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NOTE 

Government p o l i c y  i s  t o  u s e  S I  (metric u n i t s )  e x c l u s i v e l y  

or t o  l i s t  b o t h  t h e  common B r i t i s h  e n g i n e e r i n g  u n i t  and i t s  S I  

e q u i v a l e n t .  However, B r i t i s h  u n i t s  a r e  p r i m a r i l y  used  i n  t h i s  

r e p o r t  f o r  t h e  conven ience  o f , t h e  m a j o r i t y  o f  t h e  r e a d i n g  a u d i -  

e n c e .  Readers  m o r e  f a m i l i a r  and a t  e a s e  w i t h  S I  u n i t s  a r e  ad- 

viccd t o  r c f c r  t o  Appendix A of L l i i s  ~ e y u r  t. 
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FINE-YART.TC1ILA TE: FM.1SSIONS 
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ABSTRACT 

This report presents a detailed review and 
critical evaluation of current control technologies 
as applied to fine particulate emissions from coal- 
fired utility boilers. Topics reviewed are: sources 
and characteristics,of coals and flyash; performance . 

characteristics of various types of coal-fired utility 
boilers; design, operation, performance and maintenance 
features of the conventional control devices (electro- 
static precipitator, fabric filter baghouse, wet scrub-, 
ber), and descriptions of (and where available, per- 
formance data on) novel control devices. 

In addition to the above reviews, the report 
also includes quantitative assessments of the capa- 
bilities of both conventional and novel  device^ to 
meet .three different performance standards -- the pre- 
sent New Source Performance Standard (NSPS) of 0.1 lb 
particulate.per MBtu heat input, and standards of 0.05 
and 0.03 lb particulate per MBtu. Each of the three . 

conventional devices is compared and rated with re- 
spect to eight different performance categories. This 
information is presented in BRAT (guonicore, Reynolds 
And Theodore) charts, which can be used to determine the 
relative effectiveness and attractiveness of these three 
control devices. The novel devices are compared and 
rated in the same manner. Because of the lack of ex-' 
perience in commercial application with novel devices, 
however, the same level of confidence that applies to 
the BRAT charts for conventional devices does not ap- 
ply to the novel-device charts. 

The major conclusions of the report are: (1) The 
use of conventional scrubbers for fine particulate con- 
trol on coal-fired utility boilers will no longer be 
feasible should a more stringent NSPS be promulgated. 
(2) At the present NSPS, conventional electrostatic 
precipitators and baghouses are competitive. For a 
stricter standard, however, the baghouse will become a 
more attractive alternative than the precipitator. 
(3) Novel devices appear to offer almost no hope for 
this particular application (at a commercial level) be- 
tween IIUW dnd 1985 aid orlly' little hope before 1990. 
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I THE COAL SCENARIO 

In 1976, the total energy consumption in the United States 
I was almost 74,000 trillion Btu (74 Quad). Of this amount, the 

electrical sector consumed approximately 27%. By the year 2000, 

this figure is expected to approach 163,500 trillion Btu 

(163.5 Quad), with the electrical sector consuming almost half. 2 

Current installed generating capacity is approximately 550,000 

megawatts (MW). ' This is projected to increase to almost 

1,900,000 MW by the year 2000,at an average annual growth rate 

of 5.4 percent.2 Net generation is expected to increase at an 

average annual growth rate of 6.0 percent,to more than 8,650 

billion kwh in the year 2000. 2 \ 

The electric utility industry relies on oil, natural gas, 

coal, hydroelectric and nuclear energy sources for the generation 

of electric power. Although oil and natural gas currently pro- 

vide 75% of our energy needs, future availability will reduce 

this percentage significantly. Hydroelectric power, currently 

providing about 4% of our energy needs., is not anticipated to 

expand significantly, primarily because most of the large sites 

that are readily available have already been developed. Nuclear 

sources are now p r ~ v i d i n g  a h n i ~ t  three timas tho amount of energy 

as electric, but environmental and political considerations make 

their future somewhat uncertain. At present, coal is provid- 
ing less than 19% of our energy needs. However, the.existence 

of large quantities of coal reserves places it in a particularly 

good position for the fulure. Fur the utility industry, coal- 

fired power plants currently generate about 45% o f  the nation's 

ele~tricity.~ Recent projections forecast coal demand by the 

utilities to increase approximately 5.2% per year through 1990, 

from the present 485-million-ton consumption rate to more than 

860 million tons in 1990. 4 



I .  1 COAL RESOURCE BASE 

Although. coal combustion presently accounts. for less than 

19% of U.S. energy generation, it makes up more than 90% of our 

known resources of fossil fuels (coal, petroleum and natural 

gas). The principal coal fields in the U.S. are shown in Figure 
3 1.1. Total reserves, defined as "that part of the resource for 

which rank, quality and quantity have'been reasonably determined 

and which is deemed to be minable at a profit under existing 

market conditions," are estimated to be 437 billion tons.4 Of 

this amount, less than half. has a sulfur content less than 1% by 

wcight (cf. Figure 1.2) . 5-7 
Coal consumption by the electric utilities is presented.in 

Figure 1. 3.8 Approximately 58% of the coal consumed is concen- 

: trated in the eigAt-state region of Michigan, Illinois, Indiana, 

Ohio, Pennsylvania, Kentucky, West Virginia and Tennessee. Low- 

sulfur coal is in.relatively short supply in the East but is 

plentiful in the Great Plains. However, burning high-sulfur coal 

(and using more emission control equipment) is often less expen- 

sive than paying the high cost of transporting the low-sulfur 
b 

coal to the East. The total of identified and hypothetical coal 

remaining in the ground is estimated at about 3.25 trillion tons. 

However, many of the deposits are deep and inaccessible, which 

will substantially reduce the amount practically available. In 

terms of estimated coal reserves in the United States, the west- 

ern states account for about 16% of bituminous coal, 81% of sub-. 

bituminous coal, and 98% of lignite. The anthracite deposits are 

neqliqible (less than 1%). Eighty percent of estimated sub-bit- 

uminous coal reserves and 91% of estimated lignite reservesin the 

western states contain less than 1% sulfur. The lowest rank coal, 

lignite, is generally found in western North Dakota and part of 

eastern Montana. The highest rank surface coal is found in the 

southwest portions of Arizona and'~ew Mexico. The highest rank 

underground coal occurs in Utah and Colorado.. Wyoming is the 

leading state in western coal prod~ction~followed by Montana and 



Figure 1 . I  Coalfields cf the United States (Adapted from U.S. Geological Survey Maps; coal types not 
distinguished in Alaska). 

I 
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Figure 13 Geographical Distribution - Electric Utility Coal ~ o n s u r n ~ t i o n . ~  



New Mexico. Almost 14 million tons were produced in the state of 

Wyoming in 1973. Montana produced almost 10 millionrand New 

Mexico over 9 million, tons in the same year. The west- 

ern states"coa1 production estimates indicate that the production 

will increase about 8.6 times between 1972 and 1985. Approxi- 

mately 70% of the western coal produced remained in western pro- 

ducing districts. 

Considering overall ranqes for coal properties, the west- 

ern,coals are in the medium range of volatile matter, in the 

lower range for fixed carbon, in the higher range for moisture 

content, in the lower range for caloric values, and in the lower 

range of sulfur content. Comparison of ash compositions in west- 

ern coals and eastern coals reveals that low-sulfur-containing 

western coals are also low in iron. However, generally higher 

SO3 content in the ash is observed with western coals. The west- 

ern coals are also 2 to 4 times higher in average calcium and 

magnesium, and 2 to 8 times lower in average potassium,content. 

Sodium content does not seem to follow any particular trend, with 

the exceptions of North Dakota and Montana coalstwhich have re- 

latively high sodium contents of 4.4% and 2.8%, respect,ively. v: 

Other U.S. coals rang,e in average sodium content between 0.1 and 

1.7% as NaqO. Total trace eleinent content in western coals is 

nearly the same as in other coals of the United States, but the 

distribution of each element differs. 

The reserves of the various states, divided by sulfur 

content, are shown in  able 1.1. 10 

1 . 2  COAL CLASSIFICATION 

Coals are ranked according to their degree of progressive 

conversion, from low-carbon-content lignite to high-carbon-content 

anthracite (cf . Table 1. 211 1 . Lignite, a brown 'coal in which 

the original structure of the wood is still recognizable, contains 

between 25 and 45% carbon; sub-bituminous and bituminous coals 



Table  1.1 Estimated Remaining Coal Reserves o f  t h e  United S t a t e s  

by Rank, S u l f u r  Content .  and S t a t e .  on Januarv 1. 19651° . . - -  

(Million S h o r t  TOMI 
Coal Fank 6 S u l f u r  Content  P e r c e n t  

S t a t e  0.7 o r  Less  0.8-1.0 1.1-1.5 1 .6-2 .0  2.1-2.5 2.6-3.0 3.1-3.5 3.6-4.0 Over 4 . 0  
T o t a l  

Bituminous 
Coal :  
AlAbame 
Alaska  
Arkansas 
Colorado 
Georgia  
I l l i n o i s  
I n d i a n a  
Iowa 
Kansas 
Kentucky 

west  
E a s t  

Maryland 
Michigan 
M i s s o u r i  
Montana 
New Mai iu t  
North 
C a r o l i n a  
Ohio 
Oklahoma 
Oregon 
Penn. 
Tennessee 
Texas  
Utah 
V i r g i n i a  
Washingtor 
west  va .  
Wyoming 
Other  
s t a t e s a  

T o t a l  
P e r c e n t  
Of T o t a l  

Subbfturni. 
nous Coal :  

Alaska 71.115.6 --- --- --- --- --- --- --- 71,115.6 
Colorado 13.320.8  4.908.7 --- --- --- --- --- --- 18,229.5 
Montana 
New Mexicc 
Oregon 
Utah 
Washingtor 
Wyoming 
O t h e r  
s t a t e s b  

T o t a l  
P e r c e n t  
Of T o t a l  

L i g n i t e  : 
Alabama 
Arkansas 

. Montana 
No.Dakota 

, nn.Dakota 
Texas 
Washingtor 
O t h e r  
s t a t e s d  

Totel 
P e r c e n t  
Of T o t a l  

A n t h r a c i t e :  
Alaska  
Arkansas  
Colorado 
New Mexicc 
Penn. 
V i r g i n i a  
Washingtor - I I 
T o t a l  ( 14,652.u 8 6 . 0  --- 145.5 7 R R . 3  --- --- --- --- ( 15.179.8 

Grand 
T o t a l  1720,060.3 303,573.4 93,575.1 46,628.7 47.593.) 50 ,576.6  87,505.1  122.857.1  103,097.11 1 . 5 8 ~ 1 0 ~  

P e r c e n t  
Of T o t a l  

P e r c e n t  
O f T o t a l  1 45.7  1 9 . 3  5.9 3 .0  3.0 3.2 5 . 5  7.8 6.6)  100.0 

96.5 0 . 6  --- 0.9  2.0 --- --- 100.0 

aArizona.  C a l i f o r n i a .  Idaho,  Nebraska, Nevada 

bArizona, C a l i f o r n i a ,  Idaho 

Omsa rlwt 0.1 &cant  

d ~ a l i f o r n i a ,  Idaho. L o u i s i a n a ,  Nevada 



Table 1.2 Zlassification of Coals by wEL1 
., - . . -  

Fix?d Carbon L i n i t s  Per V o l a t i l e  Matter  L i n i t s  CaL3rif ic Value Limits  
Cenz (Dry, Elineral-Matter- Per Cent (Cry, Mineral- Btu pe r  pound ( ~ o i s t , ~  

Free  ~ a s - s )  Matter-Free Bas is )  Hineral-Matter  Free Bas is  
Equal o r  Equal o r  Equal c r  
Greater  Less Greater  Less Greater  Less Agglomerating 

C las s  Group Than T:han . Than Than Than Than Character  
-- 

1. A n t h r a c i t i c  1. Meta-anthracite. .  9 8 .... 
2. Anthyacite ....... 9 2 98 

.. 3 .  Semianthraciite. 66 9 2 
0 . .  ... 
... Nonagglomer- 

a t i n g e  

11. Bituminous 1. Low v o l a t i l e  b i t u -  
minous coa l  ...... 

2 .  Medium r o l a t ~ l e  
bitu-ninous coa l .  . 

3 .  High v o l a t i l e  A 
b i tuninous  coa l .  . 

4. High v o l a t i l e  B , 

b i t m i n c - u s  c c a l .  . 
5. High v o l a t i l e  C 

Commonly ag- 
glomeratinge 

P 
b i t ~ n c u s .  ccal . . 

0 Agglomerating 
111. Subbitumin>us 1. Subbituminous A 

coal .  ............ Nonagglomer- 
a t i n g e  

2. Subbituminous B 
coa l . . . . .  ...... 

3 .  Subbituminous C 
coa l .  .......... 

1 V .  L i g n i t i c  1. L ign i t e  B. . . .  .. . .. .. . 
2 .  L ign i t e  B. ...... . .. . - .  

- - - - ---- - - - - - 

a ~ h i s  c l a s s i f i c a t i o n  does n c t  i nc lnce  a few c o a l s ,  p r i n c i p a l l y  nonbanded v a r i e t i s s ,  w h i c ~  hav,e unuscal phys i ca l  and chemical 
p r o p e r t i e s  and.which come rsitk-in t t e  l i m i t s  of  f i x e d  c ~ r b o n  o r  c a l o r i f i c  value >f t he  h i p h - v o l a ~ i l e  bituminous and subbitumi- 
nous ranks.  A l l  t h e s e  c o a l s  e i t h e r  conta in  l e s s  t t a n  4 8  percen t  d r y ,  mine ra l -mt t e r - f r ee  f ixed  zarbon o r  have more than 
15,500 mois t ,  mineral-matter-free E r i t i s h  thermal p r r  pound. 

b ~ o i s t  r e f e r s  to  coa l  conta in ing its natura l ,  inhererr, mci.sture 5 u t  not  inc luding v i s i b l e  water 61-2 tk sur face  of t h e  coa l .  

=I£ agglomerating,  c l a s s i f y  i n  l o w - m l a t i l e  group o f  t h e  h i t m i n o u s  c l a s s .  

ad carbcn on the: dry mineral-matter-free b a s l s  s h a l l  be c l a s s i f i e d  according t o  f ixed  d ~ o a l s  having 69 percent  o r  more f i x -  
carbon, r ega rd le s s  of  c a l o r i f i z  v a l ~ e .  

' ~ t  is recognized t h a t  t h e r e  may be nonagglomerating v a r i e t i e s  :n these  groups cf t h e  b i tuninous  c l a s s ,  and t h e r e  a r e  no tab le  
except ions  i n  t h e  h igh v o l a t i l e  C bituminous group 



range from 40 to 80% carbon; anthracite, a bright, lustrous, hard, 

brittle mineral coal., may contain in excess of 90% carbon. The 

ASTM ranking classifications given in Table 1.2 show that sub- 

bituminous coals have a Btu-per-pound range from 8300 to 11,500 

on a moisture- and mineral matter-free basis. Lignite ranges 
\. .. . . . . . .  . 

from below 6300 to 8300 Btu per pound. 

Figure 1.4' is a graphical representation of all coals and 

indicates that sub-bituminous coals have lower fixed carbon and 

higher inherent moisture contents than higher ranking bituminous 

and anthracite coals.. State-wide values for coal composition, 

heating value, ash softening temperature, rank index and ash 
10 analysis are presented here. Table 1.3 shows representative 

minimum, maximum and average values of coal characteristics for . . 

20 states,including 8 western states. Rank Index is included and . 

is defined as: 

Btu (dry basis) 
R1 = Rank Index = Volatile matter (dry basis) x 10 

Moisture and Btu values given are "as received." All other prop- 

erties are on a dry basis. ~verages are arithmetic estimates from 
. . .  

available data. 

1.3. ENVIRONMENTAL IMPLICATIONS OF COAL USE 

The potential envisonmentaJ problems associated with the 

extraction, processing, transportation, distribution and ultimate 

combustion of coal are more significant than those associated with 

the other fossil fuels. Coal presents significant environmental 

problems during the mining stage. Its conversion to heat has an 

even more significant impact on the environment,because it is 

accompanied by the production of several undesirable by-products. 

Coal systems are based on either surface or underground 

mining. The last complete survey of mining operations.in.the 

U.S. indicated that about 3.2 million acres of land had been 

disturbed by surface r r ~ i r i i r ~ y .  Of t h i s  total, appro~rimately 





Table 1.3 Range of Coal ~haracteristics" 

no is- 
ture 

Ash 
Softening Rank 

Temperature Index , 

Volatile Fixed 
Matter Carbon Ash S E C R 0 state 

Alabama 

Arizona 

Colorado 

Ave. 

Min. 
Ave . 
Uax. 

Illinois nin. 
Ave. 
Uax. 

Indiana 

Uin. 
AVe. 
uax. 

Kansas Win. 
Ave . 
nax. 

Kentucky nin. 
Ave. 
Max. 

Uissouri Uin. 
Ave. 
Max. 

Montana Uin. 
Ave. 
Max. 

New Mexico Uin. 
Ave . 
wax. 

North 
Dakota 

Uin. 
Ave . 
Max. 

Ohio 

Min. 
AVe . 
Uax. 

Pennsylvania Uin. 
Ave . 
Wax. 

Tennessee Uin. 
Ave . 
Wax. 

Utah nin. 
Ave . 
mar. 

Washington Iin. 4.8 38.0 46.0 15.6 0.3 --- --- --- --- 1'1630 2590 30.6 
Ave. 5.0 38.0 46.2 15.8 0.3 --- --- --- --- 11670 ---- 30.7 
Max. 5.2 38.0 46.4 16.0 0.4 --- --- --- --- 11720 2910+ 30.8 

West i n .  1.5 29.1 53.0 2.8 0.6 4.3 73.1 1.2 1.9 11930 2070 33.3 
Virginia Ave. 3.6 36.4 56.7 7.9'1.0 5.1 80.0 1.5 5.3 13130 2540 38.0 

nax. 8.5 40.4 65.6 16.5 1.6 7.0 86.6 1.8 7.9 14390 2910+ 4.9.9 

Wyoming nin. 15.5 41.7 ' 47.1 3.5 0.5 --- --- --- --- 9540 ---- 22.3 
AVO. 20.1 43.A 50.8 5.7 0.8 5.0 72.1 1.6 14.1 10140 2450 22;9 
nax. 23.0 46.4 . 54.2 7.9 1.0 --- --- --- --- 10700 ---- 23.7 



4 1  p e r c e n t  r e s u l t e d  from a c t i v i t i e s  a s s o c i a t e d  w i t h  c o a l  produc- 

t i o n .  l2 Although t h e  t o t a l  l and  a r e a  d i r e c t l y  d i s t u r b e d  by su r -  

f a c e  mining amounts t o  on ly  a few t e n t h s  of  one p e r c e n t  n a t i o n -  

a l l y ,  t h e  e f f e c t s  a r e  o f t e n  s e v e r e  i n  t h e  immediate and a d j a c e n t  

a r e a s .  Su r f ace  mining o f t e n  l e a d s  t o  a c i d  mine d ra inage  and s i l t  

runof f  i n  t h e s e  a r e a s ,  bo th  of  which degrade wate r  q u a l i t y .  I t  

can r e s u l t  i n  s e r i o u s  e r o s i o n  i f  adequate  p l a n t  cover  i s  n o t  

a v a i l a b l e  t o  hold  down t h e  s o i l ,  e s p e c i a l l y  when water  i s  per- 

m i t t e d  t o  run  o f f  t h e  s i t e  from r o a d s ,  terrace n l ~ t l e t s ,  o u t . s l o p e s ,  

o r  s l i d e s .  Eros ion  d e p o s i t s  sediment i n  channe ls  and reduces  a 

lowland s t ream bed 's  c a p a c i t y  t o  c a r r y  f l o o d  wa te r s .  S i l t  can 

smooth t h e  g r a v e l  which p rov ides  spawning grounds f o r  c e r t a i n  

s p e c i e s  of f i s h .  S u r f a c e  mining has  c o n t r i b u t e d  t o  l a n d s l i d e s  
I ,  

and f l o o d s ,  degraded f i s h  and w i l d l i f e  h a b i t a t s ,  impaired s c e n i c  L. 

v a l u e s  and c o u n t e r a c t e d  efforts t o  conserve  s u i l ,  water, and 

o t h e r  n a t u r a l  r e s o u r c e s .  

Underground mining can a l s o  have an adverse  impact  on t h e  

environment.  I t  o f t e n  resu1.t.s i n  a c i d  d ra inage  and can cause  l and  
:c 

subs idence  ove r  mined-out a r e a s  u n l e s s  mininq systems are de- 

s igned  t o  p reven t  t h e  d e t e r i o r a t i o n  and f a i l u r e  of  abalidoned-mine w 

p i l l a r s . ,  Approximatel-y 1 , 8 5 0 , O n Q  a c r e s  of  l and  i n  t h e  U.S. have 

been a f f e c t e d  by subs idence  -- and almost  a l l  due t o  t h e  under- 

ground mining of c o a l .  l2 Acid mine d ra inage  from underground 

mines i s  more d i f f i c u l t  t o  c o n t r o l  t han  t h a t  from s u r f a c e  mines; 

however, p r even t ing  wa te r  from e n t e r i n g  t h e  mine and t h e  r a p i d  

r c m l j v d l  of water t h a t  s eeps  i n t o  t h e  mine have proven e f f e c t i v e  

methods f o r  reducing w a t e r  p o l l u t i o n .  Acid mine d ra inage  can 

a l s o  bc ~ f f e c b k v e l y  reduced by n e u t r a l i z a t i o n  of  t h e  mine water 

b e f o r e  it i s  d i scha rged  t o  t h e  s t reams;  however, t h i s  can be  ex- 

pens ive .  Underground mining i s  a l s o  a dangerous occupa t ion ,  re- 

s u l t i n g  i n  a high rate of f a t a l i t i e s ,  i n j u r i e s  and d i s e a s e .  

Eros ion  and sed imenta t ion  caused by e i t h e r  t ype  of c o a l  

mining can be reduced by c o n t r o l l i n g  t h e  s u r f a c e  runof f  t h a t  

f o l l o w s  r a in s to rms .  A s i g n i f i c a n t  amount of damage can a l s o  be 



prevented through proper land reclamation,  adequate dra inage ,  

and plan,t ing t o  achieve s o i l  s t a b i l i z a t i o n .  

Approximately 30 percent  of a l l  c o a l  i s  no t  mechanically 

cleaned bu t  i s  t r anspor ted  d i r e c t l y  from t h e  mine t o  t h e  user.; 1 2  

The remaining c o a l  - i s  - washed t o  reduce t h e  inorganic  and ash  

con ten t ,  producing approximately 90 m i l l i o n  tons  of waste annu- 

a l l y .  l2 I£ n o t  r e tu ined  t o  t h e  mine, this waste accumulates in 
p i l e s  near  t h e  p l a n t  and mine and may, a t  t imes ,  become i g n i t e d  

and burn f o r  long p.er.iods, thus  c r e a t i n g  a n . a i r  p o l l u t i o n  prob-, 

lem. Rainwater can a l s o  leach  s a l t s  and ac id  from t h e  p i l e s  t o  

c o n t ~ i n a t e  nearby streams., 

Most coal 'moves t o  power p l a n t s  by r a i l ,  w i th  a  consider-  

a b l e  amount of land devoted t o  r a i l r o a d  rights-of-way. A t y p i c a l  .* . 
1000-MW c o a l - f i r e d  power p l a n t  r e q u i r e s  approximately 120 c a r s  

loads  of c o a l  every 2 4  hours. 

