Low excess a i r  
Staged combust ion  
Flue gas  r e c i r c u l a t i o n  
Corbina t i o n  met hods 
Coal type - bituminous/ 

subbituminous 
Boiler  design - wall  f i r e d ,  

t a n g e n t i a l ,  cyclone 
Burner design - convent ional ,  

low-NOx, advanced concepts 

C o s t  of combustion modif icat ions 
Furnace wal l  cor ros ion  
Tube wal l  e ros ion  
Carbon carryover  
Combust ion s t a b i l i t y  
Load r e s t r i c t i o n s  
Secondary p o l l u t a n t s  
Energy p e n a l t i e s  
R e t r o f i t  a p p l i c a t i o n s  
Impact on a u x i l i a r y  equipment 
operat ion and maintenance 

Available NOx emissions t e s t  program da ta  was examined for  t h e  most preva len t  
b o i l e r  designs and t h e  e f f e c t i v e n e s s  of var ious combustion c o n t r o l  measures is 
summarized i n  Table 1. The cont ro l  method having the  l a r g e s t  NOX reduct ion p o t e n t i a l  
( s h o r t  of reburnering with new low-NOx burners)  w a s  s taged  combustion, accomplished 
e i t h e r  by removing burners  from s e r v i c e  o r  by t h e  u s e  of o v e r f i r e  a i r  (dr iv ing  t h e  
remaining in-service burners  f u e l - r i c h ) .  I n  the  NOx Assessment F ina l  Report (1) 
for  Argonne National Laboratory, NOx reduct ion p o t e n t i a l  summary graphs were prepared 
for  each of the  var ious  cont ro l  methods. Although space l i m i t a t i o n s  preclude showing 
a l l  of t h i s  support ing d a t a  used i n  t h e  prepara t ion  of Table 1, some examples f o r  
burner-out-of-service opera t ion  a r e  shown i n  Figures  1, 2 ,  and 3. 

I t  should be emphasized t h a t  there  a r e  l a r g e  uni t - to-uni t  v a r i a t i o n s  i n  coal-  
f i r e d  u t i l i t y  b o i l e r  NOx emissions, even within the same b o i l e r  design type. This 
i s  due t o  var ied  b o i l e r  geometry with s i z e ,  age, and coal  type. Boi ler  operat ing 
p r a c t i c e ,  maintenance, pu lver izer  s e t t i n g s ,  and coal  c h a r a c t e r i s t i c s  of ten  vary from 
p l a n t  t o  p l a n t  even within t h e  same u t i l i t y .  Frequent ly  a p l a n t  i n  t h e  northeastern 
U.S .  may obta in  coa l  simultaneously from t w o  or t h r e e  sources .  Therefore, it is  not  
unusual to  see  base l ine  NOx emissions vary by a s  much a s  500 ppm f o r  a given b o i l e r  
type (e.g., hor izonta l ly  opposed f i r e d ) .  Because of t h i s  wide v a r i a t i o n  i n  base l ine  
emissions, it f requent ly  i s  more convenient t o  express  t h e  e f f e c t i v e n e s s  of a given 
NOx control  i n  terms of a p o t e n t i a l  percentage NOx reduct ion a s  i n  Table 1 and 
Figures 1 through 3 .  However, it is a l s o  recognized t h a t  many u t i l i t y . a n d  government 
groups a r e  i n t e r e s t e d  i n  t h e  lowest a t t a i n a b l e  "s ta te -of - the-ar t "  NOx emission l e v e l s  
a s  summarized i n  the  t a b l e  below. 