A t  t h e  power p l a n t  t h e  coa l  i s  burned t o  produce e lec-  

t r i c i t y ,  causing s e v e r a l  p o l l u t i o n  problems. Depending on 

t h e  c h a r a c t e r i s t i c s  of t h e  c o a l ,  a  1000-MW power p l a n t ,  i f  un- 

c o n t r o l l e d ,  eml ts  l a r g e  q u a n t i t i e s  of a i r  p o l l u t a n t s  -- primar- 

i l y  s u l f u r  oxides ,  n i t rogen  oxides  and p a r t i c u l a t e s ,  a s  w e l l  a s  

t o x i c  t r a c e  elements -- and thermal d ischarges  t o  t h e  water.  The 

s o l i d  waste produced from t h e  u t i l i z a t i o n  of coa l  i s  i n  t h e  form 

of ash and sl.ag. 

1 . 4  PARTICULATES AND TRACE ELEMENTS FROM COAL-FIRED POWER PLANTS 

The combustion of c o a l  produces p a r t i c u l a t e  a i r  p o l l u t a n t s ,  

which range i n  s i z e  from l e s s  than 1 micron t o  hundreds of microns. 

The l a r g e r  p a r t i c l e s  are e f f i c i e n t l y  removed i n  t h e  emission con- 

t r o l  system. Unfortunately,  t h e  srrlaller s i z e d  p a r t i c l e s  ( l e s s  

than a few microns) a r e  more d i f f i c u l t  t o  capture.  It is these 

" f i n e  p a r t i c u l a t e s "  t h a t  have been a s s o c i a t e d  with adverse 

h e a l t h  e f f e q t s .  These kine p a r t i c u l a t e s  can bypass t h e  body's 

r e s p i r a t o r y  f i l t e r s  and p c n c t r a t e  deeply i n t o  t h e  lungs.  mien 



released into the atmosphere, they can remain airborne tor ex- 

tended periods of time, obstruct light and cause limited visi- 

bility. They have also been identified as transport vehicles 

: for gaseous pollutants. 

Particulates from the combustion process also provide 

the means by which trace elements in the coal.are transferred 

to the atmosphere. When traces of these heavy metal elements 

condense on the surfaces of the fine particulates, these par- 

ticles serve as effective carriers for the elements, some of 

which are toxic and can give rise to serious health effects. 

2 . 4 . 1  Fine Particulates and Health 

Airborne particulates, when inhaled, are deposited in 

different regions of the body depending.on their aerodynamic 

size. This behavior is illustrated for three compartments of 

the respiratory system in Figure 1.5. 
13 

From a toxicological 

standpoint, the.smal1es.t particles (less than 1 micron), which 

deposit in the pulmonary region of the respiratory tract,a.re of 

the greatest concern. This is because the efficiency of extrac- 

tion (by the blood stream) of toxic species from particles de- i 

posited in the pulmonary region is high (60-80%), whereas the 

extraction efficiency from the larger particles which deposit in 

the nasopharyngeal and tracheobronchial regions (and are subse- 

quently removed to the pharynx by cilia1 action and swallowed) 

is.' low (5-15%) . 14-17 consequently, ' toxic species, which are 

carried predominantly by particles in the submicron size range, 

have easier access to the blood stream than material carried by 

the larger particles. 

, Clearly, the effective toxicity of respirable par.ticles 

will depend upon the nature of the toxic species 'present, on .its 

size distribution in the aerosol, and on the efficiency with 

which it is extracted in the region of respiratory deposition. 



PARTICLE DIAMETER ( ~ m )  

Figuro 1.6 Efficiency nf Particle Deposition in the Three 
Respiratory System Compartments. l 3  



1.4.2.  , Trace Elements i n  coal- ired Boilers 
. . 

On combustion, the trace 'elements in coal are transferred 

to slag, fly ash, or gases and are 'discharged .to the environment. 

After these elements enter the boiler in the coal.stream, they 

are first partitioned between a bottom ash (or slag) stream, and 

a flue gas stream containing suspended fly ash and,the vapors of 

volatile elements or compounds. A further partitioning of the 

flue gas stream takes place in the particulate emission control 

devices -- electrostatic precipitatnrs, fabric filters or scrub- 
bers -- that easily remove the large fly ash particles but allow 
vapors and many of the finer particles to remain in the gas 
stream. 

The concentration (mass of trace element per mass of 

particulate) levels of such toxic trace elements' as Sbi As, Be,. 

Cd, F, Pb, Hg, Set TI, and V have been shown to be two to three 

orders of magnitude greater in urban aerosols (0.1 to 10 p) than 

in the earth's crust. 181i9 Because the trace elements are cog- 

ccntrated largely on the surfaces of fly ash particles from which 

they may 'be readily desorbed following inhadation, trace ela~~erlt 

emissions from.ccral combustion pose a potential health hazard. 

Almost every naturally occurring element has been detected 

in coal. Trace elements typically found in U.S. coal ash from 

all regions are Ba, ~ e ,  B, Cd, Cr, Cot Cu, F, Ga, Ge, La, Pb, 

Li, Mn, Hg, Mo, Ni, Sc, Set Sr, Sn, V, Yb, Zn and Zr. ~ l s o  pre- 

, sent on a less widespread basis are As, Bi, Ce, Nd, Nb (.~b), Rb 
and T1. 

Trace element contents in.coal ash for three areas of the 

U.S. are shown in Table 1.4. 20f 21 Table 1 . 5 ~ ~  shows the average 

trace elementconcentrations of the ashes obtained from various 

U.S. coals. Various trace elements found in ~rnerican coals and 
m.. 

LL 
ashes from these coals are shown in Tables 1.6 and 1.7 With 



T a b l e  1 . 4  Average Trace E l e m e n t  C o n t e n t  in Ash of 
Coal from Three Areas, as wight  21 

1 

Element Crustal Approxi- Eastern Province Interior Province Western States 
mate Lower Fre- Average Fre- Average Fre- Average 
Limit Of quency Trace quency Trace quency Trace 
Detec- Of De- Element Of De- Element Of De- Element 
tion tection Content tection Content tection Content 

Barium 
Beryllium 
Boron 

Of Ash 
0.0076 

Of Ash 
100 0.0399 

-- Of Ash 
. 100 ' 0.1467 

Chromium 
Cobolt 
Copper 
Gallium 
Germanium 
Lanthanum 
Lead 
Lithium 
Manganese 
Molybdenum 
Nickel 
Scandium 
Strontium 
Tin 
Vanadium 
Ytterbium 
Yttrium 
0 .  ~ l n c  
Zirconium 
Arsenic 

Bismuth 

)' Cerium 

Neodymium 

Niobium 
(Columbium) 
Rubidium 

Thallium 

Average Trace 
Element, % of 
Ash 

Average ~ s h ,  
% of Dry 
Coal 

Average Trace 
Element, % of 
Dry Coal 

.Number of 
Samples 

* Averages calculated for number of samples in which element was detected, except that. 
averagco in parentheses wcre cal.cnl.ated for all of the samples tested using zerd f6r element 
contents below limit of detection. 



Table 1.5 Average Trace-Element Contents of' .the 
Ash from U.S. Coals of Various Ranka 2 2  

Element ~ n t h b  

"ppn by might 
b~nth=~nthracite. 
C~~~=low-volatile bituminous. 
a~~~=medium-volatile bituminous. 
eHVB=hiqh-volatile bitluninous. 
IL (SB) =lignite (subbituminous). 



Table 1.6 Range .of Trace Elemexits in U.S..Coals a 22 

. . 
~ajor ~lements~ Minor Elements 

~lement ' Range (:%I 
Range 

Element (ppm by weiqhe 

Be. 
B 
F 
P 
Sc 
v 
Cr 
Mn 
Co 
Ni 
Cu 
Ga 
Ge 
As 
Se 
Br 
Y 
Zr 
Mo 
Cd 
Sn 
Sb 
La 
Hg 
Pb 
u 

- -- 

a~eferences used were Ruch et al. (1974), Abernethy and Gibson 
(-1962). , Zubovic et al. C1961-1967) , Sun et al. (-1971) and Magee 
et al. (19731. (Data by. Deul and Anne11 in these references have 
been omitted. ) 
b~lements present in 0.2% in coals. 
C~inc is not normally considered a major element in coals. ' 



Table 1.7 Range of' Trace-Element Concentrations 
. In Ashes from U. S. Coalsa 22 

Major ~lements~ Minor Elements 

Range 
Element Range' ( g o )  Element (ppm by weight) 

a~eference~ used were OIGorman and Walker (1971 & 1972) , Sun et 
al. (11971) , Magee et sl . (1973) , Abernethy. arld Gibson (1962) , 
Headlee and Hunter (1953) and Zubovic et al.(1961-1967). (Data 
by Deul and Anne11 in these references have been omitted.) 
b~.lements present in 0.7%. . .  

'zinc is not normally considered a major element in coals. 



few exceptions, trace elements are more abundant in coal-than 

they are in the earth's crust or soil. 

Generally, a hibher total sulfur content in coal is a c m '  
panied by higher iron content. This is primarily due to iron ' 

and sulfur occurring in the form of pyrite, FeS2. The amount 

of sulfur in coal is moderate in the Appalachian region, higher 

in the interior region (east and west) , and lower in all the ' 
western states. 

Trace element concentration as a whole correlates.only 

moderately with geographical location and not at all with coal 

rank. Boron, which is in relatively high concentration in lig- 

nites and lower concentration in high rank coals, is an exception. 
4 

The amount of some trace elements is commonly highest in the top 

and bottom few inches of a bed, and at the edges of a coal basin 

(Ge, Be, Ga and B at the bottom only) . These variations are fre- 

quently greater than the differences between the averages for' 

different beds. Other elements (Cu, Ni, Co) show no such'cor- 

relation. 

Attempts to characterize the trace element content of coal 

and to determine the fate of trace elements following combustion 

have had limited success. The chemical composition of coal 

varies greatly from one deposit to another, even in the same seam, 

and it is therefore difficult to extract a representative sample 

for analysis. The ash content is dependent upon the care ta'ken 

in mining, especially when there are ore beds nearby, and upon 

whether cleaning and coal preparation processes are used. 

)he trace elements discussed above are'transferred during 

combustion to particles thst range in size from less than ' 0.1 

pm to greater than 100 m. Particulate control devices remove 

most of the large particles and substantial amounts of the small 

partic1,es from the combustion gases leaving the furnace, but, be- 

cause of variations in equipment design, emissions to the atmo-. 

sphere from a given unit must be determined by stack gas sampling. 

 he trace elements are concentrated on the svrfaces of particles, 



with the highest concentrations found on the smallest particles. 

The process by which trace elements are enriched on the 

small'&st particles.seems to begin in the combustion zone with 

the volatilization of some chemical species containing the ele- 

ment,. Beyond the combustion zone, condensation and adsorption 

on particulate surfaces take place. Because the rate of ad- 

sorption is dependent linearly on surface area, the highest con- 

centrations occur on those particles with the greatest ratio, of' 

surf ace area to volume (i.e. , the 'smallest particles) . 
Trace elements can be classified by their degree of en- 

richment in fly ash. ,The disposition'of minor and trace elements 

during combustion and a qualitative estimate of the degree of 

their enrichment in fly ash are presented in Table 1.8. 23 ' ~ p e -  

cific enrichment-data on the various types of boilers are'pro- 

vided at the end of this section. Elements listed in Table 1.8, 

which are enriched in fly ash or volatilized, are generally found 

in coal in the form of sulfides. Elements that are not enriched 

in fly ash are usually found in the form of the less volatile 

silicates. 

Concentrations of the trace elements in the various com- 

Bustion products of s.outhern Illinois/western Kentucky coal 

(11-13% moisture, 35-36% volatile matter; 40-43% fixed carbon, 

10-12% ash, 3-3.5% sulfur; 10,700-11,400 ~tu/lb) have been cate- 

gorized into three classes of partitioning as shown in Table 
24 

1.9. Cr, Cs, Na, Ni, V, and U were not assigned to classes 
but appear intermediate between Classes I and 11. The ability of 

the electrostatic precipitator (ESP) to remove trace elements, 

from the flue gas stream depends on the specific element.and its 



. . 

Table 1.8 Disposition of Minor and Trace Elements 

During Combustion 2 3  . 

I Aluminum A1 I Antimony Sb I 

Minor and trace elements 'not 
enriched in fly ash 

symbol Element 

I Barium Ba 1 Arsenic As 1 

Minor and trace elements enriched 
in fly as11 

Element Symbol 

Beryllium 

Bismuth 

Calcium 

Cerium 

Cobalt 

Europium 

Ha£ nium 

Cadmium Cd 

Chromium Cr 

Copper Cu 

Gallium 

Lead 

Mercur,y 

Nickel 

I 1ron Fe I polonium Po I 
Lanthanum 

Magnesium 

Niobium . 

Potassium 

Rubidium . 

Samarium 

Scand i urn 

Silicon . 

Strontium 

Tantalum 

Thorium 

Tin 

Titanium 

Yttrium 

I 

Selenium Se 
I 

Thallium T1 

Zinc Zn 

Minor and trace elements partially 
volatilized during combustion 

Element Symbol 

Arsenic As . . 

Bromine Br 

Cadmiuin Cd , 
Chlorine C1 

I ~luorlne 

Iodine 

I Lead 

Mercury . H9 

I Selenium Se 
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Table 1 . 5  Trace  Element P a r t i t i o n i n g  

-- 

C l a s s  E l e r e n t s  Proposed Mechanism 

I A l l  Ba, Ca, Ce, Co, Readi ly  i n c ~ r y o r a t e d  i n t o  t h e  These e lements  a r e  .not v o l a t i l i z e d  i n  t h e  combustion 
Eu, Fe,  H E ,  K ,  La, s l a g ;  p a r t i - i o n e d  about equal -  zone. b u t  i n s t e a d  fo-?n a  me l t  o f  r a t h e r  uniform com- 
Mg, Mn,  Rt, Sc, S i ,  l y  between :ZSP i n l e t  f l y  ash  p o s i t i o n  t h a t  becornss bo th  f l y  a sh  and s l a g .  The s l a g  
Sn, S r ,  Ta, Th, Ti  and s l a g ;  no ~p.Fparent tendency i s  removed d:rectly and qu ick ly  from t h e  combustion 

t o  c o n c e n t r s t s  in t h e  ESP ou t -  zone;  whi le  t h e  f l y  ash  remains i n  c o n t a c t  w i th  t h e  
l e t  f l y  ash.  coo l ing  f l u e  gas .  CLass I e lements  remzin i n  t h e  con- 

densed s t a t e  and hence show minimal p a r t i t i o n  between 
s l a g ,  ESP i n l e t  f l y  a sh ,  and ESP o u t l e t  f l y  a sh .  

I I A s ,  Cd, Cu, Ga, Pb, Poorly i n c o r ~ c r a t e d  i n t o  s l a g ;  These e lements  a r e  v o l a t i l i z e d  on combustion. S ince  
Sb, Se, Zn concen t r a t ed  i n  t h e  ESP i n l e t  s l a g  is removed from t h e  combustion zone,  t h e y  have no 

f l y  a sh  com?ared t o  t h e  s l a g  oppor tun i ty  t o  c ~ n d e a s e  on t h e  s l a g .  They do,  however, 
and i n  t h e  o u t l e t  f l y  a s h  corn- condense o r  become adsorbed i n  t h e  f l y  a sh  a s  t h e  f l u e  
pared  t o  t h e  i n l s t  f l y  a sh .  gas  c o o l s .  These e lements  a r e  t h u s  p r e f e r e n t i a l l y  

d e p l e t e d  from t h e  s l a g  ( v o l a t i l i t y  e f f e c t )  and pre-  
f e r e r - t i a l l y  concen t r a t ed  on t h e  o u t l e t  f l y  a sh  compared 

with the inlet fly ash (particle size effect) . 

Hg, C1, B r  E s s s n t i a l l y  ccmple t e ly  i n  t h e  
gas  phase.  



distribution, as well as on precipitator design and operating 

conditions, with Class I elements removed more efficiently than 

Class I1 elements (Class I11 elements remain essentially un- 

affected by the ESP),. ESPs can be made efficient for the removal 

of mst elamt-, but &V A will be less efficient for reroval gf those 

elements that concentrate on the very fine particulates and have 

essentially no effect on the removal of such volatiles as Hg. 

1.'#. 2. .I Cyclone-Fired ~oi~ors 

Ash produced in cyclone-fired boilers is distributed about equally be- 

tween slag and fly ash, in contrast to the mre ccanmon. pulverized-coal- f ire d 

bsilers, where as much as 90% of the total ash may be fly ash. 
. . 

1.4 .2 .2  Pulverized-Coal-Fired Boilers 

Testing was recently completed on a pulverized-coal (PC) . ' 

boiler, firing 0.6%-sulfur coal with about 6% ash; a mechanical 

dust collector followed by an ESP and scrubber in paralle.l,were 
25 

used for particulate removal. For each sample, the mean con- 

centrations of a number of elements along with the analytical 

methods used to determine these concentrations are listed in 

Table 1.10. 25 

1 .4 .2 .3  Stoker-Fired Boilers 

Trace element analyses in.stoker-fired boilers are not yet 

available. Any speculation on this subject is unwarranted at 

the preseqt time. 



25 
Table 1.10 Trace Elemsnts 'in'pwr Plat Saarrples 

'Mverized-Coal-Fired Boile~s) 

Al.% Fe,% Concentrat ion, p g / ~  
Sample by wt by wt Cu Zn As RI: Sr Y Nb Zr Mo Sb Pb Se Hg 

Coal 0.49 0.37 9.6 7.3 2.9 120 3.0 0.76 13 C.W. 1.9 0.070 

BA 8.8 6.6 . 82 5 8 15 48 . 1800 44 12 250 2.5 . 2.8 5 7.7 0.140 

MA 9.6 7.0 150 100 44 5 0 3400 61 16 2E0 12 4.7 .13 4.1 0.026 

Analyti- 
cal meth- 
o d .  AA AA XRF XRF XRF YRE XRF XRF X W  XIiF  XRF XRF FAA m - W C  XRF 

.%I't'ples analyzed: whole coal, bottom ash (BA), neChanica1-~mllector-hopper ssh iM4).  electmstatic-precipitator-hopper ash 

(PA), scrubber-inlet fly ash (SI) , electrostatic-precipitator-outlet fly ash (PO), scrubber-autlet fly ash (SO), scrubber 

slurry (SS) . Measurement methods: conventional atomic absarption spectrophotometry (Mi) , X-ray fluorescence (XRF) , wet 

chemistry (WC) , flameless atomic absorption (FAA) , raCiochenica1 analysis (RX) , Branauer-mtt-Teller method (BET) , 

aerodynamic particle size (APS) . 



2 CHARACTERISTICS OF COAL-FIRED POWER PLANTS 

Chapter 1 presented information related to coal resources, 

properties, characteristics, etc. The environmental effects of 

the combustion of coal were also discussed, particularly with 

respect to,air pollution control problems. However, coal type 

is not the only'variable affecting air pollution control equip- 

ment performance. The type of boiler and operating conditions 

also have a profound influence, and it is to this subject that 

this chapter is addressed. 

The major types of boilers used by utilities can be divid- 

ed into three categories: 

a Wet Bottom 

a Dry Bottom 

The relationship of each type of boiler to the coal scenario is 

summarized in Table 2.1. 26 Pulverized-coal-£ ired boilers burn 

approximately 85% of the coal consumed by utilities. Emission 

factors for the various types of boilers firing different types 

of coal are presented in Tables 2.2 through 2.4. 27  

Table 2 . 1  Coal-Fired Utility Boilers 2 6  

No. of Boilers ~tu/Capacity Coal Burned 
Boiler Type ( %  of Total) ( %  of Total) ( %  of Total) 

Cyclone 

Pulverized 
Dry bottom 
Wet bottom 

Stoker 



Table 2.2 Emission Factors for Bituminous 
Coal Combustion without Control Equipment 27 

Furnace size, particulatesa 
106 Btu/hr heat lb/ton coal kg/MT coal 
input burned burned 

- 

Greater than 1-90 - -- 
(Utility and large 
industrial boilers) 

Pulverized 
General 16A 8A 
Wet Bottom 1 3 ~ ~  6.58 
Dry D o t ~ L o r i ~  17A 8.5A 

Cyclone 2A 1A 

10 to 100 

( large commercial 
and general industrial 
boilers) 

Spreader stokere 1 3 ~  6.5A - 
Lesc than 10 I 

( conu~~e~cia P and 
domestic furnaces) 

Spreader stoker' 
Hand-fired units 

-he letter A on all units other than hand-fired equipment 
indicakes that the weight percentage of ash in the coal 
should be multiplied by the value given. 
Example: If the factor is 16 and the ash content is 10 per- 
cent, the particu1at.c emissions bcfore the control equip- 
ment would be 10 times 16 or 160 pounds of particulate per 
ton of coal (10 times 8 or 80 kg of particulates per MT of 
coal). 

bWithout fly-ash reinjection. 
cFor all other stokers use 5A for particulate emission factor. 
d~ithout fly-ash reinjection. With fly-ash reinjection use 
20A. This value is not an emission factor but represents 
'loading reaching the control equipment. 



Table 2.3 Emissions from Anthracite Coal 
Combustion without Control Equipment 27 

Type of furnace particulatea 
lb/ton kg/MT 

Pulverized (dry bottom), 17A 
no fly-ash reinjection 

Overfeed stokers, 2A 
no fly-ash reinjectionb ' 

Hand-fired units 10 5 

a~ is the ash content expressed as weight percent. 

b~ased on data obtained from traveling-grate stokers in 
the 12 to 180 Btu/hr (3 to 45 kcal/hr) heat input range. 
Anthracite is not burned in spreader stokers. 

Table 2.4 Emissions from Lignite Combustion 
without Control Equipment a 27 

Type of boiler 

Pulverized-coal 7. OAC 3.5AC 

Cyclone 6A 3A 

Spreaker stoker 7. OAd 3.5Ad 

Other stokers 3.OA 1.5A 

a ~ l l  emission factors are expressed in terms of pounds of 
pollutant per ton (kilograms 'of pollutant per metric ton) 
of lignite burned, wet basis (35 to 40 percent moisture, 
by weight). 
b~ is the ash content of the lignite by weight, wet basis. 

CThis factor is. based on data for dry-bottom, pulverized- 
coal-fired units only. It is expected that this factor . , 

would be lower for wet-bottom units. 
d~imited data preclude any determination of the effect of 
flyash reinjection. . It is expected that particulate 
emissions would be greatew,whcn reinjection is empl.ayed. 



Table  2.5 Summary o f  U t i l i t y  
B o i l e r  Design 

Fue l  P r e p a r a t i o n  
. F i r i n g  Mechanism S i z e  Drying ' Ash Removal 

Cyclone % i n .  Pa r t i a l  
- -- 

W e t  

Pu lve r i zed  Coal 200 mesh P a r t i a l  Dry ( t y p i c a l l y )  ' 

S t o k e r  2  i n .  No Dry 

A s k e t c h  of a t y p i c a l  steam Lu/ler 1s shown i n  F igu re  

2.1. * *  The r a d i a n t  s e c t i o n  of t h e  b o i l e r  i s  l i n e d  wi th  b o i l e r  

t u b e s  on t h e  w a l l s ,  f l o o r  and roof  of t h e  fu rnace  e n c l o s i ~ r ~ .  T h e  

b o i l e r  f eed  wate r  i s  conver ted  t o  s a t u r a t e d  steam w i t h i n  t h e s e  

t u b e s  through t h e  r a d i a n t  t r a n s f e r  of h e a t  from t h e  h o t  combustion 

g a s e s  w i t h i n  t h e  fu rnace .  Add i t i ona l  h e a t  t r a n s f e r  t u b e s  r e q u i r e d  

t o  supe rhea t  t h e  s a t u r a t e d  steam ( i . e . ,  t h e  pr imary,  secondary 

and r e h e a t  superheate l rs)  a r e  i ~ s u a l l y  inc luded  d i r e c k l y  follbtSing 

t h e  r a d i a n t  s e c t i o n  of  t h e  b o i l e r .  F i n a l l y ,  most b o i l e r s  have an 

a i r  p r e h e a t e r  t o  t r a n s f e r  h e a t  from t h e  b o i l e r  e x l ~ a u s t ' t n  tncom- 

i n g  combustion a i r .  The t h r e e  areas where s tcam-generat iny equip- 

ment d i f f e r  i n  des ign  are i n  fue l  p r e p a r a t i o n ,  f i r i n g  mechanism, 

and a s h  removal. These v a r i a b l e s  are summarized i n  Table  2 . 5 .  28 

2.1 .1  Cyclone-Fired Boi lers  

The cyc lone  fu rnace  f i r e s  crushed c o a l ,  ground t o  throuqh 

l / 4 = h .  size coal, i n t o  a water-cooled,  r e f r a c t o r y - l i n e d  c y l i n -  

d r i c a l  chamber, which d i s c h a r g e s  g a s e s  n e a r l y  h o r i z o n t a l l y  i n t o  a  

wate r - tube  b o i l e r .  The bu rne r  i t s e l f  i s  shown schema t i ca l ly  i n  

, . F.igure 2.2. 28 The tempera ture  w i t h i n  t h e  bu rne r  i s  h o t  enough 

t o  m e l t  t he  a s h  t o  form a s l a g .  C e n t r i f u g a l  f o r c e  from t h e  v o r t e x  

f low f o r c e s  t h e  mel ted  s l a g , t o  t h e  o u t s i d e  of  t h e  burner  where 

it c o a t s  t h e  bu rne r  w a l l s .  A s  t h e  s o l i d  c o a l  p a r t i c l e s  are f ed  

i n t o  the  bu rne r ,  t h e y  are f o r c e d  t o  t h e  o u t s i d e  and a r e  imbedded 



Figure 2.1 Schematic Diagram of Utility Steam   en era tor.^^ 
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in the slag layer. The solid coal particles are trapped there 

until complete burnout is attained. Approximately 85% of the 

ash fired is retained as molten slag; hence, the fly ash load is . 

much lower than with pulverized coal. The ash that does escape 

the cyclone boiler, however, is extremely fine. 

The ash from the burner is continuously removed through a ' 

slag tap flush with the furnace floor (see Figure 2.2). Such a system 

insures that the burger has a sufficient thickness of slag coating on the walls 

at all times. 

2 .1 .2  Pulverized-Coal-Fired Boilers 

In a.pulverized-fuel steam generator, the fuel is fed 

from the stockpile into bunkers adjacent to the steam boiler. 

From the bunkers, the fuel is metered into several pulverizers, 

which grind it to approximately 200-mesh particle size. A stream 

of hot air from the air preheater partially dries the fuel and 

conveys it pneumatically to the burner nozzle where it is in-, 

,jetted into the burner zone of the boiler. Common burner ar- 

rangements (cf. Figure 2. 328) for firing pulverized coal in steam 

generators include; 

a Tangential firing 
a Horizontally-opposed burners 
a Front wall burners 

Because of the capital costs required for s m a l l  pulverized- 

coal installations in comparison withsimilar size stoker instal- 

lations, pulverized coal units smaller than 100,000 pounds of 

steam per hour are uneconomical. In larger unitstwhere the fur- 

nace size and configuration are less disproportionate, lower 

operating costs result from greater efficiency. The furnace must 

be proportioned so that combustion is completed within the fur- 

nace volume for the type of firing used. For pulverized-coal- 

fired furnaces the heat release range is usually between 15,000 

and 22,000 Btu per hr per cu ft of furnace volume. 



Furnace 

Fue l  and 

Figure 2.2 Schematicof Cyclone Firing of Coal in a Utility   oiler.^* 

TANGENTIAL HORIZONTALLY OPPOSED FRONT WALL 

Figure 2.3 Burner ~rrangementj for Pulverized-Fuel Firing in a Utility Boiler. 2 *  



The pri'mary coal characteristics that influence the de- 

'sign of pulverized-coal-firing equipment are grindability, coal 

rank, coal moisture content, coal volatile matter content and 

coal ash content. The usual limits in these coal characteristics 

. for pulverized-coal firing are: (1) maximum total moisture (as 

fired), 15% (although higher inherent-moisture-content coal such 

as bituminous or lignite may be used); (2) minimum volatile mat- 

ter (dry basis), 15%; and (3) maximum total ash (dry basis), .20%. 

2.1.3. Stoker-Fired Boi lers  

In a stolcer-fircd f u r n a o e ,  shown schematica;bly in Figure 

2. 4 2 8  , the coal is spread across a grate to form a bed,which burns 
until the coal is completely used up. Stoker-fired furnaces are 

dry-bottom furnaces and, as such, generally have lower heat re- 

lease rates and lower temperature profiles than the corresponding 

pulverized-coal or cyclone-fired units. For stoker furnaces, the 

coal is broken up into approximately 2-in. particles and fed into 

the furnace by orie Of Several feed r~~echa~i i s~ l~s  == ul~de~.Ieed, over- 

feed or spreading. 
$ 

Underfed beds are inherently smoke--f ree . The d i r  d ~ ~ d  

fresh fuel flow concurrently, usually upward. Hence, the zone of 

ignition, which is near the point of maximum evolution of com- 

bustible gases, is amply supplied and well mixed with air; this 

promotes complete combustion. The usuai underfed stoker is bet- 

ter suited for caking coals than for noncaking or free-burning 

coals~because the volatiles are released more slowly from caked 

masses than from a porous bed of coals. 

The traveling grate is usually applied to the burning of 

anthracite, sub-bituminous and weakly caking bituminous coal, 

ligniteand, occasionally, coke. As indicated above, it works 

best with noncaking fuels,because air distribution is most uni- 

form through an even bed of noncaked masses. For many years, 

mixing of the burning gases above the traveling grate was achieved 

by the use of elaborate suspended archestwhich forced the upward 



.u Coal Spreader 11 Fuel Bed 

Grate 

Figure 2 4  Schematic of Spreader-Stoker Firing in a 
28 . Boiler, wilh Traveling Grate. 



£.low of  flame i n t o  a  narrow t h r o a t  wal led  by incandescen t  re- 

f r a c t o r y .  However, t h e  r e c e n t  t r e n d  has  been t o  u s e  on ly  r e a r  

a r c h e s  o r  s imple  open fu rnaces  and t o  a t t a i n  mixing by means of 

h igh -ve loc i ty  j e t s  of  secondary a i r  d i r e c t e d  from a  number o f  

n o z z l e s  l o c a t e d  i n  one o r  more of  t h e  fu rnace  w a l l s .  Zoned con- 

t r o l  of t h e  a i r  admi t ted  t o  v a r i o u s  p o r t i o n s  of  t h e  f u e l  bed i s  

an  e f f e c t i v e  means of  r educ ingsmoke  and f l y  a s h . e m i s s i o n s .  

V i b r a t i n g - g r a t e  s t o k e r s  move t h e  c o a l  s lowly  a c r o s s  the  

f u r n a c e  by means of s m a l l ,  r a p i d  o s c i l l a t i . a n s  of t h e  g r a t e .  

F l y  ash  may be s l i g h t l y  h i s h e r  t.han on t r a v e l i n g - y r d t e  S t o k e r s  

because of  i n c r e a s e d  a g i t a t i o n  of t h e  filcl bed. The waler-r~~oled 

v i b r a l i ~ l y  y r a t e  s t v k e r  i s  an a d a p t a t i o n  of  a des ign  used suc- 

c e s s f u l l y  w i t h  many low ranking  l i g n i t e  and brown c o a l s  found i n  

c e n t r a l  Europe. I t  i s  a l s o  capable  of burning b e t t e r  g rades  of  . 
c o a l .  Because of  s i m p l i c i t y ,  i n h e r c n t  low I l y  a sh  ca r ryove r  * <. 
c h a r a c t e r i s t i c s  and v e r y  low maintenance,  t h i s  s t o k e r  has  been 

s t e a d i l y  g a i n i n g  acceptance and now has  r ep l aced  l a r g e r  s i z e  

i ~ i u l t i p l e  r e t o r t  underfed s t o k e r s  i n  t h e  i n t e r m e d i a t e  r ange ,  
' I *  

The s p r e a d e r  s t o k e r  employs e i t h e r  a  mechanica.3 sp reade r  

o r  j e t s  of  steam o r  a i r  t o  throw t h e  s o l i d  f u e l  into t,lfe fu rnace ,  

where it f a l l s  on a grate t h a t  i .s  t r a v e l i n g  o r  s ta l - ionary .  The 

c o a l  i s  sp read  on t h e  g r a t e  i n  such a  f a sh ion  t h a t  aL t h e  end of 

t h e  g r a t e  on ly  ash  remains.  When t h e  ash  reaches  t h e  end of  t h e  

g r a t e ,  it f a l l s  o f f  i n t o  an ash c o l l e c t i o n  hopper and i s  re- 

moved from t h e  furnace .  E s s e n t i a l l y ,  t h e  sp reade r  s t o k e r  employs 

overfed burn ing ,  an i n h e r e n t l y  smoky method, p l u s  suspens ion  

bu rn ing ,  an i n h e r e n t l y  smoke-free f ly-ash-producing method. Over- 

f i r e  jets have been found e s s e n t i a l  t o  smoke-free o p e r a t i o n .  

Smoke i s  c h a r a c t e r i s t i c  o f  most s p r e a d e r  s t o k e r s  i f  t h s y  

a r e  ope ra t ed  a t  less th.an. approximately  2 5 %  of f u l l  l o a d ,  because 

low Iu rnace  t empera tu re s  cause  incomplete suspens ion  burning.  

Accordingly,  a s p r e a d e r  s t o k e r - f i r e d  s y s t e m  should be suppor ted  

by s u i t a b l e  a u x i l i a r y  hea t -gene ra t ing  means s o  t h a t  a t  low p l a n t  

l o a d s  t h e  s t o k e r  can e i t h e r  be ope ra t ed  t o  c a r r y  a l l  o f  th.e l o a d  



or be shut down completely. 

The spreader stoker is mostly used in the capacity range 

from 75,000 to 400,000 lb of steam per hour,because it responds 

rapidly to load swings and can burn a wide range of fuels. The 

spreader coal-feed mechanism provides a continuous, well distrib- 

uted supply of fuel at a variable rate as required by the load 

demand. 

Since a part of the combustion in spreader stokers takes 

place in suspension, a greater carry-over of carbon-containing 

particulate matter occurs in the' flue gas than with other types 

of stokers. An increase in boiler efficiency of 2 to 3% results. 

from reintroducing carbonaceous fly ash into the furnace. The 

carbonaceous fly ash frbm the spreader stokers is easily col- 

lected in a cyclone-type collector. This collector is provided 

with a selective feature that permits the skimming-off of the' 

coarse carbon-containing particles. The fines are deposited in 

a hopper for discharge to the ash disposal system. 

As the amount of fines in the coal increases a,nd the size 
.: 

of the fines decreases, the carbon loss out of the stack will 

increase . Units that have inherent fly ash traps and are quipped with 

dust collectors and fly ash returns will show less loss from 

this cause than units not so equipped. Coals having a high ash 

content will show an additional overall efficiency loss. Coals 

having a low ash fusion temperature will cause clinker formation. 

These clinkers carry away carbon, resulting in lower boiler 

efficiency and increased maintenance. 

In conclusion, of the stoker burners, the spreader stoker 

can burn the widest range of coals. Coal ranks from lignite 

through semianthracite (even anthracite'with certain qualifi- 

cations) can be burned on a spreader stoker. Since most of the 

volatile matter and tarry hydrocarbons are distilled from the 

coal particles before they reach the grates, the coal caking 

properties have little effect upon spreader stoker performance. 

Coals with high ash content and low ash fusion temperature are 



more e a s i l y  burned  w i t h  s p r e a d e r  s t o k e r s  t h a n  w i t h  o t h e r  s t o k e r  

t y p e s .  The p h y s i c a l  s i z e  o f  s t o k e r - f i r e d  b o i l e r s  i s  l i m i t e d  

because  o f  s t r u c t u r a l  r equ i r emen t s  and ext reme d i f f i c u l t i e s  i n  

o b t a i n i n g  uni form f u e l  and a i r  d i s t r i b u t i o n  t o  t h e  g r a t e .  : Most 

manu fac t u r e r s  o f  s t o k e r - f i r e d e q u i p m e n t  l i m i t  t h e i r  d e s i g n  t o  30 MW. 

2.2  FLY ASH CHARACTERISTICS 

The o p e r a t i n g  c h a r a c t e r i s t i c s  o f  t h e  v a r i o u s  f u r n a c e  

t y p e s  a r e  shown i n  Tab le  2.6.  29 Of t h e  t h r e e  t y p e s  o f  b o i l e r s  

( c y c l o n e - f i r e d ,  p u l v e r i z e d - c o a l - f i r e d  and s t o k e r - f i r e d )  , s t o k e r -  

f i r e d  b o i l e r s  t e n d  t o  produce t h e  c o a r s e s t  f l y  a sh  and cyclone-  

f i r e d  b o i l e r s  t h e  f i n e s t  f l y  a s h .  

The c o n c e n t r a t i o n  o f  p a r t i c u l a t e  emi s s ions  from cyc lone  

f i r i n g  and i t s  r e l a t i o n s h i p  t o  t h e  a sh  c o n t e n t  o f  t h e  c o a l  a r e  

shown i n  F igu re  2 .5 .  2 9  ( I n  F i g s .  2.5-2.8. d o t t e d  l i n e s  i n d i c a t e  

t h e  r ange  of  va lue s ,  s o l i d  l i n e s  t h e  most p robab l e  c u r v e s . )  

Average emiss ion  rates range between 0.4 t o  1 .5  grains/SCFD 

( s t a n d a r d  c u b i c  f o o t  d r y )  o v e r  an a sh  c o n t e n t  r ange  o f  5.0 t o  

12 .5%.  These v a l u e s  cor respond  t o  approx imate ly  25-30% of t h e  

c o a l  a s h  appea r ing  i n  t h e  f l u e  g a s e s  a s  p a r t i c u l a t e s .  

P a r t i c l e  s i z e  d i s t r i b u t i o n  d a t a  (Bahco) f o r  cyc lone  f i r i n g  

are p r e s e n t e d  i n  F i g u r e  2.6. 29 The most p robab l e  p a r t i c l e  s i z e  

d i s t r i b u t i o n  i s  65% less t h a n  10 mic rons ,  w i th  a  p a r t i c l e  s p e c i -  

f i c  g r a v i t y  o f  2 . 7 9 .  

2 .2 .2  Puzverized-coal- ired Boilers 
C o n c e n t r a t i o n  o f  ' p a r t i c u l a t e  e m i s s i o n s  from p u l v e r i z e d  

coal f i r i n g  and Its r e l a t i o n s h i p  t o  t h e  a s h  c o n t e n t  o f  t h e  c o a l  

are shown i n  F i g u r e  2.7.  29 The most p r e v a l e n t  r ange  o f  c o a l  a sh  

' c o n t e n t  i s  abou t  7  t o  1 2 % ,  and ave rage  p a r t i c u l a t e  emi s s ions  f o r  

c o a l s  w i t h  a s h  c o n t e n t s  i n  t h i s  r ange  v a r y  from 2.4 t o  3.4 



Table 2.6 Coal-Burning Equipment 

PULVERIZED 

Operating Characteristics 
2 9 

UND- STOKER 

1. Load range is wide and varies with the number and type of 
pulverizers. 

2. Flyash carry-over in the flue gases is high, and it is finer than the 
flyash from the spreader stokers. Therefore, although the boiler 
must be designed to prevent erosion. the allowable flue gas velo- 
city is somewhat higher. 

3. Initialcost for pulverized coal equipment is about the same as 
for spreader stokers at 250,000 lb/'nr. It becomes less expensive 
above these capacities. 

4. Pulverized coal equipment can burn a.very wide range of coal. 
5. Maintenance costs for pulverizers vary considerably with types 

of coal. 
6. Re,sponseto load changes is very fast. 
7. Coal sizing to a pulverizer is 3/4 in. x 0. Coal segregation is no 

problem. 
8. Repairs and maintenance on pulverizers may be conducted while 

the boiler is in operation by takir.9 one of several pulverizers 
out of service at a time. 

VIBRATING GRATE STOKER 

1. A wide load range, fronbanked fire to maximum capacity. 
2. Low flyash carry-over unless the unit is overloaded. 
3. A dust collector may be required, depending upon local 

conditions. 
4. Sizing and distribution of coal is important. 
5. Caking coals have been burned on t:-.is stoker. 
6. Water-cooled grates tend to reduce grate maintenance when 

properly designed. 
7. Burning rate is usually about 400,500 Btu/sq ft-hr with a furnace 

heat release of 30,000 Btu/cu ft. 

CHAIN ,AND TRAVELING GRATE STOKER 

1. Wide load range from banked fire to maximum capacity. 
2. Low flyash carryover in the flue cases; a dust collector is not 

usually required. 
3. Initial cost is more than for an underfed stoker. 
4.  Ash softening temperature should be reasonably high, about 

2200% or higher. 
5. Maintenance costs are generally low. 
6. Response to load changes is about medium; faster than the under- 

fed but slower than the spreader. 
7. Coal sizing should be 1 in.x0 with approximately 20 to 50% 

through a 1/4 in. screen. 
8. Coal should have a minimum ash co.:tent of 6% on a dry basis 

to protect the grates from overhecting. 
9. Sensitive to changes in coal siziq and distribution. 
10. Offered for a maximum continuous burning rate of 425,000 

Btu/sq ft-hr with high moisture (2O%), high ash (20%) bitumi- 
nous coals, such as that from sore districts in Illinois, and 
500.000 Btu/sq ft-hr with lower misture (10%). lower ash 
(8-120) bituminous coal, such as that from Kentucky. Furnace 
heat release should be maximum of 30,000 Btu/cu ft for 
water-cooled furnaces. 

11. Large (above 70,00Olb./hr)front arch, chain grate stokers 
should have a maximum heat release of about 7KKB/ft ~~ 
million Btu) of stoker width for Kentucky coal, depending upon 
the volatile matter and heating value. 

12. Strongly coking coals are not suitable for conventional chain 
or traveling grate stokers. 

A wide load range,banked fire to maximum capacity. 
Low flyash carryover with the flue gases, provided the stoker is 
not overloaded. 
Initial cost is low compared to other stokers. 
Ash softening temperature should be 25OU9 or above for best 
operation. Coals with ash softening temperature of 2200% to 
2500'~ may be utilized; however, the heat release rate per 
square foot of grate area must be reduced about 20%. 
In general, maintenance costs are higher than for other stokers. 
Response to load changes is rather slow, because of the rela- 
tively large fuel bed. 
Coal sizing should be llr in. x 0, nut and slack, with not more 
than 50% through kin. screen to obtain 'proper distribution 
on the grate. 
The free swelling index should be below about seven to main- 
tain proper fuel distribution in the furnace and to keep mainte- 
nance to a minimum. 
Grate heat-release rate should be no more than 425,000 Btu/ 
sq ft and a maximum furnace heat release rate of 35,000 Btu/ 
cu ft for water-cooled furnaces. 

SPREADER STOKER 

1. Turn-down or load range is generally from 1/5 load to maximum 
capacity. With additional equipment, minimum load can be de- 
creased to about 1/8 of maximum load. 

2. Since about 25% of the coal burns in suspension, the flyash 
carryover is high. A dust collector is always required. A pre- 
cipitator may be required depending upon the air emission 
regulations. 

3. To obtain the best reasonable efficiency, the flyash collected in 
the boiler hoppers must be reinjected onto the stoker grate. 

4 .  Initial cost of dumping grate spreader stoker is the lowest, 
with the pulsating or oscillating grate next, and the traveling 
grate the highest. 

5. The spreader will burn with little difficulty a wide variety of 
coals of different fusion temperatures and different coking 
indices. 

6. In general, maintenance costs are approximately the same.as. 
for a chain grate. 

7. The spreader stoker has a very fast response to load swings. 
8. Coal sizing should be 3/4 in. x 0 with no more than 50% through 

a 1/4 in. mesh. The pulsating or oscillating grates should be 
fired with coal having an ash softening temperature of above 
2200°~ to ensure proper coal and ash flow over the grates. 

9. Spreaders are designed for burning rates from 450,000 Btu/sq ft- 
hr for dumping grates,to 605,000 Btu/sq ft-hr for pulsating or 
oscillating grates, to 750,300 Btu/sq ft-hr for traveling grates. 
Furnace heat release should be a maximum of 30,000 Btu/cu 
ft. 

10. On large spreaders (above 70.000 lb/hr steam capacity) the 
heat release per foot of stoker width must also be considered, 
and will vary from about 8 MKB ft-hr to 13 MKB/ft-hr de- 
pending upon the amount an8 mett.od of flyash reinjection. 

11. Some mention should be b d e  of the two types of reinjec- 
tion generally used: pneumatic and gravity types. The gravity 
type is much preferred for the highersteam capacities (above 
70,000 lb /hr) ,  if equipment arrangement and building space 
is sufficient. As the name implies. the flyash flows by gravity 
from the boiler hopper and is deposited on the stoker grates. 
The stoker should be lengthened to accomdate this gravity return. 



% ASH IN  COAL 

Figure 2.5 Dust Concenlration,Cyclone Furnace 29 

SP. GR. 

% LESS THAN SIZE INDlCATEn 

Figure 2.6 Particle Size Distribution,Cyclone Furnace 29 



grains/SCFD with maximum values' in the range of 3.9' to 4.9 

grains/SCFD. For typical conditions (13,000 ~tu/lb coal; 40% 

excess air), these values indicate that about 80% of the ash in 

the coal appears in the boiler effluent as suspended partic- 
29 ulate. 

particle size distribution data, as determined by the. 

ASME PTC 28 Method (Bahco) of particle size analysis, are given 
29 The most probable particle size distributio'n in Figure 2.8. 

is 44% less than 10 microns; the specific gravity is 2.34. 

2.2.3 S toker-Fired Boi lers  

For stoker-fired boilers, particulate emission rate does 

not correlate with ash content as well a's for pulverized coal 

and cyclone boilers. This is due to the influence of other,more 

critical variables, such as, the flow of combustion air through 

the grate (underfire arc), the type of feed mechanism and whether 

fly ash reinjection is practiced or not. With fly ash reinjec- 

tion, particulate emission rates typically range from 2.5 to 4.0 

grains/SCFD. Without reinjection, .particulate emission rates are 

typically less than 1.0 grain/SCFD: 

Particle size distribution data (Bahco) for stoker-fired 

boiler emissions are presented in Figure 2.9. 29 
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3 PROCESS CONTROL TECHNOLOGY FOR FINE 
PARTICULATE EMISSIONS: CONVENTIONAL 

Three types of conventional control devices are used to 

control particulates from coal-fired boilers: electrostatic pre- 

cipitators, wet scrubbers and fabric filters. 

Historically, electrostatic preci'pitators have been the 

control device of choice. In the past few years, however, wet 

scrubbers and fabric filters have also been used, espec'ially with 

the increased use of .low-sulfur western coal. 

In designing a control device for the collection of par- 

ticulates from coal-fired boile'rs, each installation is charac- 

terized in terms of fixed input parameters such as coal and boil- 

er type and the various design parameters for the control device. 

More recently, the effect of coal feed variability is also taken 

into account. Figure 3.1 illustrates this relationship for elec- 

trostatic precipitators, wet scrubbers and fabric filters as 

appliedto coal-fired utilities. 30 
' I 

3.1 ELECTROSTATIC PRECIPITATORS 

With the advent of pulverized coal use in power plant boil- 

er systems around 1924, electrostatic precipitators entered into. 

an intimate association with the power industry, Their il.sefulness 

rested on the fact that pulverized coal-fired boilers generated 

large volumes of flue gas containing a significant proportion of 

very small dust particles (fly ash) which could not be removed by 

other,more conventional collection devices of the day, such as 

settling chambers and inertial separators. About 70% of the fly 

ash particles from a typical pulverized-coal-fired .hailer are 

smaller than 30' w. The problem of cleaning large flue gas vol- 

umes containing small particles became even more pronounced in . . 

the 1950s with the introduction of the cyclone furnace, where 

typically 65% of the particulate matter released is smaller than 

10 pm. 