STATUS OF COAL-FIRED UTILITY BOILER NOx CONTROL TECHNOLOGY 
FOR NEW UNITS AND RETROFIT APPLICATIONS 

Lowest At ta inable  NOx Emission Levels 
N e w  Units  R e t r o f i t  

ppm a t  3% O2 lb/MBtu ppm a t  3% o2 l b / m t u  

Wall-Fired 
Single  Face F i red  300-350 0.45 400-500 0.6 
Horizontal ly  Opposed 300-350 0.45 400-600 0.6 

Tangent ia l  250-300 0.45 250-350 0.4 

189 



For new units, these  emission l e v e l s  a r e  based on t h e  m o s t  r e c e n t  low-NOx burner  
designs (e.g., dual  r e g i s t e r  conf igura t ions  or o v e r f i r e  a i r  on t a n g e n t i a l  u n i t s )  f r e -  
quent ly  employed i n  combination with a compartmentalized windbox and l i b e r a l  furnace 
volumes. R e t r o f i t  emission l e v e l s  shown can be reached by reburnering o r  i n  some 
cases  by c a r e f u l l y  appl ied s taged combustion f i r i n g  modes. Although it is c u r r e n t l y  
p o s s i b l e  to a t t a i n  these NOX l e v e l s  wi th  some consis tency,  t h i s  does =mean t h a t  
- a l l  e x i s t i n g  u n i t s  can be modified to these  l e v e l s  r e g a r d l e s s  of b o i l e r  age, design,  
coa l  type,  e tc .  

OPERATIONAL CONSIDERATIONS 

Previous assessment s t u d i e s  have not  proper ly  evaluated t h e  numerous opera t iona l  
f a c t o r s  t h a t  a r e  of major importance t o  t h e  user  i n  s e l e c t i n g  and implementing a 
combustion modif icat ion technique. Five major t o p i c  a r e a s  were examined a s  p a r t  of  
t h e  c u r r e n t  study: 

1. Problems in design,  i n s t a l l a t i o n ,  opera t ion  and maintenance of a NOx 

2 .  Appl icabi l i ty  of a given technique for  r e t r o f i t  
3. Impact of l o w  NOx modes on o ther  p o l l u t a n t s  
4. E f f e c t  of NOx cont ro l  techniques on the  performance of a u x i l i a r y  equipment 
5. Poss ib le  energy p e n a l t i e s  a s s o c i a t e d  wi th  implementation of a given method 

cont ro l  technique 

Some of  the  more important conclusions a r e  o u t l i n e d  below by cont ro l  method. 

A. Operat ional  Fac tors  - Low Excess A i r  and Staged Combustion-- 

. Low excess a i r  opera t ion  is poss ib le  wi th  NOx reduct ions  of  up to  15% and a 
b o i l e r  e f f i c i e n c y  improvement i f  c a r e f u l  a t t e n t i o n  is pa id  t o  combustion 
uniformity i n  t h e  burner region. Reductions of 35% a r e  poss ib le  with s taged 
combus t ion .  

equipment maintenance is e s s e n t i a l  to t h e  success  of both methods. 

ment and p o t e n t i a l  tube wal l  corrosion must be avoided. 

accommodate l o w  NOx modes. Conservative windbox, furnace and convect ive 
s e c t i o n  designs a r e  recommended. 

. Carbon carryover and p a r t i c u l a t e  loadings a r e  no g r e a t e r  than normal opera t ion  
- i f  t h e  excess a i r  is proper ly  e s t a b l i s h e d  and maintained (as requi red)  f o r  a l l  
loads,  f u e l  types ,  and b o i l e r  condi t ions .  

has been noted b u t  more d a t a  is  needed. 

. Close cont ro l  of l o c a l  and o v e r a l l  a i r / f u e l  r a t i o  and r igorous  combustion 

. Overf i re  air p o r t  conf igura t ions  or burner  p a t t e r n s  r e s u l t i n g  i n  flame impinge- 

. New designs should incorpora te  adequate pulver izer  and fan capac i ty  t o  

. N o  s i g n i f i c a n t  increase  i n  secondary p o l l u t a n t s  o r  impact on a u x i l i a r y  equipment 

B. Operat ional  Fac tors  - Flue Gas Recirculat ion--  

Flue gas  r e c i r c u l a t i o n  w a s  found to be a r e l a t i v e l y  u n a t t r a c t i v e  NOx cont ro l  
method f o r  some of t h e  reasons l i s t e d  b e l o w  ( 2 )  : 