. 

. . 
F i x ~ d  Input Parameters 

Type of coal (sulfur, ash, minerals. etc.) 
Partide size cistribution 
Gas stream characteristics (tempenture, pressure, vebzity, acfm) 
Type of boiler 
Desired collection efficiency 

Variasle Design Parameter; 
* 

Precipitators 

~ ~ ~ ' ( m l l e c t i o n ,  area ft2/1 000 c f k )  Gzs-handlingcapacity per module.and number Air-to-cloth ratio 

2 
of modules (cfm/rnodule) 

Power density (wattslf? ) Pressure drop (in. of water) 
Pressure drop (in, of water) 

Precipitation rate (ftlsec) Cleaning mode and frequency 
Liqud-to-gas ( L I G )  ratio (ga11100'3 cfm) 

Duct spacing (in.) Composition and weave of fabric 
Ratic. of waer requirementiwater 

Gas velocity (ftlsec) recirculation Number of compartments 

Aspect ratio Availability of equipmentldowntime 
(duplication of equipment) 

Plate area per electricai set 
(ft2/el. set) Total power consumption as a fraction 

of generated power ( % 
Degree of high tension sectionali:ation 

Type of housing 

F i~u re  3.1 F xed and Variable D2sign Parameers for Particulate Ccntrol Devioes on Coal Fked Utility Boilers. 
30 



Alone among methods of particle collection, the electro- 

static precipitator acts solely on the particles to be collected' 

rather than on the entire gas stream. The.gas flow through a 

precipitator takes place with little more pressure drop than 

would be experienced in an equivalent length- of straight flue. 

3.1.1 Description of Equipment 

Electrostatic precipitators installed on utility boilers 

are of the high-.voltage, single-stage type. Particles are 

collected on flat, parallel collec.ting surfaces (plates) spaced 

8 to 12 in. apart, with a series of' discharge electrodes spaced 

along the center. line of adjacent plates, as shown schematically 

in Figure 3.z31- A typical arrangement of a commercial plate- 

type electrostatic precipitator is shown in Figure 3. 3.32. The 

ga's to be cleaned passes horizontall'y betwe'en the plates. Col-. 

lected particles are removed by rapping and are deposited in 

hoppers at the base of the precipitator. ' 

For increased performance and relsability, precipitators. 

on utility boilers are divided into a number of independently 

energized bus sections." Each bus section has its own transformer. 

rectifier, woltage..stabilization controls and high-voltage con- 

ductors;. which energize the discharge electrodes within that sec- 

tion. ' The main advantage of sectionalization is that it insures. 

the maximum operating voltage in as much of the precipitator aS 

is practical. Thus, an effect present,in one part of the precip- 

itator that reduces the sparkover voltage (i.e., the maximum 

operating voltage) will not necessarily reduce the voltage to the 

s m e  lcvel elsewhere in the precipitator, if the precipitator is 

sectionalized. The sectionalization can offset the dampening 

effects on corona power input of heavy flue gas dus.t loadings. 

These,-heavy flue gas dust loadings occur mainly in the inlet 

sections of a precipitator. By sectionalization, corona power 

input and particle charging can be increased in the.inlet sec- 

tions, thereby raising overall precipitator cdlPection efficiency. 



Figure 3.2 Ccmllestinf Surfsce Schematic for Pla~e-Type.Precipitatc~r 31 
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3.1.2 The Precipitation Process 3 3 

The process of electrostatic precipitation consists of 

corona formation around a high-tension wire, with particle charg- 

ing by ionized gas molecules formed in the localized region of 

electrical breakdown surrounding the high-tension wire. This is 

followed by migration of the charged particles to the collecting 

electrodes. Finally, the particles captured on the collecting 

electrode are removed. 

The corona is agas discharge phenomenon associated with the 

ionization of qas molecules by electron collision in regions of 

high electric field strength. As the potential difference be- 

tween the electrodes is raised, the gas near the more sharply 

curved electrode breaks down at a voltage less than the spark- 

breakdown value for the gap length in question.  his incomplete 
breakdown, called corona, appears in air as a highly active re- 

\ gion of glow (bluish white or possibly reddish in color) extend- 
ing into the gas a short distance beyond the discharge electrode 

. surface. The process of corona generation requires a nonuniform 

electric field, which is obtained by the use of a small-diameter 

wire as one electrode (discharge electrode) and a plate as the 

other electrode (collecting electrode). The application of a 

high voltage to this electrode configuration results in a high 

electric field near the wire. 

The corona process is initiated by the presence of 

electrons in the high-field region near the wire. Electrons for 

corona initiation are supplied from natural radiation or other 

sources. Since they are'in a region of high electric Zield, they 

are accelerated to high velocities. :They may possess sufficient 

energy so thatton impact with gas moiecules in the region, they 

release orbital electrons from the gas molecules. The additional 

free electrons are also accelerated and join the ionization pro- 

cess. This avalanche process continues until the electric.field 

decreases to the point where the electrons released do not acquire 



enough energy for ionization. 

In the region where ionization is taking place, defined by 

the corona glow discharge, there are free electrons and positive 

ions resulting from electron impact ionization.   he behavior of 
these charged particles depends on the polarity of the electrodes. 

The corona can be negative (if the discharge electrode is nega- 

tive) or positive (if the discharge electrode is positive). In 

the case of a negative discharge wire, free electronsinthe high- 

field zone near the wire gain enough energy from the field to 

produce positive ions and other electrons by collision. These 

new electrons are, in turn, accelerated and produce further ion- 

ization, thus giving rise to the cumulative process termed an 

electron avalanche. The positive ions formed in this process are 

accelerated toward the wire. By bombarding the negative wire and 

giving up relatively high energies in the process, the positive 

ions cause the ejection of secondary electrons, necessary for 

maintaining the discharge, from the wire surface. In addition, 

hfgh-frequency radiation originating in the excited gas molecules 

within the corona envelope mayphoto-ionize surrounding gas mole- 

cules, likewise contributing to the supply of secondary electrons. 

Electrons are attracted toward the anode; as they move into the 

weaker electric field away from the wire, they tend to form nega- 

tive ions by attachment to neutral oxygen and nitrogen molecules. 

T h e s e  ions form a dense unipolar cloud filling, making up mst of 

the inter-electrode volume. They constitute the only current in 

the entire space outside the region of corona glow. The effect 

of this space charge is to retard the further emission of negative 

charge from the corona, limiting the ionizing field near t h e  wire 

and stabilizing the discharge. However, as the voltage is pro- 

gressively raised, complete breakdown of the gas dielectric (i.e., 

sparkover) eventually occurs. 

Inapositivecorona, the electrons generated by the avalanche 

process flow toward the collection electrode. Since the positive 

ions are the charge carriers, they serve to provide an effective 



space charge, and the presence of an electr,onegative gas is not 

required. 

Electrode geometry, gas composition, and gas conditions 

have important influences on corona generation. In general, the 

smaller diameter wire requires a higher electric field strength 

for corona initiation. For a given spacing, however, the onset 

of corona occurs at a lower voltage for a smaller diameter wire. 

Also, for a given voltage, higher currents are obtained with. 

smaller diameter discharge electrodes. Temperature and pressure 

also influence corona generation by chanqing the gas de~lsity, , 

viscosity, and, hence, the mean molecular velocity and 

free-path length. With increased molecular spacing, higher 

velocities can be achieved between collisions. Thus, ionizing 

energy can be achieved with l w  electrical flelds 1 lw- gas 

densities. 

When gases laden with suspended particulate matter are 

passed through an electrostatic precipitator, the great bulk of 
' the particles acquire an electric charge of the same polarity as 

; that of the discharge electrodes. This preferential charging 

occurs because the region ot corona (i.e., the region of inten- 

sive ion-pair generation) is limited to the immediate vicinity 

of a discharge wire, thus occupying only a small fraction of the 

total cross section of the precipitator. 

Two distinct particle-charging mechanisms are generally 

considered to be active in electrostatic precipitation: (1) 

bombardment of the particles by ions moving under the influence 

of the applied electric field (field-dependent charging) and ( 2 )  

attachment of ionic charges to the particles by ion diffusion in 

accordance with the laws of kinetic theory (diffusion charging). 

Particles in an electric field cause localized distortion 

of the field so that electric field lines intersect the particles. 

Ions present in the field tend to travel along the electric field 

lines. Thus, ions will be intercepted by the .dust particles, 



resulting in a net charge flow to the particle. The ion will be 

held to the dust particle by an induced image-charge force be- 

tween the ion and dust particle. As additional ions collide with 

and are held to the particle, it becomes sufficiently charged to 

.repel the electric field lines so that they do not intercept it. 

Under this condition, no ions contact the dust particle, and it 

receives no further charge. The electrostatic theory of the pro- 

cess shows that the saturation value of the charge on the particle 

is related to the magnitude of the electric field in the region 

where charging takes place, particle size and particle dielectric 

constant. The saturation charge is proportional to the square 

of the particle diameter. Thus, larger particles are more easily 

collected than smaller ones. This mechanism of charging is called 

field-dependent charging. 

For fine particles (diameter less than 0.2 w) ,  the field- 
dependent charging mechanism is less important, and collision 

between the particles and gas ions is governed primarkly by 

thermal motion of the ion. As the charge on a particle increases, 

, 
the probability of impact decreases, so that there is a decreasing . 

' I ;  

charging rate associated with an increasing particle charge. This 

second charging process is called diffusion charging. Since the 

range of therial velocities has no upper boundary, there is no 

saturation value associated with diffusion charging. 

Field charging is the dominant mechanism for large' parti- 

cles with a diameter greater than about 0.5 pm, while diffusion 

charging predominates for small particles with diameters less 

than approximately 0.2 um. In the intermediate range, both mech- 

anisms contribute significant charge. 

Electrostatic precipitator design and specification in-- 

lvolws many p-,--ters that must be taken into consideration. 
31 

The more important parameters are summarized in Table 3.1. 
: .  



Table 3.1 Design Factors Requiring Consideration 
for Electrostatic Precipitator specification31 

1. Collection electrodes: type, size (area) mounting, and mechanical 
and aerodynamic properties 

2. Discharge electrodes: type, size, spacing, and method of support 

3. Shell: dimensions, insulation requirements, and access 

4. Rectifier sets: ratings, automatic control system, number, instru- 
mentation, and monitoring provisions 

5. Rappers for corona and collecting electrodes: type, size, range of 
frequency and intensity settings, number, and arrangement 

G. ' HupperS: geometry, size, ir~sulation requirements, number, and 
location 

* .  

7. Hopper dust removal system: type, capacity, protection against 
air inleakage, and dust blowback 

8. Inlet and outlet gas duct arrangements, gas handling, and dlstri- 
bution system 

9. Degree of sectionalization 

10. Support insulators for high-tension frames: type, number, and 
reliability 

The g o a l  i n  p r e c i p i t a t o r  des ign  and o p e r a t i o n  should be 

an economic ba l ance  between c o l l e c t i n g  p l a t e  area and power i n p u t ,  

w i t h  c o n s i d e r a t i o n  given t,o o t h e r  performancc d c t e m i n a n t s , s u c l ~  

as  r e s i s t i v i t y  and o t h e r  p a r t i c l e  c h a r a c t e r i s t i c s .  

The u s u a l  approach taken  t o  s i z e  e l e c t r o s t a t i c  p r e c i p i t a -  

t o r s  f o r  f l y  ash c o l l e c t i o n  makes use  of  a  form of t h e  Deutsch- 

Anderson e q ~ a t i o n  modif ied t o  account  f o r  such f a c t o r s  as 

sneakage and re -en t ra inment .  The unmodified form is: 

The t e r m  w r e p r e s e n t s '  t h e  e f f e c t i v e  mig ra t ion  v e l o c i t y  o r  pre-  

c i p i t a t i o n  ra te  parameter  which i s  s e l e c t e d  on t h e  b a s i s  of  ex- 

p e r i e n c e  wi th  a p a r t i c u l a r  d u s t .  P r e c i p i t a t i o n  rate parameters  



for fly ash collection from coal-fired boilers typ.i,cally range 

from 0.13-0.67 ft/sec, with values of 0.33-0.44 frequently.found 

on precipitators collecting pulverized coal fly ash. Since the 

desired collection efficiency ( 0 )  and gas flow rate (Q) are usu- 

ally specified, the required collection area (A) can be deter- 

mined once an appropriate precipitation rate pqrameter (w) has 

been chosen. 

Many parameters can affect the precipitation rate para- 

meter. The general effects of fly ash resistivity and sulfur 

content of the fuel are shown in Figures 3.434 and 3. 535, respec- 

tively. 

Although not all low-sulfur fuels produce high-resistivity 

fly ash (above 2 x 10~~ohm-cm) at the usual operating temperature 

'range (250 to 350°F) , a great many do. A typical relationship 

between temperature, resistivity and fuel sulfur content for 

eastern bituminous coals is shown in Fiqure 3.6. 36 In order to 

achieve required rernoval for lm-sulfur coal, there are four alter- 

natives that are commonly .practiced: 

1. The precipitator is run "hot," before the air pre- 

heater, so that the temperature is in the 600 to 

, 8 0 0 ~ ~  range where the resistivity is reduced to 

acceptable levels. As evidenced from Figure 3.6, 

the resistivity curves drop sharply as the tem- 

perature.increases. However, due to larger gas 

volumes and structural considerations at the 

higher temperatures, "hot" precipitators are both 

large ' and costly. 

2. Conditioning agenLs, such as sulfur trioxide are 

used. These also increase capital .and operat.ing 

costs. 

3. The precipitator is over-designed. (i.e., the collec- 

tion surface area of the precipitator is increased). 

This will also increase  cost^. 



RESISTIVITY, ohm-cm 

Figure 3.4 Relatior.ship between Precipitation Rate Pjrarneter and Resi.gi\lity. 34 
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Figure 3.6 Resistivity, Temperaturei Fucl, 611lfl.lr tle.latiunchlp~ 
Eastern Bituminous Coals: 36 



4.  The precipitator is run in the lower temper- 

ature range of Figure 3.6, where the resistivity 

also drops sharply. This, however, increases the 

likelihood of acid condensation and consequent 

corrosion problems. This type of operation is favor- 

able if suitable, econmical materials of construction are 

available. 

Although none of these alternatives is especially attrac- 

tive, the current trend is toward "hot" precipitators when the 

fly ash is highly resistive. Typically, to achieve 99% collection 

efficiency on a "hot" precipitator, a specific collecting area 

(defined as the ratio of plate area to gas volumetric flow rate, 
2 and abbreviated SCA) of around 250 ft /lo00 ACFM is required. 

2 The corresponding SCA for a cold precipitator is about 150 ft / 
1000 ACFM -- if resistivity is not a problem. If the resistivity 

is high, however, the required SCA of a cold precipitator can be 

as high as 500 ftL/lOOO ACFM. 

Input power can range from about 50 to 150 ~~ratts/1000 A m .  A 

. " 
relationship between the precipitation rate pxiuneter and the power density 

for pulverized-coalboilers is shown in Figure 3.7?6 anda relatiashipbe- 

b h ~ e e n  collection efficiency and input power is given in Figure 3.8. 36. A 

relationship between collection efficiency and SCA for various coal sulfur 

contents is given in ~igure 3. 936. Figure 3.10 speciti&ily damnstrates 
3 7 

:this relationship for Wyoming low-sulfur coal. 

3.1 .4  Performance Data f o r  Typical Operational Systems 

The performance of an electrostatic precipitator is 

affected, by the concentration and size distribution of the fly 

ash being collected, the electrical resistivity of the layer of 

collected particles, the uniformity of gas flow and th, qas sneakwe 

and re-entrainment .level .of the system. 

Typical operational data on a variety of coals and boiler 

types are reviewed with particular emphasis on the efficiency 
J 



Figure 3.7 linear Relaxionsh,p between Precipitation R a t  P a r a m e ~ r  and Power 
Density for Fly Ash Collectors. 36 
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Figurc 3.8 Relatiorssl~ip between Collection Efficiency and Corona Power . 
for Fly Ash Precipitators. 36 
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Figure 3.9 Relationship between Collection Efficiency and 
Collecting Surface Area to Gas Flow Ratio for 
Various Coal Sulfur Contents. 3e 





relationship in the fine particulate size range. "'Other pertinent 

data and information, where available, are also included. 

The performance of a cold-side ESP operating at the J.E. 

Corette Power Plant of the Montana Power Company is shown in 

Figure 3. 1138. The pulverized-coal boilers are fired with 

Montana sub-bituminous coal with 0.69% sulfur, 8.21% ash, 25.37% 

moisture and 8,632 Btu/lb. The ESP tested was designed to treat 

600,000 ACFM at 300°F and achieve 96% particulate removal effi- 

ciency. The particle size data were obtained using a, Tlniversity 

of WashingLun Cascade Impactor, T e s t j n g  at tho inlet (Test E )  

showed a loading of 3.151 grains/SCFD. Under ndrmal operating 

conditions, the outlet loading ranged from 0.052 (=st B, 98.35% 

efficiency) to 0.064 (Test A, 97.97% efficiency) grains/SCFD. 

The performance of a cold-side ESP on an eastern bitumi- 

nous coal is presented in Figure 3. 1239. These data were obtained 

on the pulverized-coal boilers at the Gorgas Power Station 

(757 MW) of the Alabama Power Company. The coal contained 3.43% 

sulfur, 14.71% ash, 7.05% moist.11re and 11,515 Btu/lb. At full 

load, the precipitator tested was designed to treat 1,100,000 ACFM 

at 300°F with a resulting specific collgction area (3CA) uf 2R3 

ft2/1000 ACFM. Fractional efficiency data were arrived aL using 
a'Brinks cascade impactor at the inl.et, an Andersen impactor at 

the outlet to measure particles greater than 0.5 micron and a 

dittusfon battery with a condensation nuclei counter to measure 

.particles in the sub-micron range. The precipitator efficienci.~~ 

determined from the testing were 99.59% and 99.69%. 

Figure 3. 1339 presents the fractional ef f icinncy data 
obtained on a hot ESP installed before the air preheater on a 

pulverized-coal boiler firing southwestern low-sulfur coal. The 

coal averaged 1.0% sulfur, 23.6% ash, 4.4% moisture and 9850 Btu/ 

lb. The plant, rated at 357 MW, utilized four ESPs, each designed 

to treat 470,000 ACFM at 700°F under full-load conditions andhav- 

ing a design SCA of 310 ft2/1000 ACFM. particle sizing was accomplished 
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Figure 3.13 Measured Fractional Efficiencies for a Hot-Side Electrostatic Precipitator with the Operating 
39 Paramelers as Indicated, Installed on a Pulverized Coal Boiler. 



in the same manner as in theprevious case. Measured precipitator 

efficiencies ranged from 99.70% to 99.84%. 

The performance of a cold-side precipitator handling fly 
ash from'the combustion of low-sulfur coal in a pulverized-coal 

boiler is shown in. Figure 3.14~'. The precipitator achieved 

98.3% efficiency with an SCA of 340 ftL/lOOO ACFM. 

The use of sulfur trioxide conditioning was investigated 

at the George Neal Plant of the Iowa Public Service Company. 41 

The coal contained 0.60% sulfur, 10.45% ash, 6.86% moisture and 

10,.949 Btu/lb. The precipitator, designed for 1,086,000 ACFM at 

2 1 5 3 ~ ~  with an SCA of 197 ft2/1000 ACFM, achieved 91.3% efficiency 

without sulfur trioxide injection. The resistivity of the fly 

ash in this case was aBouL 6 x 10" ohm-cm. Sulfur trioxide 

conditioning brought the resistivity down to about 4 x lolo ohm-cm 

and increased the precipitator efficiency to 99.0%. 

The performance of a cold-side ESP installed on a cyclone- 

type coal boiler is shown in Fiqure 3. 1s40. The bni l p r  was fir- 

ing a moderate-sulfur coal and the precipitator was achieving 

98.1% efficiency at an SCA of 279 ft2/1000 ACFM. I 

A qeneralized con~pariaon of precipikator SCA as a function 

of sulfur content of bituminous coal for pulverized and cyclone 

firing at an efficiency level of 99% is presented in Figure 

3.16. 30 The cyclone-fired boiler req~~irns an SCA 30 to 10 pcr- 

cent greater than the pulverized coal boiler. This is hecause of 

increased carbon carry-over and, to a lesser extent, a smaller 

particle size distribution, both of which alter the precipitabil- 

ity of the fly ash. A similar situation between pulverized and 

cyclone boilers is evident in hot-side precipitators, as shown in 

Figure 3 . 1 7 j 6 .  In this case, however, the iron, sodium and 

other alkali contents of the fly ash, rather than the sulfur 

content of the coal, govern the SCA requirements. 

Certain generalizations about the performance of ESPs 

with respect to fine particulate control may be drawn from the 
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Figure 3.14 Fractional Efficiencies for a Cold-Side Electrostatic Precipitator with the 
Operating Parameters as Indicated, Installed on a Pulverized Coal Boiler. 40 
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.Figure 3.1 5 Measured Fractional Efficiencies for a Cold-Side Electrostatic Precipitatcr 

with the Operatin3 Parameters as Indicated, Installec on a Cyc one Type Coal   oiler.^' 
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above data and analysis of the mechanisms of particle charging and collection. 

First, FSPs can control fine particulate emissions where the particulate elec- 

trical properties are properly treated in the design phase. Second, ESPs can 

be as effective in controlling the very fine particulates (less than 2 ~ )  as 

they are in controlling the coarse particulates (greater than 2 ~ )  due to the 

d i n e d  effects of diffusion charging and ion bmbardmnt. Finally, the fine 

particulates most difficult to control in typical "cold" ESP operation are 

those approximately 0.3 micron in diamter. This is due to the fact that the 

diffusion charging mechanism works best on small particles, whereas ion bm- 

bardmat has its effect on large particles. The d i n e d  charging mechanism 

has a minimum at the aforementioned particle diameter (0.3 p) . 
,3.1.5 Operation and Maintenance 

ProblemswithESPscan arise both when the unit is brought 

on-line and after extended operation. Many precipitator compo- 
nents are subject to failure or malfunction, which can lead to 

increased emissions. Faulty design, installation, or ope-ration 

of the precipitator can causethesemalfunctions. The reduction 

in efficiency is variable and depends on the severity of .the' 

malfunction. Many malfunctions are interrelated. 

The most common malfunctions associated with precipitators 

stem from broken discharge wires and plugged ash hoppers. 42 

Other problems result from failure of,rappers or vibrators and 

suspension insulators, chanqes in coal s~ecifications. pmr distri- 

bution of gas flow and boiler-related malfunctions or variations.42 Same of 
these malfunctions are briefly discussed below. 

3.1.5.1 Broken Discharge Wires 

When a discharge electrode breaks, it usually causes an 

electrical short circuit between the high-tension discharge-wire 

system and the grounded collection plate. This electrical short 

trips the circuit breaker, disabling a section of the precipita- 

tor. Electrical erosion, mechanical fatigue, and ash hopper 

build-up are three common causes of electrode wire failure. 



The impact of wire failures on precipitator availabilityandefficiency 

is a function not only of the frequency of failure but also of the degree of 

sectionalization,the availability of spaxe sections and the difficulty in- 

volved in remving failed wires during operation. Most precipitators do not 

have suitable isolation dampers to allow safe access to the interior while 

the boiler is in operation; thus, the unit must be shut down for rermval of 

these broken wires. Inadequate sectionalization causes a greater drop in. 

efficiency, and a n m r  of wire breaks in different sections may seriously 

impair the operation of the precipitator. 

3.1. b . 2  Co Z Zec:tion Hoppers and A3h Remova 2 

Inadequate ash removal is a major cause of precipitator 

malfunction. ~ o s t  problems associated with hoppers are related 

to the proper flow of the dust. Improper adjustment of the hop- 

per vibrators or failur; of the conveyor system is usually the 

cause of the hoppers failing to empty. Low flue gas tempera.ture, 

which permits moisture condensation, can a1so.caus.e gl11ggSng of 

the hopper. This results from carrying the boiler exit gas 

temperature too low or from excessive leakage af ambient. air into 

.the hopper. 

Buildup of ash can cause short-circuiting of the precipi- 

tator. It can also cause excessive sparking, whi..ch erodes elec- 

trodes and sometimes pushes internal components out of position, 

causing misalignment that can drastically affect performance, 

3.1.5.3 Rappers or Vibrators 

Poor performance can result from rapping forces that are 

either too mild or too severe- Although some re-entrainment .al- 

ways occurs, effective rapping minimizes the amount of material. . 

m.-ent-afned tn the gas stream. Rapping that is too' intenseand too 

frequent results in a clean plate, which causes the collected 

dust to become re-.entralnedrather than falling into the hopper. 

.Inadequate rapping of the discharge electrode results in a heavy 



dust build-up with localization of the corona, low corona current, 

excessive sparking, impaired performance and possible grounding 

of the high-voltage system. 

3.1.5.4 InsuZator/Bushing Fai Zure 

Suspension insulators are used to support and isolate,the 

high-voltage parts of.the precipitator. Inadequate pressurization 

of the top housing of the insulators can cause ash deposits, as well 

as moisture condensation on the bushing, which may.result in'elec- 

trical breakdown. Fouling and cracking of insulators reduce the 

effective voltage levels and collector performance but rarely 

decommission a bus section. 
4 2  

Table 3.2 lists common precipitator malfunctions, their 

causes, the effects on emissions, and the corrective action re- 

quired. 

3.1.6 OperationaZ Procedures and Firing Practices That Affect Emissions 

In addition to precipitator malfunctions, a number of . .. 

operating and coal boiler firing practices can affect precipita- 
. , tor emissions. Changes in these practices can also cause pre- 

cipitator malfunctions, which may in turn degrade performance . 

3.1.6.1 Gas V o Z m e  

Any increase in boiler load that results in excessive flow 

through the precipitator will cause a loss in efficiency. For 

example, if a precipitator is designed for a velocity of 3 ft/sec 

and an efficiency of 99%, an increase in velocity to 4 ft/sec 

(.a 33% load increase in the volumetric flow rate) can decrease 

the efficiency to about 97%. 

3.1.6.2 Temperature 

A change in operating temperature may also affect precip- 

itator efticiency,as is shown in the follnwing exampletin which 



T a l e  3.2 Summary c f  Problems Associated w i t t  E S P ' s ~ ~  

Corrective Preventive 

. mliunc t ion  cause Effect on ESP Efficiencya action measures 

1. Poor elect rode alignment 1 )  Poor design Ca? d ra s t i ca l ly  a f f ec t  performan-e Realign electrodes Check hoppers frequently 
2) Ash bui ldup on frame hoppers an3 lcwer eff ic iency C ~ r r e c t  gas. flow 
3) Poor gas f l o s  

2. Broken e lect rodes  . 1) Wire not rapped clean, causes an z rc  Reduction i n  efficiency bezause c f  Replace electrode 
which embri t t les  and burns thraugk reduce9 power input,  bus ssc t ion 
the wire unavai labi l i ty  

2)  Clinkered wire. Causes: a ) p r  flow 
area, d is t r ibut ion through u n i ~  is 
uneven; b) e x e s s  f ree  carbon tecause of 
excess a i r  above ccmbustion r e q i r a -  
ments o r  fan cspacity i n s i l f f i cxn t  , 

for  d e m d  r e q ~ i r e d ;  c )  wires m t  
properly centered; d) ash buildup re- 
sul t ing in  ben-. frame, sane a s  = ) ;  

el c l inker  b r i d ~ s  the p l a t e s  6 wire 
shor ts  oa t ;  f )  ash buildup, pus3es 
bo t t l e  weight up causing sag i n  the  
wire; g) "J" h o b  have imprope= 
clearances t o  the  hanging wire; hl boc- 
t l e  weight hangs up during cooling . 
causing a buckkd wire; i )  ash build- 
up on bo t r l e  weight t o  the frame 
forms a c l inker  and burns ~ f f  the wire 

Boiler problems; check space 
between recording steam 6 a i r  
flow pens, pressure gauges; fouled 
screen tubes. , 

Inspect hoppers 
Check electrodes frequently fo r  wear 
Inspect rappers frequently 

3. Distorted o r  skewed II Ash buildup i n  hoppers 
electrode p l a t e s  :'I Gas flow i r r e g u l z r i t i e s  

3: High temperaturss 

4. Vibrating o r  swinging 11 Uneven gas flow 
elect rodes  i l  Broken e l ec t ro i c s  

Redwed eff ic iency Eepair o r  re- Check hoppers frequently fo r  
~ l s c e  p l a t s s  proper operation; check electrode p l a t e s  
[bcrect ga.; Llow during outages. 

Decmas. in eff ic iency caused by . Fepair electrode Check electrodes frequently 
reduzed power input for  wear 

5.  Inadequate b v e l  U High dust r e s i s t i v i t y  * Redustion in  efficiency 
of power input . 2) Excessive ash -01. electrodes 
(voltage too low) 30 Unusually f ine  pa r t i c l e  s i ze  

4 )  Inadequate power supply 
51  Inadequate sect ional izat ion 
6 .  Improper r e c t i f i e r  and control  oaeratio7 
7: Misalignment of electrodes 

6. Back corona 1: Ash accum~lated .n electrodes - causes Reduction in  efficiency 
excessive sparkhg requiring r e d c c t i ~ n  
i n  voltage charge 

7 .  Broken o r  crecked insula- 1) Ash buildup d u r h g  operation c a u a s  Redudion in  eff ic iency 
tor o r  flower pot.bushir.g leakage t o  grour4d 
leakage , 2). Moisture gathered Curing shutdom. 

o r  low load operation 

8. Air inleakage. tbrougb - , 1)  From dust canvepr  
hoppers 

9. Air inleakage throug:? ESP 1 )  Flange expansion 
s h e l l  

- Clean elactrode=; Check range of voltages 
gas condZtioning frequently t o  make sure they 
c.r a l t e r ~ t b n s  a re  correct  
Pn temj. to re- In s i t u  r e s i s t i v i t y  measurements 
euce r e s i s t i v i t y ;  
Increase seztion- 
a l iza t%on 

Same a s  above 

Chan o r  reylece Check frequently 
insula tors  5 Clean and dry a s  needed; check fo r  

adequate pressurization of top housing 

Lower efficiency - dust  reentrained s e a l  leaks Identify ear ly  by increase i n  ash concen- 
through ESP t r a t ion  a t  bottom of e x i t  t o  ESP 

Same as  ajove, a l so  causes inzensa 
sparkl ng 

a The e f f ec t s  of precipitation problems can only be discussed on a qca l i t a t i ve  basis.  There are  no known e m i s s i x  
t e s t s  Of p rec ip i t a to r s  t o  deternine performance Segradation a s  a funztian of operational problems. 
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Table 3.2 (Cont'd.) Sumnary of F'roblers R s s a i a t e d  wi th  ESP's . 

Correct ive Preventive 
__lla%"~ei'Z!. . . .- . . Cause Effect  o n  ESP ~ f f i c i e n c y ~  . Action measures 

10. Gas bypaas around ESP: 1 )  Poor design - improper 'solation 
- dead passage above of a s t i v e  port ion of ESP 

p l a t e s  
: around high-tension 

frame 

11. Ccrrosion 

13. Ixadequate rapping, 
vbbratore f a i l  

14. intense rapping 

15. C6n tml  f a i l u r e s  

1 )  Temperature goes below 3ev point  

1) wires. p l a t e s .  i n su la tc r s  fou2ed 
beceuse of low temperature 

2) Inadequate hopper insu la t ion  
3) mmproper mainiinance 
4) Boiler  l eaks  causing excess nc.isture 
5) Ash conveying system) qasket leakage 

ma1 !unction ) blower nalfunct ion 
) so leno i j  valves 

6 )  Misndjustment of hopper v ib ra to r s  
7) Maklrial dropped i n t o  hopper - from 

botzle  weights 
8) Solsnoid, timer malfunction 
9) Suction blower f i l t e r  not changed 

1 )  Ash buildup 
2) P o a  design 
3) Repeers misadjusted 

1) P m  design 
2) R a m r s  misadjusted 
3) Im-r rapping force 

1 )  Pob-3, f a i l u r e  i n  Primam svslem - . .  
21 Trmsfomer  o r  r e c t i f i e r  f a i l u r e  

a .  i n su la t ion  b r e a k d m  i n  t r ans -  
former 

Only few percent  d rop ' in  eff iciency 
unless  severe 

Baff l ing t o  d i r ec t  
gas i n t o  ac t ive  
ESP sect ion 

Negligible u n t i l  p rec ip i t a to r  i n t e r i o r  Maintain f l u e  gas 
plugs o r  p la t e s  a r e  eaten away; a i r  leaks temperature above 
m y  develop causing s i g n i f i c m t  drops i n  dew point .  
performance 

Reduction in  eff iciency . Provide proper 
flow of ash 

Resulting buildup on electrodas may Adjust rappers with 
reduce e f f i c i ency  o p t i c a l  dust  measur- 

ing instrument i n  
ESP e x i t  stream 

Reentrains ash, reduces e f f i c i ency  
Same a s  No. 13 

Reduced e f f i c i ency  Find source of  
f a i l u r e  and 
repa i r  o r  replace 

Ident ify ea r ly 'by  measurement of gas 
flow in 'suspected a r e a s  

Energize p rec ip i t a to r  a f t e r  b o i l e r  system has been 
on l i n e  for  ample period t o  raige f l u e  gas tempera- 
tu re  above acid dew point  

Frequent checks fo r  adequate operat ion 
of  hoppers. 
Provide hea te r  thermal insu la t ion  
t o  avoid moisture condensation 

Frequent check6 for  adequate operat ion of 
rappers 

Same a s  No. 13 
Reduce v ib ra t ing  o r  impact force 

Pay c lose  a t t e n t i o n  t o  da i ly  readings of  con t ro l  
room i n s t r m n t a t i o n  t o  spot  deviat ions from 
normal readings 

b. arcing i n  t r a n s f o m r  be twen  
high voltage switch contacts  

c .  leaks o r  shor t s  i n  high voltage 
s t ruc tu re  

d. in su la t ing  f i e l d  ccntaminstion 

16. Sparking 1 )  Inspection door a j a r  
2) Bo-ler leaks 
3) Plxgging of hoppers 
4) Dir ty insu la to r s  

Reduced e f f i c i ency  Close inspect ion Regular preventive maintenance w i l l  a l l e v i a t e  
doors; r epa i r  leaks . these problems 
i n  bo i l e r ;  unplug 
hoppers; c lean 

5 )  %+high voltage i n s u l a t o r s ;  reduce voltage - - . . -  - - -  . .. 
h e  e f f e c t s  o f  p r e c i p i t a t b n  protlema can only be discussee on a q u a l i t a t i v e  bas i s .  There e r e  no k n a n  emission 

t e s t s  of p r e c i p i t a t o r s  t o  3etermire performance d e g r d a t i o n  a s  a function of operat ional  problems. 



.. . 
a 1.5% sulfur coal and a 99% efficiency guarantee at 325O~ is 

assumed: 

Temperature, OF Efficiency, % 

200 99.6. 

3'2 5 99.0 

400 99.4 
. . 

This effect is due to: (1) gas volume being a strong function of 
temperature, and (2) particle resistivity varying greatly in the 

temperature range of 200 to 4 0 0 ~ ~ .  This impact of temperature 

on,eLflciency depends on the coal composition. 

Any siqnificant change in the type of fuel bekg fired will affect 

precipitator performance. For example, changinq fram a bitumjnniis m l  

with 2% sulfur to a subbituminous western coal with 0.5% sulfur can 

result in a design efficiency of 99.5% dropping to 90% or less. Other 

chemical constituents in the ash, such as sodium oxide, can also affect 

performance by reducing bulk resistivity. In addition, dianges in 

fuel will change the particle size dictuibuticrll, dffecting per- 

formance. 

Since a precipitator is designed to remove a certain per- 

centage (by weight) of the entering material, a 50% increase of 

the inlet concentration may cause the outlet concentration to 

increase by the same amount if no other factors changc. This 

increase can be expected to result in greater opacity of emisaim. 

Variations in firing practice or coal pulverization that 

affect the quantity of combustibles in the fly ash also have an , 

impact on precipitator performance. Carbonaceous materials 

readily take on an electrical charge, i n k  precipitator but lose 

their charge quickly and are readily re-entrained. The carbon 

particle is very conductive and is also 1arg.e .and light in com- 



parison with the other fly ash constituents. 

3.2 . WET SCRUBBERS 

Wet scrubbers are used on coal-fired boilers because of 

their inherent ability to effectively remove both particulate 

.and gaseous (i.e., sulfur dioxide and nitrogen oxides) pollutants.. 

31 3.2.1 CoZZection Mechanisms 

The primary particulate collection mechanism involved .in 

the conventional wet scrubbing operation may include'some or a11 

of the following: 

1. Inertial impaction 
2. Direct interception 
3. Diffusion (Brownian movement) 
4. Condensation 

Inertial impaction occurs when an object (the droplet), placed in 

the path of a particulate-laden gas stream, causes the gas to 

diverge and flow around it. Larger particles, however, tend to 
d l . .  

continue in a straight path because of their inertia. They may - 

31 impinge on the obstacle and be collected .(cf. Figure 3.18A. ) .  

' Since the trajectories of particle centers can be calculated, it 

is possibletodeterminetheoretically theprobabilityofcollision. 

Deposition by direct interception occurs when the par- 

ticles, moving along streamlines of the fluid, approach the drop- 

let within a distance equal to the radius of the particle. As 

previously stated, the trajectory of particle centers can be cal- 

culated; however, even though the center may by-pass the target 

object, a collision might occur, since the particle has finite 

size (cf. Figure 3.18B). A collision occurs due to direct inter- 

ception if the dust particle's center misses the target object 

by some dimension less than the particle's radius. . . 

The diffusion mechanism results from very small (submicron) 

particles suspendedinagas streamhavinganindividualoscillatory 

motion, kn-as Brownianmovement (cf. Figure 3.18C). In this case, 

, particle and target collide as a result of relative motion within 
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Figure 3.18 Principal Collection Mechanisms In Wet Scrubbers. 



limited space. In.all diffusion processes, the rate of transfer is pro- 

portional to the surface area available for diffusion. Thus snaall.liquid 

droplets with high surface--voiume ratios lead to high collection effi- 

ciencies. 

~ondens'ation effects may also come into play. Condensa- 

tion occurs if the .gas or air is rapidly cooled below its dew 

point. When moisture is condensed out of the gas stream, fogging 

occurs, and the dust particles.can serve as condensation nuclei. 

The-dust particles can become larger as a result of the condensed 

liquid, and .the probability of rmval by -action and diffusiophoresis is increased. 

3.2.2 Description of Equipment 

Four types.of wet scrubbers are presently used for par- 

ticulate control in the electric utility industry: 

. moving-bed scrubbers 
Venturi scrubbers 
preformed' spray scrubbers 
flooded fixed-bed scrubbers 

Brief descriptions are provided below. 

3.2.2.1 Moving-Bed 'Scrubbers 

M u v i ~ l y - L e d  ( IPuid-bed) scrubbers ineorpouate a zone oi 

movable packing where gas and liquid can mix intimately. The 

system shown in Figure 3 . 1 9 ~ ~  uses packing consisting of low- 

density polyethylene or polypropylene spheres about 1+ inches in 

diameter; these are kept in continuous motion between the upper 

and lower retaining grids. Such action keeps the spheres con- 

tinually cleaned and considerably reduces any tendency for the 

bed to plug'. Pressure drops' typically range from 3 to 5 inches 

of water (per stage), and collection efficiencies are in excess 

of ,99% for particles down to 2 pxn. Particle collection may be 

enhanced by using several moving-bcd stages in series. Liquid- 

to-gas ratios typically range from 15 to 60 gal/P000 ACFM. 
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31 Figure 3.19 Moving-Bed Scrubber. 



3.2.2.2 Ventmi Scrubbers 

The Venturi scrubber, the type of gas-atmizing scrubber mst often 

used in air pollution control,.is discussed in this subsection. To achieve 

a high efficiency of collection- of particulates by impaction, a small drop- 

let diameter and a high relative velocity between the particle and droplet 

are required. In a Venturi scrubber this is accomplished by introducing the 

scrubbing liquid at right angles to a high-velocity gas flm in the Ventmi 

throat (vena contracta). Very 'small water droplets are formed and high 

relative velocities are maintained until the droplets are accelerated to 

their terminal velocities. Gas velocities through the Venturi throat typi- 

cally range from 12,000 to 24,000 ft/min, although values as high as 40,000 

ft/min have been reported. The velocity of the gases alone causes the atom- : 

ization of the liquid. The energy expended in the scrubber(except for the 
{ 

small amount used in the sprays and mist eliminator) is accounted for by 

the transfer of momenturn to the accelerating drops, which is nearly equal to 

the gas stream pressure drop through the scrubber. Another factor important J.. 

to the effectiveness of the Venturi scrubber is the conditioning of the 
2 !. 
' i  particulates by condensation. If the gas in the reduced pressure region 

of the throat is fully saturated (or supersaturated, preferably) scane con- 

densation will occur on the particulates in the throat due to the Joule- 

Thcanpson effect. Condensation will be mre pronounced if the gas is hot, 

due to the cooling effect of the scrubbing liquid and the carbind effects 

of thermophoresis and diffusiophoresis. 

The Venturi itself is only a gas conditioner and must be followed 

by a separating section for the elimination of entrained droplets 

(cf . Figure 3.2031) . . Water is injected into the Venturi in quantities 

typi'ca1,l.y ranging fm 6 to 15 qa1/1000 ft3 of gas. Very high collection 

efficiencies are achievable depending on the operating pressure drops 

selected. For exanple, a 10-in. pressure drop ~enturi can typically remove 

particles as small as 2-4 microns with virtually 100% efficiency, while a 60- 



P R I N C I P L E S .  OF O P E R A T I O N  

A - The contaminated gas en ters  the  
Ventur i  and i s  accelerated i n  the  con- 

GAS OUTLET verg ing  sec t ion .  
4 4 

B - The scrubbing 1  i q u i d  i s  in t roduced,  
un i fo rm ly  , . a t  the top  o f  the  ' converging 
s e c t i o n  and cascades by g r a v i t y  and 
v e l o c i  t y  pressures towards the  t h r o a t .  
(This  redlure keeps t.he wal I S  o f  the  
converging sec t i on  wet ted and con- 
t i n u o u s l y  f lushed, thereby e l i m i n a t i n g  
n ~ a t e r i  a1 h u i  1.d-up) . 

C - The contaminated gas and the  scrubbing 
1  i qu i  d  e n t e r  the  Ventur i  Throat, where 
they  are  m i  xed ' a t  h igh  energy and extreme 
turbulence.  (Th is  t h r o a t ,  w i t h  i t s  
length ,  prov ides an extended p e r i o d  o f  
thorough m i  x i  ng) . 
D - The scrubbed gas and en t ra ined  
d r o p l e t s  ( w i  t h  contaminants entrapped) 
e n t e r  t h e  d i v e r g i n g  s e c t i o n  where f u r t h e r  
c o l l i s i o n s  and agglomerat ion take place, 
c r e a t i n g  l a r g e r  drops. 

E - .  The gases ?-.hen proceed t o  the 
separator, where l i q u i d  drops are e a s i l y  
removed from the  gas stream and co l l ec ted .  

Figure 3.20 Venturi Scrubber with Cyclone Separator. 31 



in. pressure drop Venturi is often required to completely remove 

particles as small as 0.3 to 0.4 m. Since collection.efficiency 

is directly related to pressure drop, variable-throat Venturi. 

scrubbers have been introduced (cf. Figure 3. 2131) to maintain 

pressure drop with varying gas flows, such as. are encountered in 

boiler plants. IA these systems the scrubbing efficiency and 
pressure drop may be adjusted (manually or automatically) by, 

changing the position of a disk located in the ~enturi throat. 

3.2.2.3 Preformed Spray Scrubbers 

In preformed spray scrubbers, high-pressure spray nozzles 

(100 to 200 psig) are used to generate liquid droplets (300 to 

600 microns in diameter), which are projected at high velocity 

against a"membrane"through which the gas is flowing (cf. Figure 
'31 

3.22 . The'fnembraneW.is made up of vertical bars closely spaced 

to act as Venturis. The spray nozzles are arranged so that a 

rebound zone of 'fast-moving droplets is established at the "mem 

branew surface; When the dirty gas enters the,scrubber, the large 

:', solid particles are captured by the high-speed water droplets, 

mainly by virtue of the impaction mechanism. At the "membrane," 

the gas is suddenly accelerated through linearventuris, where 

more scrubbing is accomplished. As expected, particle size 

distribution has a significant effect on the overall performance. 

Gas retention time is very short -F on the order of 2 to 3 

seconds -- and gas throughput veloci'ties are very high F- up to 
600 fpm. Due to the short retention time, diffusion forces are 

not very effective in capturing submicron particles. In general, . . 

'the device is not efficient enough to compete with a high-pres- 

'sure drop, Venturi scrubber. Gas pressure drop in preformed spray 

scrubbers is on the order of 3 to 4 inches of water, while 

liquid-to-gas ratios typically range from 4 to 8 ga1/1000 ACFM. 
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Figure 3.22 Preformed Spray Scrubber. 



3.2.2.4 Flooded Fixed-Bed Scrubbers 

Flooded fixed-bed scrubbers are composed essentially of 

fixed packed bedsfwhich operate in a flooded mode (cf. Figure 

3. ~3~') . A highly efficient turbulent layer is formed above the 

bed. The gas flows up through the packing (usually marbles) and 

interacts with the liquid in both the bed and the turbulent 

layer. Scrubbing liquid is usually fed co-currently at a rate 

ranging from 10 to 15 ga1/1000 ACFM with a single bed pressure 

drop of approximately 4 to 6 in. W.C. Efficiencies can be in- 

creased by using multiple beds. 

The principal factors that affect the performance of wet 

, scrubbers on coal-fired boilers are the scrubbey pressure drup 

and the particle size distribution of the fly ash. The relation- ; 
ship between pressure drop and efficiency forms the basis of a 

scrubber design technique that has developed from the contact 

power theory. This theory assumes that particulate collection 

efficiency in a scrubber is solely a function of the total pres- 

sure loss for the unit. The total pressure loss, PT (expressed 

in units of hp/1000 ACFM), is composed of two main constituents: 

the pressure drop of the gas passing through the scrubber, PG, 
and the pressure drop of the spray liquid during atomization, 

P ~ *  
These two terms can be estimated by: 

P~ 
= 0.1573 (Ap) 

where 

P 
G 

= contacting power based on gas stream energy 
input, hp/1000 ACFM 

AP = gas pressure drop across scrubber, in. W.C. 

P~ = contactinq power based on liquid stream energy 
input, hp/1000 ACFM 
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- 
PL 

- liquid inlet pressure, psi 

L - - liquid feed rate, gpm 

G - - gas flow rate, ACFM. 

To correlate contacting power with scrubber collection efficien- 

cy'., (.r;' ), the latter is often expressed as the number of transfer 

units, Nt , defined as: 

Nt 
- - 1 / - r, 11 (5) 

For a given type of scrubber collecting a specific type of .par- 

ticulate, there will usual 1 y be a distinct relaLionsRip ,between 

the number of transfer units and the contacting power. This re- 

lationship has been expressed as:. 