. NOx reduct ions of 15% o r  l e s s  do not  compare favorably wi th  reduct ions  of 25% 

. A measurable e f f i c i e n c y  penal ty  occurs  (approximately 0.5%) wi th  f l u e  gas  

. P o t e n t i a l  problem a r e a s  include tube e ros ion ,  flame s t a b i l i t y ,  fan  v i b r a t i o n ,  

to  35% with s taged  combustion (20% of t h e  burners  o u t  of  s e r v i c e ) .  

r e c i r c u l a t i o n  due t o  the  a u x i l i a r y  load of t h e  fans. 

and increased maintenance. 
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C. Operational Factors  - Corrosion, Slagging and Fouling-- 

Staged combustion and low excess  a i r  opera t ion  a r e  t h e  most a t t r a c t i v e  techniques 
f o r  NOx cont ro l  bu t  the  major unresolved i s s u e  concerns whether these Operating modes 
with fue l - r ich  burner  combustion zones tend to  a c c e l e r a t e  b o i l e r  tube wall corrosion. 
Because of the  importance of t h i s  p o s s i b l e  d e t e r r e n t ,  a major subsect ion of t h e  f i n a l  
repor t  was devoted t o  t h i s  top ic .  

Since the  more widespread appl ica t ion  of low NOX operat ing modes tends to hinge 
on t h i s  i s sue ,  t h e  " f a c t s "  concerning corrosion tend t o  be i n  a s t a t e  of d i spute  but  
some of t h e  more important observat ions and recent  f ind ings  a r e  out l ined  below: 

. High temperature f i r e - s i d e  cor ros ion  of water w a l l s  i n  the  r a d i a n t  s e c t i o n  of 
pulver ized coa l - f i red  b o i l e r s  i s  genera l ly  confined t o  a reas  of flame impinge- 
ment and/or s l a g  buildup. . The s lag  depos i t  on a r e l a t i v e l y  co ld  tube wal l  i s  usua l ly  coupled t o  a l o c a l l y  
reducing atmosphere caused by flame impingement. . TWO types of cor ros ive  a t t a c k  have been i d e n t i f i e d  i n  boilers f i r i n g  c o a l s  with 
appreciable  s u l f u r  content ;  a l k a l i  i r o n  b i s u l f a t e  and i r o n  s u l f i d e  modes of  
a t t a c k .  The su l fa te - type  a t t a c k  predominates over  t h e  s u l f i d e  type. . Deposits found on corroded tubes  o f t e n  possess  high a l k a l i  content ,  high SO 
content ,  and high water s o l u b i l i t y .  
with a glossy "enamel" appearance. 

p a s t  with maintenance or adjustments  t o  t h e  p u l v e r i z e r ,  coa l  d i s t r i b u t i o n  pipes ,  
and enforced replacement schedules  f o r  t h e  burner impel lers .  

. Numerous corrosion measurements i n  low NOX opera t ing  modes have been made in  the 
p a s t  wi th  ai r -cooled corrosion probes. These s h o r t  term tests r a i s e  many ques- 
t i o n s  concerning the  v a l i d i t y  of t h i s  technique. More extensive long-term tube- 
panel t e s t s  a r e  necessary t o  reso lve  cor ros ion  concerns. 

Deposi ts  f requent ly  a r e  p a l e ,  b lu ish  w h t e  

. Slaqqing, fou l ing ,  and corrosion problems have f requent ly  been solved i n  t h e  