: , 
where a and are characteristic parameters for the type of particulates 

being collected. The relationship is illustrated in Figure 3.24 for a Ven- . 

turi scrubber operating on fly ash froan a pawer boiler fired with pulverized 

The scatter in the data results from actual variations in the parti- 

cle-size distribution of the fly ash. For this prticular a3e, a = 2.76 

and B = 0.189. Hence, for example, to achieve 99.5% collection efficiency 
P 

CNt = 5.3) on fly ash.fram a pulverized m l  boiler, the pressure drop xe- 
' quired muld be approximately 30 in. W .C . Both. and P can bc wpcted 

to vary with boiler type and with particle size dj.stribution. 

.. . 

Other theories and design approaches are also available in 

the literature. 31 

3.2 .4  Performance Data f o r  Typical  @srata'onaZ Syotems 

A summary of wet scrubber installations is presented in 
28 

Table 3.3 with pertinent operational parameters. Most of the 

scrubbers have been designed for both particulate and &lfur 

dioxide removal. The greatest concentration of these units is in 

the western U.S.,where the available low-sulfur coal is so highly 

resistive that electrostatic precipitation is not economically 

feasible. 



10 

Scrubber Pressure Drop, in. W.C. 

43 
Figure 2.24 performance Curve for a Venturi Scrubber Collecting Fly Ash. 



Table 3.3 Wet-Scrubber Installations 
on Coal-Plred Utility 0?iiers2B 

Plant Boiler scrub- Particulate L/G A P 
Capacity, ber Removal gal/ in. W.C. Remarks 

Mw ~ y p e  Efficiency, 1000 Scrubber 
9 ACPM 

Arizona Public 
Service 
Four Cornera 575 Venturi 99.2 8.5 22 Pulverized C-1 
Cholla 115 Venturi 99.2 10 10 Pulverized Coal- 

Fired 0.01 gr/ 
SCFD 

Commnueelth 
Edlson 
Will cosmty 
NO. 1 167 VenturI 98 18 9 Cyclone Boiler; 

0.04 gr/SCFD 
Detroit Edison 
co . 
St.Clair ~ 0 . 6  180 Venturi 99.7 20 14 -0 Stage Super 

Heater; Peaking; 
0.01 gr/SCFD 

Duquesne Light 
00. 
Phillips sta. 410 Venturi 99 29 30 Pulverized Coal- 

Fired Boiler . 
3lJ Pulverized toal- 

, v ~ r s d  Bnilor 
-8a8 City 
Power 6 Light 
u Cybne sta. 820 venturi' 98.2 12 7 DTV Bottom 

Kansas Dover 6 
Light 
Laurence Sta. 
Unit 4 125 Marble Bed 99 
Unit 5 400 Marble Bed 99 

Minnesota Power 
6 Light 
Clay Bornell 350 Hlgh Pres- 97 
Stdtlon Sure Spray 
Aurora Sta. 116 High Pres- 

sure Spray 98 

2.4 Pulverized Coal- 
0.08 gr/SCPb 

2.5 Pulverized Coal 
0.04-04.046 
gr/SCFD 

Montana-Dakota 
Utilities 
Mwin a Claik 
starion 33 Venturi YB 13 13 Pulverized Coal 

co. 
Colatrip Units 
1 6 2  720 Venturi 99.5 ' 15 17 ' Pulverized Coal 

U.UB IBIIU(MLU . 
. iaac~gnr 

upaclry ar lu- 
15% 

N L V ~ I B  Pnwer Cn. 
. . 

Reid Cardner Stn. 
units No. 1 6 2 250 Venturi 97 9.5 15 0.02 gr/SCFD 
Unit No. 3 125 Venturi 97 9.5 15 0.02 gr/SCm 

Northern. States 
Power CO. 
Shelburne County 
No. 1 6 2 1420 Marble Bed 98 10 

Pacific Pwer 6 
Light . 
uave Jannsen sca. 
Unit 4 3 30 venturi 99 11 Pulverized Cosl 

Penn.P~~er 6 
LlylrL 
Holtrwd Sta. 
R ~ I ~ C R  Mnnaflslrl Pnlweriled rnal : 

0.0175 gr/$CPD 
(design) 

Phi1a.Elec.Co. 
Eddyatone Sts. 

Pot~mdc Eloc. 6 
Power 
Dickersen Pulverized Cosl 

Dry Bottm 
venturi 

Public Serv.Co. 
Colorado 
C h e d e e  Sta. 
NO. 1 
NO. 3 

mvin&bed 
Scrubber 

Pulverized Coal; 
0.02 gr/XPLI 

NO. 4 
v a m t  sta. Pulverized Coal; 

0.02 g . / s m  
Pulverized Copl; 
0.02 gr/SCFD 

Arapahoe Sts. 



Recent tests on the Montana Power Company's Colstrip 

scrubbers have shown the average outlet particulate loadings to 

be 0.031 lb/MBtu and 0.030 lb/MBtu for Unit No. 1 and Unit No. 2, 

respectively. 44 This compares favorably with the NSPS of 0.1 

lb/MB tu . Scrubber outlet opacity averaged 10-1590. 

Venturi scrubbers and moving-bed scrubbers have been the 

most popular choices for coal-fired utility boilers. As such, 

their performance has been studied extensively. Performance data 

on the moving-bed scrubber (also referred to as the turbulent 

contact absorber) installed at the Cherokee Station of the Public 
45 

Service Company of Colorado are given in Figures 3.25 and 3.26. 

The scrubber was a three-stage unit operating at 12 in. W.C. pres- 

sure drop plus 2 in. W.C. across the demister. The liquid-to-gas 

ratio ranged from 40 to 50 ga1/1000 ACFM. Particle size distri- 

bution data were obtained using a University of Washington cas- 

cade impactor. Performance in the fine particulate size range as 

determined by a diffusion battery with condsnsation nuclei counter 
46 

Maximum penetration is at approx- is presented in Figure 3.27. 

imately 0.5 micron, when the collection efficiency is only 15 to 

30%. 

Performance data on aventuri scrubber were obtained at 

Pa.ci.fic Power and Liqht's Dave Johnson Station with the scrubber 

operating at 10 in. W.C. pressure drop and a liquid-to-gas ratio 

of 10-15 ga1/1000 ACFM. This is presented in Figures 3.28 and 

3.29. 4 6  Particle size distributions were measured using a 

University of Washington cascade impactor. As was the case with 

the turbulent contact absorber, the data indicate that fine par- 

ticulat.es, which present the most serious health hazard, are not 

collected efficiently at these low pressure drops. 

3.2.5 Operation and Maintenance 

Many of the problems wit.h wet scrubbers on utility boilers 

arise from lack of experience on this type of application (i-e., 
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Figure 3 .25  Particle Size Distribution (Cherokee Station Scrubber). 4 5 
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Figure 3.28 Inlet and Outlet Particle Size Distributions. 46 
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Flgure S.29 Part~cle Pkrletration Versus Aerodynamic ~ i a m e t e r . " ~  



the lack of cmrcialization of the units). The occurrence 

of erosion, corrosion, scaling, and plugging underscores the need 

for developimrlt of scrubber. technology. Both corrosion and build- 

ing-up decrease the efficiency of particulate remval, the finer 

particles. being the ones mst likely to escape collection. No 

clear trend emerges as to the preferred scrubber system for 

use .in collection of fly ash from utility boilers. 

There are a number of general operation and maintenance 

problems shared by various scrubbers, and each type of scrubber 

has displayed its own characteristic problems. The problem areas 

most evident are summarized for each scrubber category in Table 

3. 4 4 8 .  In general, the most common problems associated with wet 

scrubbers are corrosion, scaling and plugging. Although these 

problems usually decrease after the scrubber has operated for 

some time, routine maintenance requirements are still greater 

than for precipitators or fabric filters. 

3.3  FABRIC FILTERS 

One of the oldest, simplest, and most efficient methods 

for removing solid particulate contaminants from gas streams is 

by filtration through fabric media. The fabric filter is capable 

of providing high collection efficiencies for particles as small 

as 0.5 um and will remove a substantial quantity of those parti- 
47 

cles as small as 0.01 pm. In its simplest form the fabric filter 

consists of a woven or felted fabric through which dust-laden 

gases are forced. A combination of factors results in the col- 

lection of particles on the 'fabric fibers. When woven fabrics 

are used, a dust cake eventually forms; this, in turn, acts pre- 

dominantly as a sieving mechanism. When felted fabrics are used, 

this dust cake is minimal or nonexistent. Instead, the primary 

filtering mechanisms are a combination of inertial forces, i m ~  

pingement, etc., as related to individual particle collection on 



Table 3.4 Characteristic Maintenance.Problems of Particulate 
Scrubbers on Coal-Fired Utility ~ o i l e r s ~ ~  

Scrubber type Characteristic maintenance problems 

Venturi scrubber 1) Line nozzle, and pump plugging 

2) Worn pump parts 

3)  WVLII e r . u s l u ~ ~ / ' c u e r . u s l v ~ ~  p r e  V ~ I I  Lluu 
l i n e r s  

d )  Jtiafvii inmf f ~ l l i i i - e  ( I P I I P I  I n A I r a f n ~ ~ ,  
pII indicators, etc. ) 

Preformed spray impingment 
scrubber 

Moving-bed scrubber 

1 )  Ernsinn and pliigging nf n n z z l e s  

2) Ash buildup on wet induced draft fan 

3)  Scaling in scrubber liquid circuit 

4) Stack gas mist carryover in the scrubber 
and liquid circuit 

1) Mobile bed contactors (premature wear. 
of spheres) I 

2 1 Structural iritegrity uf vertical part l-  
tions 

3 )  Isolation and flow-control damper leaks 
and sticking 

4) Reheater section (corrosion) 

5) Worn erosion/corrosion-prevention 
liners 

6) Presaturator plugqinq 

7) Mist eliminator (corrosj-on , @lugging) 



single fibers. These are essentially the same mechanisms that 

are applied to particle collection in wet scrubbers, where the 

collection medium is in the form of liquid droplets rather than 

solid fibers. 

At present, fabric filters are being given serious con- 

sideration for fly ash emission control. This situation has been 

brought about principally for two reasons: (1) the efficiency 

requirements for handling emissions from coal-fired utility.boi1- 

ers are continuously being upgraded, and (2) a combination of the 

energy crisis and more stringent sulfur dioxide emission control 

, requirements has resulted in a large degree of fuel source vari- 

ability. 

3.3.1 Description of Equipment 

The basic filtration process may be conducted in many 

different types of fabric filters,in which the physical arrange- 

ment of hardware and the method of removing collected material 

from the filter media will vary. The essential differences may 

be related, in general, to: 

1. Type of fabric 
2. Cleaning mechanism 
3. Equipment geometry 
4. Mode of operation 

As applied to coal-fired boilers, the type of fabric usu.- 

ally used is woven glass fiber. The equipment geometry is such 

that the boiler flue gas is drawn through the bag from inside, 

with the collected dust forming a loosely deposited cake on the 

inside, surface of the bag.. The baghope is usually compartmen- 

talized to facilitate continuous operation and on-stream main- 

tenance. The.bag cleaning mechanisms are typically reverse-air 

and/orshaking. Atypical reverse-flow cleaning baghouse is shown 
31 

in Figure 3.30 . 
A comparison of the bag cleaning methods is presented in 

Ta.bls 3.5. 31 The highest air-to-cloth ratios (ratio of gas 

volumetric flow rate to bag surface area, also referred to as 



DUST LADEN INSPECTION DOOR 
AIR INLET 

CLEAN AIR TO FAN CLEAN AIR TO FAN 

AIR REVERSAL AIR REVERSAL VALVE 
VALVE 'SHOWN IN BACK. WASH PnS17 
IN NORMAL 
FILTERING POSITION. 

BACK- WASH AIR 

SPREADER RINGS 
THlS COMPARTMENT 
IS BEING BACK- WASHED 

THIS COMPARTMENT WITH CLEAN AIR. ACCUM- 
FILTERING ULATED DUST DROPS 

TO HOPPER. 

FILTER TUBES 

Figure  3.30 Typical Reverse-Flow Cleaning Raghouse. 31 



Table 3 . 5  Comparison of Bag Cleaning Methods 3 1 

Cleaning Uniformity Eag Equipment Type ~ i l ~ ~ ~  Apparatus Power Dust Submicron 
method of cleaning a t t r i t o n  ruggedness f a b r i c  ve loc i ty  cos t  cos t  loading e f f i c i ency  

Shaking A 

Rzverse flow , G 
no f l ex ing  

A A Woven A A L A 

L G Woven A A M-L P+ 

Reverse flow, A H G Woven A A M-L A G 
with col lapse  

o Pulse- 
W 

compartment 

Vibra t ion ,  G A L .  Woven A A M-L. A G 
rapping 

Sonic a s s i s t  A L L Woven A A M - G 

Manual f l ex -  G H - Felt,woven A L - L G 
in7  

Note: A=average; G=good; H=high; L= low; M=medium; VG=very good; VH=very high. 



filtration velocity) are used with reverse-jet cleaning (10-30 

A C P M / ~ ~ ~ )  . Pulse- jet cleaning allows air-to-cloth (A/c) ratios 
2 ranging from 4 to 20 ACFM/ft,with the remaining cleaning mech- 

2 anisms using A/C ratios of 1 to 5 ACFM/ft . Typical properties 

of common filter media are shown in Table 3.6. 31 Normal operat- 

'ing temperatures in the boiler system preclude, for all practical 

purposes, the use of most fabrics,with the exceptions of teflon 

and fiberglass. 

3.3.2 Design ~ethodology 

The most important parameters that control filtration 

sy.st.em performance are air-to-cloth.ratio, pressure drop, clean- 

ing frequency and degree of sectionalization. Design A/C ratios 

for fabric filters presently installed on utility boilers range 

from 1.9 to 2.8 ACFM/~~'. laximum pressure Clrup on these systcrnc .. 

is 6 in. W.C. The frequency of cleaning is adjusted so that no 

sizable portion of the total fabric will be out of service for 

cleaning at any given time. Typically, no more than 10% of the 

compartments in the baghouse will be out of service f u r  cleaning. 

The degree of sectionalization or compartmentalization is select- 

ed on the basis of expected variations iri gas flow andvthe an- 

ticipated frequency of ma.intenance. 

The design o f  dust-collection equipment requires considera- 

tion of many factors. Figure 3.313' illustrates the complex 

nature of the final selection of a fabric collector. The most 

important design considerations include the operational pressure 

drop, cloth area, cleaning mechanism, fabric and fabric life, 

baghouse configuration, and costs. 

The size of a filter plant (baghouse) is primarily de-' 

termined by the area of cloth required to filter the gases. The 

choice of an A/C ratio must take certain factors into considera- 

tion. Although the higher velocities are usually associated with 

the greater pressure drops, they also reduce the filter area re- 

quired. Practical experience has led to the use of a series 

of A/C ratios for various materials collected and types of equip- 



Table 3.6 Typizal Properties of Common Filter Medja 

Maximum temperature - 0 
range, F Flex and 

~ener l'c me Ian3 periods . Short periods Melting Acid ~1uo;ide Alkali , abrasion' Relative cost Supports 
Fabric Naae yarn of time (months) of time (min) temperature OF resistance Resistance Resistance resistance (approximate) combostion 

cot:ona Natural £1-r Staple 130' 225' 302' Poor poor Frir-good Fair-good 1.0 Yes 

cellclose decomposes 

ti0slb' Natural fiber Staple 230° 
protein 

~ylon' Nylon pclyamide Filament spun 200° 

Dynsld Modacrylic , Filament spun l€oO 

~ o ~ ~ r o ~ ~ l e n e ~  Polyolefin Filament spun 200' 

Orlcnf acrylic spun 240° 

Polyester Filament spui 2?5O 

Nylon arcmatic Filament spun 425' 

Flwrocalbon Filament spun 450' 

~iberglassj Glass Filament spun 5 0 0 ~  
bulked 

Pol~ethylexe Polyolefin Filament spun . 2~*3O 

250' 572' chars Very good Poor-fair Poor-fa.ir Fair 2,75 . NO 

250° 480' Fair poor 2.5 Yes Very good- Very g w d -  
excellent excellent 

240' 325O Good-ve ry Poor Good-very Fair-good 3.2 
softens 

NO 
good good 

250' 333O Poor Excellent Very good- 1.75 Yes ' Excellent 
excellent 

275O 482.O Good- Pwr-fair Fair Fair 2.75 Yes 
' softens excellent 

325O 482' Good Poor-fair Fair-gocd Very good 2.8 Yes 

500° 700' Fair Good Excellent Very good- 8.0 No 
decompcses excellent 

500' 750' Excellent Poor-fair Excellent Fair 30.0 NO 
decompcses 

Fair-good Poor Fair poor 5.5 NO 

very good- Poor-fair Very good- Good 2.0 Yes 
excellent Excellent 

Stainless steelk - 
(type 304) 

2,550-2,650~ Excellent Exzellent &OO.O 

-- - - -  

%oor resistance to mildew and fungi; excellent selecticn in ventilation-type collector. 

b~imilar to those of cotton; gocd filterability. 
C .  
I-:rgh tensile strength, good elasticity; unaffected by nildew and fungi; rugged fiber with excellent resistance te abrasion and alkalies; fair to poor resistance for ?st sodium salts. 

chemical and abrasion resistance and excellent dimensional stability; attacked by concentrated nitric acid, sodium hydroxide, and affected by post halogens: adversely affected by 
ketones, amines, cyclohexanone and acetone. 

eChemically resistant to acids and alkalies; strong fiber, low moisture absorption; attacked at elevated temperatyes by nitric acid and chlorosulfuric acid; has poor resistance to s o d i e  
and ptassium hydroxide at high temperatures; not to be used with aromatics and chlorinated hydocarbons. 

fhesistance to moisture; not hanned by co-n solvents; not recommended for sulfuric acid (generally fair in environments &ove acid dewpoint); attacked by zinc chloride; good at elevated 
tenperatures in acid conditions. 

'nigh tensile strength, rood dimensional stability, and excellent temperature resistance. 

h ~ r t s t a n d ~ g  temperature resistwce, high tensile strenglh, good resistance to abrasion. 

i~ be used at elevated temperatures and possesses excellent chemical resistance. 

'Low mechanical strength. hence vulnerable to abrasion; =an be used at high temperatures and has high tensile styen.gt&, 

?For extremely high teuperatures. 



. B A G  ECtX4OkICS 1 
DUST AND GAS CHEMISTRY f- FABRIC  S E L f  CT lON 

PRECLEANERS 

DUST ANC GAS -EMPERATURE VOLUME 

PHYSICAI-  CHAEACTERIST ICS  
O F  DUST 4ND G4S STREAM I N L E T  DUST 

L O A D I N G  

DUST P A Z T I C L E  . A I R  TO C L O T H  ' F I L T E R  SURFAC!E PRODUCT 
S IZE  DISTRIEUTIO-\ I  R A T I D  A R E A  REQUIREMENTS 

DESIRED C O L L E C T I O N  
E F F I C I E N C Y  

GAS DEW P O I q T  

GAS TEM'ERATJRiE n 
DESIRED 
C O L L E C T I O N  
E F F l C l  ENCY 

1 

BAG CLEANING 
F ILTRATICN C Y C L E  t 

I 
BAGHOUSE 

t 
F A B R I C  F IL 'TER ENERGY ECONOMICS 

EQUIPMENT MOUSING 'COLLECTOK DESRGN 
M A I N T A I N A B , L I T Y  6 A . Z  ECONOMICS 

E C O N O M ~ ~ S  ,1 FROCUCT HANDL ING J 
, 

Figure 3.31. Systex Analysis for Fabric Filter Collector Design. 31 



ment. A ratio of 2.0-2.3 is recommended for coal-fired boiler 

baghouses using glass bags, with reverse-air and/or shake clean- 

ing. 31 

3.3 .3  Performance Data f o ~  TypicaZ OperationuZ Systems 

A summary of fabric filter installations on coal-fired 

boilers is presented in Table 3.749. Performance data are avail- . 

able on the three major types of boilers: cyclone, pulverized- 

coal and stoker. The tested fabric filter systems range in .size 

from a pilot unit adjacent to a large power plant to a full-scale 

system installed on an 87.5-MW generator. It should be noted 

that the acceptance of fabric filters for fly ash emhss'ion con- 

trol has been, in part, a result of the demonstrated long-term 

success at Sunbury Station of Pennsylvania Power and Light. 

3 .3 .3 .1  Cyc Zone-Fired Boi Zer 

Fabric filter performance data on a cyclone-fired boiler 

were, obtained using a pilot system at a 500-MW power plant. 
50 

The coal consisted of 7% ash, 3.5% sulfur and 13,400 Btu/lb. The 

filtering systems contained glass fiber bags with a teflon- 

silicone-graphite coating and used mechanical-shake cleaning for 

fly ash dislodgement. The filtration velocity was 2.7 fpm and 

the unit operated at 270-290~~. The inlet fly ash loading was 

0.7 gr/SCFD with a mass median diameter of 5 ym and a standard 

deviation of 3.3. The filter operated at 4.8 to 5 . 4  in. W . C .  

pressure drop and averaged 99.62% efficiency. Andersen cascade 

impactor data are presented in Table 3.8" and inlet/outlet parti- 

cle size distribution data in Figure 3.32. 
50 

Performance data tor a pulverized coal-fired boiler were 

obtained on full-scale fabric filters installed at the Sunbury 

Station of the Pennsylvania Power and Light Company. The station 

capacity of approximately 400 MW generated by four steam tur- 

bines. The boilers bur11 a mixture of 15% to 35% petroleum colce, 
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Table :.7 E l e c t r i c  U t i l i t y  Baghouse 1ns ta : la t ions  

Bci .er I m t a l -  f l u e  Gas a i r /  pressure 

u t i l i t y  s t a t i o n  Casa8:ity. l a i o n  B o l l e r  . fue l  s, n ash ,  \ Tempera- Flue 9 9  Cloth, Drop 
MJ t a t e  t r r e .  Of . Vol, i r f 3  . ecfm/ft2 in .  UG Fabr ic  Regeneration 

P e n n s y l v r i e  Power Svlbvry Shamkin Lam, 2 ~ 8 1 . 5  1571-3 P?rlv=riz& ~ n t h r a c i t e  325 900,000 2 .  2.5 Woven g l a s s  Reverse flow 
ar.d Light Pa. coal  f i r e 3  s i l t  (4x270 .oOC I f i b e r ,  10 oz 

Bitmainma 1 .8  22.1 
coal  

P e t r ~ l e ~  
coke 

Pennsylvmia 
and Ligh( 

Power ~ o l t w o o d  H o l t ~ ~ o d ,  ?a. -3 1935 Pulverize3 a n t h r a c k e  
coal  f i r e 3  s i l t  

Bitumino2s 
c c a l  

etroleum. 
coke 

160 2CO ,COC 2.4 4.5 Woven g l a s s  Reverse f l o v  
f i b e r .  10 oz end shake 

CoL3rado-Ute Elec- 
t r i :  R880ciation 

Nucla N U C ~ Z .  CO. . 3.13 19'3  stoke^ 
f i r e d  

258.m0 2.8 4.9 Woven g l a s s  Reverse f l a  
(3~36,3001 f i b e r ,  10 oz and shake 

60,~>)0 4 2.8 .#oven g l a s s  Reverse flow 
f i b e r  

550,000 2 Woven g l a s s  
f i b e r  

Nebraa*a Public 
P w e r  System 

19-6 Pulverizec Biturninoms 1 11 
. coal  Eirec coal  

1.500.GOC 3 Woven g l a s s  Reverse flow 
f i b e r  and shake 

Southwestern 
Publ ic  Service 

Earrington 
NO. 2 

m n t i c e l l o  M t .  P k a s a r t .  U50 
Tx. 12d75)  

19:7 Pu1ve:izee Ligni te  0.6 6.1-23 
coal  Xire? 

3,8CO,COC 2.4 Woven g l a s s  Reverse flow 
f i b e r  

Texas Power 6 
Light co. 

Stoke: 

Publ ic  Service  
CO. of Colorado 

Cameo Grand lunct ion .  22 
c o  . 

mpartment of  nay D. ColoreSo S p i n g s .  L75 19:7 
Public U t i l i t i e s  Dhon Co . 



Table 3.8 Anderson Impactor Data on Pilot Fabric 
Filter (Particle S.G. .Assumed to . be 2).50 

Size Inlet Outlet Penetration 
Interval, Concentration, Concentration, (1-n 1, 

(m) 10-3 gr/SCFD 10-3 gr/SCFD % 

with the remainder made up of anthracite silt and No. 5 buckwheat 

anthracite. The normal fuel consumption is 41 tons/hr/unit,with 

an exhaust gas volume of approximately 125,000 SCFM per boiler. 

Originally, particulate was removed from the flue gas- by a com- 

bination mechanical collector and electrostatic precipitator. 

However, due to the high resistivity of the low-sulfur anthracite 

fly ash, the precipitators were unable to remove the desired 

amount of particulate. Turbine Units 1 and 2, rated at 87'.5 MW 

each, are supplied by four anthracite-fi'red boilers,each equipped : 

with a fabric filter baghouse' rated at 222,000 ACFM at 3250~. 51 

The desiyri  fil.ter velocity is 1 fpm and aleaning is by reverse 

air flow. The bags are woven of teflon-coated fiberglass. The 

average pressure drop during operation is 2.5-3.5 in. W.C. with 

an allowed maximum of 5 in. W.C. ~uring testing, the average 

inlet loading was 2.5 ~~/scPD and the average outlet loading 

0.002 gr/SCFD; the fly ash removal efficiency was 99.92%. 0n.a 

Btu heat input basis, the outlet loadings ranged from 0.004- 

0.005 lb/MBtu. Fractional efficiency data are presented in 

Figure 3.33. 52 

Performance test results at Nucla and Sunbury indicate that 

baghouses are capable of very high collection efficiencies in the 



PERCENTAGE LESS THAN STATED SIZE 

Figure 3.32 Fly Ash Average Cumulative Particle Size Distribution, 
Assumed Particle Density of 2 gm/cm3 .50 
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fine particle size range, with the apparent ability to maintain 

high collection efficiencies during changes in boiler load and 

inlet concentrations. 

' 3 . 3 . 3 . 3  Stoker-Fired Boi Zer 

Performance data for a spreader stoker-fired boiler were 

obtained on full-scale fabric filters installed at the Colorado- 

UTE Electric Association Nucla Generating Plant. 48f 49 At the 

Nucla Station, there are three 13-MW generators., Each stoker- 
fired traveling-grate boiler utilized fly ash reinjection. The 

fuel is a western coal containing, on the average, 14% ash, 0.7% 

sulfur and 12,000 ~tu/lb. A separate baghouse is used for each 

boiler. The design gas flow is 86,240 ACFM at 3 6 0 ~ ~ .  The bags 

are made of fiberglass fabric with a silicone-graphite finish 

and are cleaned by a combination of reverse air flow and gentle 

mechanical shaking. The pressure drop under normal operating 

conditions is 4.5 in. W.C. with a maximum of 6.0 in. W.C. (during 

cleaning). The filtration velocity under normal operating condi- 

tions is 2.8 fpm,and the design inlet loading is 1.53 grains/ACF. 

During the testing, overall outlet mass emissions were 0,0035 

lb/MBtu,with collection efficiencies greater than 99.8%. Stack 

opacity was essentially zero (clear stack). Fractional efficiency 

data obtained using a MRI cascade impactor are presented in Figure 

3. 3453 t54: fractional efficiency data in the fine particle size 

range,,obtained usirig an electrical aerosol size analyzer CEASA), 

are presented in Figure 3.35 53,54 

3 . 3 . 4  Operation and Ma.interrarlcs 

A properly attended fabric filter system is usually capable 

of operating satisfactorily for up to 15 years and possibly long- 

er. Certain practices are essential for successful operation, 

including: 

1. Selection of the most suitable equipment in the 
planning stages (e.g., if a process is charac- 
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Figure 3.35 Fractional-Penetration and Efficiency of 11-MW Tests. 
November 12, 13 a r d  15, 19'15, Nucla, &lorado. 53, G4 



terized by variations in gas flow and/or dust 
loading, the equipment must operate at peak 
loads without media plugging, as well as at re- 
duced flows where condensation may occur). 

2. Familiarity with the operating, instrumenta- 
tion, equipment and maintenance manuals. 

3. Knowledge of the contaminated gas stream to be 
treated. 

4. Proper care of the fabric media. 

5. Minimizing the temperature into the filter through 
precooling, limited only as it approaches the dew point. 
This can reduce operating and maintenance costs (fan 
power and bag replacements). 

6. Establishing and following a preventive main- 
tenance program. 

The primary operating problems associated with fabric 

filters have been bag caking and pluggage, leakage and short bag 

life. To avoid plugging because of condensation, the gas tem- 

perature should be 50 to 7 5 O ~  above the dew point. An unusually 

heavy grain loading may also cause excessive wear or bliriding. 

Leakage through the filter is perhaps the most important service 

problem. Each.bag must be regularly inspected for holes or tears. 

Chemical deterioration is also one of the factors that can add to 

the maintenance costs. The rate at whlch a fabric medium will 

deteriorate is generally related to the weight of the fabric and 

the gas stream composition. The heavier the fabric weight, the 

greater the initial and replacement cost of the filters. Bag 

spacing is also important. Sufficient clearance mwst be'provided 

so that one bag does not contact another. A minimum of 2 in., 

for example, is needed between bags 10 to 12 ft. long, while 

longer bags require.greater clearance distances. 

Based on available data from the Sunbury fabric filter 

installation, most of the maintenance hours have. been spent on 

bag replacement, collapse fan repairs and air-operated damper 

repairs. Operating and'naintenance experience on the fabric at 



the Nucla plant indicates .that the principal problems are asso- 

ciated with fabric.failures and bag replacements during the first 

year of operation. These are apparently caused by condensation 

at hoppertube sheet outer walls, caking, crusty deposits and 

cracks. in bags. At Nucla, 188 o f  the bags were replaced in a / 
. . 

two-year period. 

.The following are maintenance problems that could be an- 

ticipated for future fly ash fabric filter.installations: 31 . 

1: Erosion of bags at. the inlet because uf abrasion, 
which ,occurs when the fly ash strikes the bag 
tangentially; bag failure because of.blinding, 
cakiriy., chemical attack and aging. 

2. Hopper pluggage because of conveying-system fail- 
ure: (This is an aroa where proper inspection can :,,+ ' 

'1 minimize,plugging by detecting the problem before 
it becomes serious. ) 

3. Fans and blowers, if placed on the dirty side of 
the .baghouse where 'material can accumulate on the 
vanes. and throw the . fans off. balance. corrosion and . 
ahrasion.can also cause trouble. 

4. Improper bag tensioning. (This includes both ini- 
tial.tensioning and ~ubccqucnt rctcntioninq af.ter the 
unit has been operated.) 



4 PROCESS CONTROL TECHNOLOGY FOR 
FINE PARTICULATE EMISSIONS: NOVEL DEVICES 

Improvement in existing control device technology for coal- 

fired boilers and the development of potentially advanced tech- 

niques are needed: 

1. To improve the capabilities for the contr0.1 of 
fine particle emissions. 

2. To .overcome limi'tations due to the properties 
of the effluent gases and particulate matter. 

3. To extend the capabilities to higher tempera- 
tures and pressures. 

4. To reduce the cost of the.contro1 devices. - 

Research in the area of advanced control devices includes mod- 

ifications or additions to.existing systems as well as the devel- -;: 

opment of new approaches. 

Each of the three conventional control devices discussed 

in the previous chapter has certain limitations. Precipitators, 

for exampl'e, are limited by the magnitude of. the charge on the 

dust particle, the electric field and the re-entrainment of the 
' .: 

dust. Improvements that are possible in precipitator technology 

are those that improve one or more of these functions. Since the 

resistivity of fly ash adversely affects both particle charge and 

electric field, advances are needed to overcome these detrimental 

effects,in addition to extsnding the performance of precipitators 

not limited by resistivity. 

Fabric filters achieve substantial collection efficiencies, 

but physical size is a problem in large power boiler applications. 

Also, pressure drop and bag life are areas that need attention. 

Some sacrifices in efficiency might be tolerated if higher air/ 

cloth ratios could be achieved without reducing bag life (e.g.,by 

the use of pulse-jet systems). Improvements in fabric filtration 

may also be possible by enhancing the electrostatic effects that 

contribute to the rapid formation of a filter cake after cleaning. 



Scrubber technology needs considerable study to control scaling and 

fouling, improve overall reliability and reduce energy consunption. The 

collection of fine particles through the use of supplementary forces 

(e.g., electrically charged drops),acting on particles to cause then to 

grcw or otherwise be mre easily collected at laver pressure drops, is an 

area that has received considerable study. 

Use of alternative systems to the three conventional con- 

trol devices has also been investigated in an effort to achiave 

better efficiencies at lower costs. The d. i . f f j . . cu l ty  haa been that 

the removal of particulate matter from a gas stream requires that 

a force be applied to the particlestand methods for clpplicaLior1 

of this force are limited. 

This section describes some.of the novel devices that 

have potential for fine-particle removal. The practical appli- 

cability of these devices on coal-fired boilers is evaluated in 

the next section. Many of these have not been used or tested on 

coal-fired boiler particul.a,te emissions; the ,data presented are 

for other types of partici~l~tes. Thooc devices *re listed below: 

Aronetics two-phase jet ccrubbcr 
Centripetal vortex contactor 
Wet f i l t e r  
S ted~ll-hydro scrubber 
Wet electrostatic precipitator 
Electrostatic scrubber 
Hybrid wet precipitator 
Flux force/condensation 
Electrostatic filter 

A briet description of each of the above novel control devices 

follows. Note that extensive. data are not available for most of 

4.2 ARONETICS TWO-PHASE JET SCRUBBER 

A pressurized, heated liquid,when passed through a prop- 

. erly designed nozzle,will produce a two-phase mixture of vapor 

and liquid droplets that is an excellent cleaning medium. The 

droplets can be accelerated to extremely high velocities as a 



resultoftheexpansion forcecreatedbythe conversionof aportionof 

the liquid to vapor. The general configurationof this type . 

31 of scrubber is shown in Figures 4.1 and 4.2 . The proper arrange- 
ment of components allows a draft to be induced,which eliminates 

or drastically reduces fan power requirements. The two-phase jet, 

scrubber produces water droplet velocities that vary with the 

temperature of the scrubbing fluid. 

The most direct application of the two-phase scrubbing 

system is in the control of emissions from processes that gen- 

erate high-temperature gas laden with sub-micron-sizeparticulate. 

It is substantially more economical if waste heat at a sufficient- 

ly high temperature is available. Typical examples are the vari- 

ous metallurgical furnaces and processes. 

In this system, an economizer type of heat exchanger is 

used to transfer thermal energy from the .high-temperature process :,. 

exhaust gas to pressurized hot water,which is delivered to the 

heat exchanger by a pump. Water leaving the heat exchanger is 

delivered directly to the nozzle in its liquid state. For most 

applications, the water temperature is approximately 4 OOOF and 

the water pressure is approximately 350 psi, or high enough to 

insure that the fluid remains in the liquid state until it has 

passed the nozzle throat. A properly dimensioned mixing section 

must be provided for intimate contact between the accelerated 

water droplets and the particle-laden gas. The final component 

in the scrubbing system train'is a separator,which will remove 

the dirty water droplets and allow the clean.gas to be discharged. 

Water drained from the separator is passed to water treatment 

equipment,which may be used to remove substances scrubbed from 

the gas and to prepare the scrubbing liquid for recycling. 

Collection efficiency was found to be greater than 50 per- 

cent for particles larger than 0.15 um, greater than 90 percent 

for particles larger than 0.3 ~;un, and greater than 99 percent for 

particles larger than 1 p. Typical fractional efficiency data 

for a ferro-alloy furnace are presented in Figure 4.3.55 



Figure 4.1 Generalized 'I wo-PhasB Jet Scrubber ~ o z z l e . ~ '  
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Figure 4.2 Generalized Two-Phase Jet Scrubber System. 31 
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The scrubber,uses power from two ,sources: electrical en- 

ergy to drive the pump that supplies water to the heater and 

thermal energy from the gas to provide the temperature increase 

in the water heater. If the latter is obtained from heat nor- 

mally wasted, then (in a sense) it does not count as power con- 

sumption. The pump energy is typically 2-2.5 hp/1000 ACFM, while 

the waste heat Power is usually around 17,000 Btu/1000 ACFM. It is 

desirable that all of theenergybeavailableinthewastegas stream. 

If not, this is equivalent to an additional 400 hp/1000 AC'FM consumed. 

4.2 CENTRIPETAL VORTEX CONTACTOR 

. In the centripetal vortex contactor, the contaminant-laden 

gases are forced to pass through a high-velocity, high-intensity 

droplet cloud formed by the aerodynamic motion of the gas stream 
31 passing through a stationary circular vane cage (cf. Figure 4.4 1. 

The scrubbing liquor, which is fed through an open pipe with no 

nozzles or restrictions,' assumes a fog-mist-droplet phase and 

forms the tornado-like cloud within the vane cage.'Rotation is 

initiated and sustained by using only the energy in the moving 

gas stream. There are no moving parts in the unit. The rotating 

cloud is maintained by the ability of the vane cage to stabilize 

it axially within the contact area. The cloud is relieved of 

scrubbing liquor' at a rate equal to that at which it is fed. As 
. . 

the gases enter the centripetal vortex contactor, they are bom- 

barded by the larger-sized droplets flushed fromthe rotating drop- 

let cloud. The centrifugal-centripetal force balance on a drop- 

let in the cloud insures a .relatively small equilibrium droplet 

diameter; i.e., should a droplet be enlarged in any way (size or 

mass) by agglomeration with other droplets or by particle impaction, 

the centrifugal force on it will overcome the' centripetal force 

and cause the droplet to be flushed. The droplet-particle  inter^ 

action resulting from this continual flushing of the gas stream 

as it enters the contactor and makes its way toward the vane cage 
i 

serves two purposes: (1) removal of a substantial portion of the 
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larger-sized particles, and (2) pre-quenching/pre-conditioning of 

the gas stream. The next stage of contact occurs just'as the gas- 

particle stream interacts (almost co-currently) with the high- 

- velocity, rotating droplet cloud. Just as in the ~enturi scrub-- 

ber, the high relative velocity difference between the droplets 

and the particles at this point over an extended surface area 

(vane) accounts for the high particle collection efficiencies 

achievable. The final stage of droplet-particle contact occurs . . 

once the gas stream, with any uncollected particles, enters the 

rotating droplet cloud. When the gas stream penetrates the cloud, 

any particles still entrained assume the velocity of the droplets 

in the cloud (i.e., the relative velocity difference goes to zero). 

Yet, as a result of both a pressure and concentration driving 

force, the particle tends to migrate through the droplet cloud. 

Its erratic path through the cloud will usually insure contact 

with and subsequent capture by a droplet. 

Fractional efficiency data from an aggregate dryer at an asphalt plant 

are presented in Figure 4. 555. As the scrubber pressure drop is increased 

above this level, the characteristic dip of the efficiency curve in the 

0.1-micron size range decreases; i.e., collection increases in the fine- 

particle size range. Typical liquid water requirerents are 3-5 ga1/1000 ACFM. 

4 . 3  WET FILTER 

The wet filter i.s primarily a wetted fibrous bed system. 

It consists of water sprays to'wet and clean the filter medium, 

a rotary drum containing a fibrous "sponge" filter medium and a 

water bath reservoir for cleaning the rotary filter. Particle 

collection is accomplished by filtration mechanisms in the rotary 

filter. . . 

Figure 4.656 is a schematic of a typical system. The 

cyclonic pre-cleaner with water sprays is used for removing the 

' larger-sized particles. 'water is also sprayed on the rotating 

filter drum. Total liquid requirements are'approximately 1.0 gal/ 
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1000 CFM. Fractional efficiency data from a diatomaceous earth dryer 

are presented in Figure 4.7. 5 7 

4 . 4  STEAM- HYDRO SCRUBBER 

The steam-hydro scrubber utilizes a high-speed steam drive 

with injected water to develop an extremely efficie~t scrubbing 

action. The heart of the system, which contains no moving parts, 

consists of a steam nozzle, water injector, mixing tube and twin 

L'YCIUII~S (cL. F i q u r e  4 . 8 )  . 55 
1du~l11dlly , L l ~ e  sy b LWII u p e ~  a Les ull 

energy produced by waste heat captured from the process being 

controlled. The heat is used to generate steam in a waste heat 

boiler. In installations where heat energy is low, supplemental 

heat must be provided. In many cases, a package steam boiler may 

supply all the energy. 

The first stage of cleaning in this device is done in an 

optional atomizing chamber with water sprays that may be employed 

to cool the gas stream and remove heavy particulate matter. Most 

processes do not require this chamber,but it can be installed as 

a first-phase cleaner for certain difficult effluents. , A negative 
pressure is maintained in this chamber, and a process occurs where 

steam joins small contaminant particles for second-phase removal 

in the mixing tube. Collision between injected water droplets 

and the particles (including acidic gases, if present), encap- 

sulation, nucleation and droplet growth take place in the mixing 

tube. Collisions occur between particulate and the high-speed 

water droplets. The particles are encapsulated,and a growth pro- 

cess begins to bring sub-micron particulate to manageable size 

for disposal through low-pressure-drop cyclones. To insure pos- 

itive capture of all contaminant, a shock wave pattern is created 

in the mixing tube. Massive turbulence created by the shock wave 

pattern subjects the encapsulated particles to a sudden and vio- 

lent scrubbing action. The separation of the particulate from 

the gas, when it has grown to a size matched to the system, is 

achieved in low-pressure-drop cyclones. Centrifuqal energy 
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Figure 4.7 .Fractional Efficiency Data for a Wet Filter using a Cascade Impactor for 
Size Classification. 57 
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Figure 4.8 The Lone Star Steel Steam-Hydro Air Cleaning System. 55 



in the cyclones is maintained by a force imparted from the mixing . 
tube. 

This scrubber uses high pressure steam to move the gas through 

the system by eduction. The rapidly moving steam entrains gas, 

particles and droplets. The particles collect on the droplets 

by various mechanisms. The principal mechanism, used for particles 

Iarcrer than a few tenths of a micron, is thought to be impaction. 

Diffusion and the condensation of the steam onto the droplets 

(entraining particles) are also thought to be significant. Once the parti- 

cles have collected on the droplets, the drop/particle mixture is caught 

in the centrifugal collectors (cyclones) imnediately downstream 

from the scrubber mixing section. The energy required to move 

the gas, particulate material and droplets through the system is 

supplied not by fans or p q s  but by steam produced in boilers 

or economizers operating on the waste heat of the process. As 

with all scrubbing operations, the wastewater sludge effluent from 

the cyclones must be disposed of. 

Fractional efficiency data from an open-hearth furnace are 

presented in Figure 4.9 55 f  57. Waste heat would have to produce 

the energy equivalent of 200-300 hp/1000 AFCM for the scrubber to 

operate without a parer penalty. 

4 . 5  WET ELECTROSTATIC PflECIl'ITATOR 

A wet electrostatic precipitator is a hybrid precipitator 

that utilizes a water spray system to clean the collecting elec- 

trodes. Because the dust layer is continuously washed from the 

electrodes and the gas is saturated with water vapor, dust re- 

sistivity is not a factor in the performance. Electrode irriga- 

tion is provided by sprays at the precipitator inlet and above 

the collection plates (cf. Figure 4.10'~). The sprays provide a 

mist,which is collected along with the particulates in the flue 

gas, and the electrode cleaning is accomplished by the coalescence 

and subsequent downward tlow of the c b l l e c t e d  spray dioplets. 

The sprays are operated continuously, except for,those installed 
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Figure 4.10 Wet Electrostatic Precipitator. 



near the precipitator outlet, which are operated only periodically. 

Fractional efficiency data from an aluminum reduction pot 

line are presented in Figure 8 ~ 1 . ~ ~  

4 . 6  ELECTROSTATIC SCRUBBERS 

4.6 .1  University o f  Washington EZeotrostatic S c d b e r  

The electrostatic scrubber uses electrostatically 

charged water droplets to collect air pollutant par- 
ticles electrostatically charged to a polarity opposite thaL of 
the droplets. As is shown in Figure 4.12,59 the particles are 

electrostatically charged (negative polarity) in a corona sec- 
tion. The gases and charged particles flow into a chamber into 

which charged water droplets (positive polarity) are sprayed, 

The gases and some entrained water droplets flow out of the spray 

chamber into a mist eliminator, consisting of a positively charged 

corona section,in which the positively charged water droplets are 

collected, Particle collection occurs in each sub-unit,with 

some particles collected in the corona charging section and some 

in the mist eliminator section. 

Performance data were obtained using a pilot unit on 

a pulverized coal-fired boiler (ratedat 120,000 pounds steam/hr 
at65Oo'F and 400 psig), firing a low-sulfur western coal (Utah) 

with 0.65% sulfur, 5.12% ash and 12,819 Btu/lb. Fractional effi- 

ciency data for two test runs are presented in Figures 4.13 and 

4.14. The liquid-to-gas ratio was approximately b gal/lOUO 

ACFM,and outlet particle concentrations ranged from 0.0013 to 

0.0020 grains/SCk'D. Energy requirements (yas pressure drop, 

water pressure drop, electrostatic charging of the water spray 

droplets and electrostatic charging of the aerosol particles) 

were about 0.5-0.8 hp/1000 ACFM. 

4 . 6 . 2  Ionizing Wet Scrubber 

The ionizing wet scrubber is basically an electrostatic 

charger (or ionizer) followed by a Venturi scrubber. A schematic 
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of the system is shown in Figure 4.15~~. An electrode is placed 

upstream of the Venturi to charge the inlet particles, which then 

enter the Venturi throat. The gas stream atomizes-the central 

water spray in the Venturi throat,and the charged particles are 

then attached and collected by the highly polarized water mole- 

cules. 

The charged particles are also collected on the walls of 

the ionizer section prior to entering the throat of the Venturi. 

A thin film of wate~ is allowed to trickle down the inclined sur- 

faces to keep the walls clear and prevent high voltage arcing. 
The particle-laden water droplets are then collected by a cyclonic 

separator and sent into a settling tank (clarifier). 

The ionizer consists of a wire electrode in the inlet of 

the Venturi section. A stable electrical discharge of high in- 

tensity is maintained across the Venturlthroat between the center 

electrode and the wall. The average field that can be maintained . . .  . 
across the electrode gap (space between the electrode probe and. 

the wall) is higher (14-16 kV/cm) than that of a standard electro- 

static precipitator (around 4 kV/cm) . 
Fractional efficiency data on a titanium dioxide aerosol 

(median particle diameter of 1 micron,with a standard deviation 

of 2.2) are presented in Figure 4.16. 56 The pressure drop across 

the Venturi was 15.7 in W.C., the water flow rate for the ionizer 

wall wash was 2.7 ga1/1000 ACF of gas and the flow rate toathe 

Venturi throat was 8.1 ga1/1000 ACF of gas. 

4.7 HYBRID WET PRECIPITATOR . 
A two-stage electrostatic. device c'alled an "~lectro-~ube;". 

w h i c h  combines the feat.ures of a wetted-wall electrostatic pre- 
cipitator with high-intensity particle precharging, has been 

developed. The system is basically a tubular ESP with a central 

rod electrode and wetted-wall collector (cf. Figure.4.17). 61 

The satura-tion charge on the particle is increased substantially 



TO INDUCED 

ENTRAINMENT 

Figure 4.15 Ionizing Wet Scrubber 56 
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Figure 4.16 Penetration vs. Particle Diameter for Ionizing Venturi Scrubber 56 
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Figure 4.17 Diagram of Electro-Tube. 61. 



from the normal 4-5 kV/cm field in a conventional precipitator 

to 12 kV/cm by first passing the gases through the high-intensity 

ionizer. 