COST OF COMBUSTION MODIFICATIONS 

One of the  most important f a c t o r s  i n  addi t ion  t o  NOx reduct ion e f f e c t i v e n e s s  and 
opera t iona l  l i m i t a t i o n s  from t h e  u t i l i t y  o p e r a t o r ' s  s tandpoin t  is t h e  c o s t  of combustion 
modifications. Numerous c o s t  analyses  have been conducted under EPA sponsorship f o r  
new u n i t s  and r e t r o f i t  a p p l i c a t i o n s  including those by Combustion Engineering ( 3 )  
and A. D. L i t t l e  ( 4 ) .  Total  c o s t s  have been broken down by annual c a p i t a l ,  opera- 
t i o n a l ,  and f u e l  cos ts .  The r e l a t i v e  c o s t  e f f e c t i v e n e s s  of NOx emissions cont ro l  
on a 600 MW coa l - f i red  u n i t  i s  shown i n  Figure 4. With c u r r e n t  technology, the  cost  
e f fec t iveness  rap id ly  becomes u n a t t r a c t i v e  a t  emission levels approaching 0.4 lb/MBtu. 

ADVANCED NOx CONTROL CONCEPTS 

The t w o  most promising advanced NOx cont ro l  concepts  now undergoing research  
and development a r e  t h e  s e l e c t i v e  gas-phase NOx reduct ion  f l u e  gas  t reatment  systems 
and new advanced burner/boi ler  designs.  

s t u d i e s  by Exxon and KVB have demonstrated NOx reduct ions  up t o  90% when ammonia 
i s  in jec ted  i n t o  f l u e  gas  streams i n  the  v i c i n i t y  of 1750 OF. Laboratory-scale feas i -  
b i l i t y  t e s t s  with ammonia i n j e c t i o n  f o r  c o a l  a p p l i c a t i o n s  has shown t h a t  50% to 80% 
NOX reduct ions a r e  poss ib le  f o r  t h e  c o a l s  t e s t e d .  F u l l  s c a l e  commercialization 
.tudies are cur ren t ly  underway and t h e  p o s s i b i l i t y  of a f u l l  s c a l e  u t i l i t y  boiler 
demonstration t e s t  i n  the  next t w o  or t h r e e  years  is very l i k e l y .  

Advanced burner/boi ler  design concepts have concentrated on combustion methods 
t h a t  w i l l  minimize t h e  conversion of fuel-bound n i t rogen  t o  NOx. Based on recent  
l&oratory and subscale  t e s t s  a t  EPA and EPRI c o n t r a c t o r ' s  f a c i l i t i e s ,  t h e  a t t a i n -  
ment of EPA's research goa ls  of 200 ppm by 1980 and 100 ppm by 1985 a r e  very l i k e l y .  
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 his does not  mean t h a t  a l l  opera t iona l  problems w i l l  be solved and product ion u n i t s  
w i l l  be avai lab le  by t h a t  time. However, r e c e n t  research  programs a t  B&W, KVB, 
Aerotherm, and EER a r e  e s t a b l i s h i n g  t h e  proper  s toichiometry,  temperature, and resi- 
dence times necessary t o  l i m i t  NOx formation t o  l e s s  than 200 ppm i n  these i n i t i a l  
s tages  of d i r e c t  coal  combustion. Research i s  cont inuing i n t o  more complex problems 
of secondary a i r  addi t ion ,  carbon burnout, and containment of fue l - r ich  combustion 
condi t ions  without ex tens ive  m a t e r i a l s  cor ros ion  problems. 

I n  conclusion, continued progress  i s  being made t o  reduce NOx emissions from 
d i r e c t  coal  combustion through low NOx burner  designs,  c u r r e n t l y  capable of l i m i t i n g  
emissions t o  0.6 lb/MEtu and research  des igns  expected t o  meet approximately 0.25 
lb/MBtu emission goa ls  by 1980. 
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Figure 1. NOx reduction potential of BOOS for single face- 
fired units. 

40 I I I I 
0 Four Corners 4 

0 Gaston 1 

a ltarlee Branch 3 

0 Hatfield 3 
3o 

dp 

on 20 - 
z \ 
0 z a 

% BOOS 

Figure 2. NOx reduction potential of BOOS for horizontally 
opposed units. 
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Figure 3. NOx reduction potential of BOOS for tangentially 
fired units. 
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Figure 4. Cost effectiveness of NOx emissions control of a 
600 MW steam electric generator (4). 
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