The increased electrostatic charge allows a more effective 

migration of the fine particles in the collecting electric field 

of the precipitator. The collecting precipitator, a wetted-wall 

pipe type, has a passive high-voltage electrode that emits no 

corona current and operates at an average applied field of 5 to 

10 kV/cm. Tests have shown a high degree of stability in the 

electric fields up to a gas flow velocity of 20 fps. Despite 

the shorter residence time in the charging field, there is no 

apparent deterioration of particle charging efficiency. 

I- . A single power supply provides high voltage to both ioniz- 

er-charger and collector sectionstwith a total power consumption 

less than 0.24 W/ (ft3/min) . Pressure drop through the Electro- 

Tube is less than 0.3 in. W.C. Since only a small amount of stack 

heat is transferred to the wetted walls, the Electro-Tube wet 

collection process does not quench the gas stream. Water uti- 

lization rate ranges between 1 and 2 ga1/1000 ft3, depending on 

inlet dust loading and degree of prequenching desired. The 

Electro-Tube is designed so that entrained water does not affect 

electric field stability. The unit is self-demisting,and any en- 

trained water droplets are collected as fine particulate. Frac- 

tional efficiency data utilizing a cascade impactor and a dif- 

fusion battery with condensation nuclei counter on atitanim. 
.dioxide test aerosol are presented in Figure 4.18. 61 

As a result of very positive laboratory-scale test results, 

the Electric Power Research Institute is sponsorinq an on-going 

d-1-t program for tk pre-imizer.62 Fmanic evaluations 

indicate potential cost savings on new systems and retrofit upgrades. 
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Figure 4.18 Penetration Versus Aerodynamic Particle Diameter for Low Gas Flow. 



4.8 MISCELLANEOUS 

Flux force/condensation scrubbers and electrostatic fil- 

ters are two devices currently under development that have a high 

degree of potential for removing fine particulate matter effi- 

c ie l~  lly . 
Flux force and vapor condensation effects have been shown 

to cause high removal efficiencies for fine particles in low en- 

ergy scrubbers. 63 These effects can be induced by- the cooling . .. 

of a hot humid gas in contact with cold liquid, the condensation 

of injected steam, or .other means. Particle removal is aided by 

a temperature gradient, a vapor concentration gradient, vapor. 

condensation, particle growth due to vapor condensation or com- 

binations of the four. Pilot test results using a five-plate 

scrubber have indicated efficiencies in excess of 90% for 0.5- 

micron size particles at pressure drops in the area of 13 in. 

W.C. 61 By contrast, collection efficiencies for particles in 

this size range in a conventional five-plate s'crubber with no 

induced condensation effect are almost negligible. 

Electrostatic filters are also being investigated,as a 

result of their potential to enhance fine particle capture. 64 

Recent work has shown that charged particles can be effectively 

collected by a bed of knitted fibers having a high bed volume/ 

fiber vuluine ratio and very low precsure drop. 65 Collection ef- 

ficiencies for particles in the 0.06-0.7-micron size range have 

approached 99% at superficial gas velocities ranging from 1.5-.3.0 

fps . 
Although foam scrubbing.has been shown (on a pilot scale) 

to be a viable method for removing fine ~articulates,~~ there are 
. . 

a nuder of limitations .that malre it ~ n a p ~ r ~ ~ ~ i ~ t ~  for use witll 
coal-fired utility boilers. Foam scrubbing involves rather basic 

operations,such as pumping the liquid and gas and using a spin- 

ning disk to destroy the foam. The foam is generated by forcing 

an aerosol through a Screen sp~ayed with a ~urfastant liquid. 

Particle collection is believed to take place mainly by diffusion 



and sedimentation. To achieve high removal efficiencies for fine 

particulates, very low flow rates and high residence times would 

be required; this would necessitate extremely large units. Al- 

though projected capital costs would be comparable to convention- 

.a1 electrostatic precipitators, operating costs under even the 

most ideal conditions would be an order of magnitude greater than 

those for the most expensive conventional control method -- the 
high energy wet scrubber. High operating costs are principally 

associated witli the cost of the surfactant. 

High-gradient magnetic separation was eliminated from 

consideration with coal-fired boilers,bacause iL is only e f f e c t i v e  

in removing particles with sufficiently high magnetic suscepti- 

bility. Such particles are found only in certain process streams-- 

e.y., those ot the iron, steel and ferroalloy industries. 
6 7  

Granular bed filters for fine-particle control are still 

in the developmental stage, primarily as clean-up devices on high 
I i temperature and high pressure gas streams such as those experi- 
I 

enced in coal. gasification systems. In general, the higher ef- 

ficiencies can be achieved only with the finer-siecd granules. 

Since the grid support structure m u s t  ha17e crpeningc omaller Lthar~ 

the granules, there i s  a tendency to accu~~lulate dust deposits on 

the grid, eventually causing plugging. Another potential problem 

is re-entrainment, Dust loosened during the clganing cycle may 

subsequently be carried directly to the stack. These potential 

handling and cleaning problems necessitate furt.her research bcr 

fore the usefulness of granular bed filters on conven- 

tional coal-fired boilers can be determined conclusively. 



5 CONTROL TECHNOLOGY COMPARISONS 

In this chapter, the. various conventional control devices 

are compared on both an energy-usageand aneconomicbasis. Aneval- 

uation methodology is also established for the comparison of ex- 

isting control technologies for both conventional and novel 

control devices with respect to three levels of new source per- 

formance standards: 0.1 lb particulate/MBtu (current), 0.05 lb/ 

MBtu and 0.03 lb/MBtu. This analysis can provide: (1) a com-' 

parison of the effectiveness of .the different conventional devices 

for fineparticulate control from coal-fired utility boilers, and 

(2) a rough guide for the selection of those novel devices that 

offer the best commercialization potential for the control of 

fine particu'lates from coal-fired utility boilers. 

5.1 ENERGY 

The energy penalty must be considered when calculating the 

costs of emission control systems. Electrical power consumption 

by the emission control process reduces the net amount of power 

, , 
generated and additional ~tusare required to produce a net kilo- 

5 

watt-hour of electricity. particulate emission control methods 

cause losses in net generation by a power plant that may require 

additionalgenerating capacity. Factors that affect the cost of 

diverting a portion of a utiiity's electric generating capacity, 

either to supply the energy requirements of environmental control 

equipment or to replace lost a-ci~,, are listed below: 
68 

A. Percentage o.f boiler unit capacity needed to. supply 

the electrical energy requirements of environmental 

control equipment 

B. Percentage.of the total boiler system capacity to be 

equipped with environmental control equipment 

C. . Boiler system capacity in MW 

D. . Annual load growth of the boiler system. 

E. Size of reserve capacity in the year that the 

environmental control equipment is added 



F. Res.erve boiler capacity requirement 

U n i t  reliability by type of unit 
U n i t  reliability by size of unit 
S h a p e  of load curve 
O ~ i x  of boiler generating capacity 
@Maintenance and overhaul 

G. Capability of boiler system interconnections 

H. Potential for interchange purchases and sales of 

electrical energy 

QShort-term firm 
Economic transactions 

1. Availability - of boilcr unit par . t io ipa t ion  

J. Cost per KW of added generating capacity 

F o r  each type of capacity (i.e., nuclear, 
fossil, steam, gas turbine) , 

.~conomics of scale 

.Price escalation 

K. Cost and availability of fuels 

L. .Load characteristics 

* ~ o a d  factor 
~ e l a t i v e  magnitude of monthly peak loads 

M. Mix of generating plant capacity, present and future 

N. Financing cost parameters, including cost of capital, 

depreciation, tax rates and insurance 

Values of the capacity losses due to the control options evaluated 

are presented in Table 5.1, expressed as a percentage of the 
68 plant's gross generating capacity. 

. .- . . . .. . .. , , 

The energy penalties associated 'with particulate emission 

control devices vary depending upon the control method-used. 

Energy is consumed by fans, motors, pumps, ash-handling equipment 

and, in the case of an E S P ,  the electrical energization of the 
collecting surfaces. Table 5.1 presents these penalties as a 

percentage of the plant's gross generating capacity.68 (,Refer 

to reference 68 for additional information on control equipment 

performance specifications required to achieve the various out- 

let loadings.) Table 5.2 presents the energy penalty as an 

annualized charge in mills/kWh (with electrical costs calculated 

at 25 mills/kWh) . 68 



Table 5.1 Capacity and Energy Penalties Associated with Particulate Control 

' Alternatives Expressed as a Percentage of Gross output6' 

Fabric filtersa Electrostatic precipitators Venturi scrubbers 
b 

NSPS Boiler Capacity Energy Capacity Energy Capacity . Energy 
Regulation Sulfur, Ash, capacity, penalty, penalty, . penalty, , penalty, penalty, penalty, 

level ,e a- - m%~atts..  .. .I.,$+-_ % % % . %  % 

1000 
J 

0.10 lb /MBTU 0.8 8.0 2 5 
(existing) 

100 

500 0.23 0.23 0.42 0.42 

1000,. 0.22 0.22 ' 0.41 0.41 

.- - .. - 

.a~evel examined was 0.0309 lb /MBTU. Fabric filters are inherently extremely high efficiency devices.- 

b~osts are for Venturls'as an integral part of a flue gas desulfurization sy&em.' Energy would be 
unreasonable to achicvc a 0.03 IhLf4BTU standard. (Note: Venturi scrubber costs do not include stack gas reheat 
penalty. ) 



Table 5.2 Energy Penalties Associated with Particulate Control Alternatives ~x~ressed 

. i n  Mills per Kilowatt  our^^ 

Particulate control alternative 

Fabric filtersa Electrostatic precipitators Venturi scrubbers b -- 
Boiler 

Rey ulation Sulfur, Ash, capacity, Energy penalty, Energy penalty, Energy penalty, 
level % % megawatts m/kwh m/kwh m/km 

0.10 lb /MBTU 
(existing) 

a~evel examined was 0.0309 lb /MBTU. Fabric filters are inherently extremely high efficiency devices. 

b~osts are for Venturis as an integral part of a flue gas deaulfurization system: Energy penalties would be 
unreasonable to achieve a 0.~03 .lb/MBTU standard. (Note: Venturi scrubber costs do not include stack gas reheat 
penalty. ) 



. 5.2  ECONOMICS . , 

The capital and annualized costs of particulate control 

systems can vary depending on several factors. Factors of major 

cost impact are boiler size and capacity factor,. type 0.f partic- 

ulate control system, ash content and heating value of the coal, 

maximum allowable particulate emission rate, boiler status (new 

or retrofit installation) and replacement power requirements. 

The capital cost of a particulate control system is corn- 

:posed of direct costs incurred up to the successful commissioning 

date of the facility. .Direct costs include the costs of varibus 

items, including land and site preparation and the labor and mat- 

erial required for installing the equipment and interconnecting 

the system. Indirect costs are costs that are necessary for the 

overall facility but cannot be attributed to a specific equipment 

item. Numbered among these are such items as freight, spares, 
.interest, taxes, etc. Operating costs of a facility include 

labor, raw materials and uti.llties required to operate the sys- 

temon aday-to-day basis. Amongthese costs are such items as 
electricity, water, o~eratlng labor, etc. A brief description 

of the capital and annual operating cost companents and the pro- 

cedure used to obtain their values is presented below. 68 

5 .2 .1  C a p i t a l  C o s t s  

A discussion of capital costs for particulate control sys-- 

tems follows,under the headings "Direct Costs" and "Indirect 

Costs. " 

' 5 . 2 . 1 . 1  Direct C o s t s  

The "buy-out" cost of the equipment and the cost of in- 

stalling it are considered direct costs. Installation costs also 

include the' interconnection of the system, which involves piping, 

electrical and other work for aommiccioning thc system. Instal- 

lation of the equipment includes foundations, supporting struc- 



tures, enclosures, piping, ducting, control panels, instrumenta- 

tion, insulation, painting and other,similar items. Costs for 

interconnection of the various particulate control equipment in- 

volve site development, construction of access roads and walkways 

and the establishment of rail, barge or truck facilities. The 

cost of administrative facilities is also considered as a part of 

the direct costs. 

Various procedures for estimating the direct costs are 

available, each using a different route to obtain an installed 

cost of a facility. In this study, the installation-factor tech- 

nique is used to estimate total direct costs. 

The buy-out cost of each equipment item is nlultiplied by 

*.. an individual installation factor to obtain the installed cost. ..,. +!! 

This installed cost also ,includes the proportional cost of inter- I + 

connecting the equipment into the system. The installation fac- 

tors are based on the complexity of the equipment and the cost of 
I 

the material and labor qequired. The installed costs of all the I 

equipment are added together to obtain the total direct cost of . L. 
< .  

the facility. 
. . 

Direct capital costs for an electrostatic precipitator 

entail the purchase and installation of the ESP, the ducting 

connec.ting the ESP to the unit, and the ash-handling and disposal 

system. The ESP includes the housing, discharge electrodes, col- 

lecting plates, distribution plates, rappers, transformer-recti- 

fiers, insulators, bracing, supports, hoppers and foundations. 

The direct capital costs of a Venturl scrubber require the 

purchase and installation of equipment, including the scrubber 

pumps, circulation tanks, tie-in ducting, foundations and support 

and a sludge disposal system. 

The direct capital costs for a'fabric filter include the 

purchase and installation of the fabric filter, ducting connect- 

ing the fabric filter to the unit, and the ash-handlina and disposal 

system. The fabric filter includes the h ' u ~ ~ g ,  bag supports, bags, shak- 



ers or reverse air system, insulation, bracing, supports, hoppers 

and foundations. 

5 .2 .2 .2  Indirect  Costs 

The indirect costs of particulate control systems include 

the following: ' 

Interest: accrued before and during construction on bor- 

rowed capital. 

Engineering costs: include administrative, process, pro- 

jects and general; design and related functions for specifica- 

tions; bid analysis; special studies; cost analysis; accounting; 

reports; purchasing; procurement; travel expenses; living ex- 

penses; expediting; inspections safety; communications; modeling; = 

pilot plant studies; royalty payments during construction; train- r 
ing of plant personnel; field engineering; safety engineering . 

and consultant services. q 

Field overhead: includes the cost of securing construc- 

tion and emission permits and right-of-way sections and the cost 
;' 

of insurance for the equipment and personnel on site. 

Freight: includes delivery costs on process and related 

equipment shipped f.0.b. point of origin. 

Off-site expenditures: include those for powerhouse modi- 

fications, interruption of power generation and service facilities 

added to the existing plant facilities. 

Taxes: include sales, .franchise, property and excise taxes. 

Spare parts (stocked to permit maximum process avail- 

ability):. include pumps, valves, controls, special piping and' 

fittings, instruments and similar items. 

Shakedown: includes the costs associated with the system 

start-up. 

Contractor's fee and expenses: include costs for field 

labor payroll; supervision field office; administrative personnel; 



construction offices, temporary roadways, railroad trackage, 

maintenance and welding shops, parking lots, communications, 

temporary piping and electrical and sanitary facilities, rental 

equipment, unloading and storage of materials, travel expenses, 

permits, licenses, taxes, insurance, overhead, legal liabilities, 

field testing of equipment, start-up and labor relations. 

Contingency costs: include those resulting from malfunc- 

tions, equipment design alterations and similar unforeseen sources. 

L C L I ~ ~  cost: includes only the cost of the land required for 

ash disposal. The cost of land for installing equipment items is 

accounted for in the installation factors. 

All the.indirect cost components, except the land cost, are 
, .. . 

estimated by multiplying the direct costs by an indirect cost 

factor; the land cost is based on land rate and the disposal area 

required. 

kl, 
5.2.2 Annual Operating Costs 

1: . Generally calculated on an annual basis, the operating 

i.. costs of -a particulate control system are cornnosed of: 

utilities: include water for slurries, and electricity for 

pumps, fans, valves, charging electrodes, rappers, compressed air 

systems, lighting and controls. 

Operating labor: includes supervision and the skilled and 

unskilled labor required to operate, monitor and control the 

system. 

Mai.n,t,en:a~Yce and repairs : consist of both manpower and 

materlals,such as replacement bags, to keep the units operating 

efficiently. The function of maintenance is both preventive and 

corrective, to keep outages to a minimum. 

Overhead: represents a business expense that is not 

charged directly to a particular part of a process but is allocated 

to it. Overhead costs . . include tmes,, achhdstrative, safety, engineering, legal 



and medical services; payroll; employee benefits; recreation ana 

public relations. 

5.2.3 Annua 2 Hevenue Requirements 

The capital investment of a pollution control system is 

generally translated into annual fixed charges. These charges, 

along with the annual operating costs, represent the total re- 

venue requirement of a particulate control system. The annual 

fixed charges are classified under four cost components: 

Depreciation: The value of the depreciation component is 

'obtained by using a straight-line depreciation over the life, of 

the pollution control system. A 20-year life is usually assumed 

for depreciation purposes. The annual cost is calcu.lated by 

dividing the total capital investment by the assumed years of life. 

Taxes: The value of the tax component is calculated by 

multiplying the total capital cost by the input tax rate. The 

tax rate can vary for different plants. 

Insurance: The value of the insurance component is obtained 

by multiplying the total capital cost by the insurance rate for 

the pollution control system. A constant insurance rate of 0.3 

percent is assumed. 

Capital charges: The.value of capital charges represents 

the interest paid per year for the usage of capital. The value 

of this component depends on the applicable r.ate of interest for 

the borrowed capital. The value is obtained by multiplying the 

total capital cost by the input interest rate. 

The total annual fixed charges are obtained by adding the 

values of the abovg four components. The total annual revenue 

required can then be obtained by adding the annual operating costs 

to the total annual fixed charges. 

A model plant approach is used in estimating the costs of 

particulate control on new coal-fired boilers. .Typical plants 

are defined,with characteristics intended to be representative 



o f  t h e  e lect r ic  u t i l i t y  i n d u s t r y .  C h a r a c t e r i s t i c s  o f  t h e  model 

p l a n t s  a r e  p r e s e n t e d  i n  Tab le  5.3. 68 Analyses  o f  t h e  c o a l s  used 

i n  t h e  c a l c u l a t i o n  o f  c o s t s  a r e  g iven  i n  Tab le  5.4. 68 The model 

p l a n t s  w e r e  s e l e c t e d  t o  i n c o r p o r a t e  f o u r  va ry ing  c o s t  f a c t o r s :  

p l a n t  s i z e  ( c a p a c i t y ) ,  p a r t i c u l a t e  c o n t r o l  system t y p e ,  c o a l  

a n a l y s i s  and d e g r e e  o f  p a r t i c u l a t e  c o n t r o l  r e q u i r e d .  B o i l e r  s i z e s  

o f  25,  100 ,  200, 500 and 1000 MW w e r e  s e l e c t e d  t o  cover  t h e  range  

o f  new c o a l - f i r e d  u t i l i t y  b o i l e r s .  

Three  r e g u l a t i o n  l e v e l s  w e r e  chosen f o r  t h e  a n a l y s i s  i n  

o r d e r  t o  de t e rmine  t h e  economic impact  of  t i g h t e n i n g  t h e  NSPS f o r  

p a r t i c u l a t e  e m i s s i o n s  from u t i l i t y  c o a l - f i r e d  b o i l e r s .  The l e v e l s  

examined w e r e  0 . 1  lb/MBtu, 0.05 lb/MBtu and 0.03 lb/MBtu, b u t  a l l  

' t h r e e  l e v e l s  were n o t  i n v e s t i g a t e d  f o r  a l l  t h r e e  t y p e s  of c o n t r o l  

sys tems .  

E l e c t r o s t a t i c - p r e c i p i t a t o r  c o s t s  t o  m e e t  a l l  t h r e e  re- 

g u l a t i o n  l e v e l s  w e r e  ' analyzed.  . . Design paramete rs  used f o r  t h e  

e s p s  are p r e s e n t e d  i n  Table.  5 .  568 

Due t o  t h e i r  i n h e r e n t  h igh  e f f i c i e n c y ,  t h e  c o s t  o f  f a b r i c  

f i l t e r s  was ana lyzed  o n l y  f o r  meet ing t h e  0 .03 l b / ~ ~ t u  , r e g u l a t i o n  

l e v e l .  Design pa rame te r s  f o r  t h e  f a b r i c  f i l t e r s  are a l s o  pre-  

s e n t e d  i n  Tab le  5.5. Ventur i - sc rubber  c o s t s  t o  m e e t  t h e  0 .1  and 

0.05 lb/MBtu levels w e r e  de te rmined ,  w i th  t h e  c o s t s  r e f l e c t i v e  

o f  V e n t u r i s  used w i t h  f l u e  g a s  d e s u l f u r i z a t i o n  sys tems.  Design 

pa rame te r s  for t h e  V e n t u r i  s c r u b b e r s  a r e  p r e s e n t e d  i n  Tab le  5.5. 
The two c o a l  t y p e s  p r e s e n t e d  i n  Tab le  5 . 4  were used i n  each case- 

A summary o f  t h e  r e s u l t s  o f  t h e  c o s t  a n a l y s i s  f o r  p a r t i c -  

u l a t e  c o n t r o l  i s  p r e s e n t e d  i n  Tab l e  5.6. G 8  The costs a r e  i n  

August  1980 d o l l a r s  and i n c l u d e  e s c a l a t i o n  through p r o j e c t  com- 

p l e t i o n .  The e s c a l a t i o n  r a t e  used was 7.5 p e r c e n t  p e r  y e a r .  

The r e s u l t s  c l e a r l y  i n d i c a t e  t h a t  f o r  t h e  ESPs and sc rub-  

b e r s ,  c o s t s  i n c r e a s e  a s  t h e  emiss ion  l i m i t  i s  lowered.  A t  t h e  

0 .1  lb/MBtu l i m i t ,  ESPs are more economical  on h i g h - s u l f u r  c o a l  

t h a n  Vent l l r i  s c r u h h e r ~ ~  wh.ile Y e n t u r i s a r e  more economical  on 



Table 5.3 Model Plant Pa ra te r s  and Assqt ims 
-- .. . - 

Used in the Particulate control Analysis6* 

Model plant parameters Characteristics and assumptions 

Plant capacities, MW 25, 100, 200, 500, and 1000 (single boilers) 

Plant status 

Coal characteristics 

Particulate control requirements 

Location 

Boiler data 

.Capacity factor 

New 

(See Table 5.4) 

(1) The existing NSFS of 0.1 lb/106 Btu heat input. 
(2) 0.05 lb/106 Btu heat input 
(3) 0.03 lb/106 Btu heat input 

Midwest location - East North Central Region. 

Assumed 0.65 for all plants 

Capacity, fi1W 
Heat ra*,69 Flue gass9 

flow rate, Remaining 
Btu/kbh ACFM/MW life, vr 

Heat rates, flue gas. flow rates 
.and remaining life 

Flue gas temperature Assumed 310O~ for all plants 



Table 5.4 Coal Analyses Used.in Calculating 
Particulate Control ~ o s t s 6 ~  -- 

Coal type , Sulfur,. % Ash, % Heating value, 
\ by wt. by wt. Btu/lb 

Eastern bituminous 3.5 14 12,000 

Western sub- 
bituminous 

low-sulfur coal applications. 

If Ll le  e111iss10n limitation were lowered to 0.05 lb/MBtu, 

the capital costs of a cold-side ESP when burning high-sulfur 

coal would increase about 5% for a 500-MW unit, while the capital 

costs of a hot-side ESP with western low-sulfur coal would in- 

crease about 30 percent. Annual costs would be similarly affected, 

with increases of 5% and 30% for the cold-side and hot-side appli- 

cations, respectively. 

If the regulation levelwere reduced from 0.1 lb/MBtu to 

0.03 lb/MBtu, the capital cost of a hot-side ESP with low-sulfur 

coal would increase by 19%. Annual costs would hc increaccd by 

53% for the low-sulfur case and by 19% for the high-sulfur case. 

For this level, the most economical option o'n low-sulfur coal is 

a fabric filter. cornparedwitha hot-side ESP, a fabric filter on 

a 500-MW boiler burning western low-sulfur coal costs 28% less 

with respect to capital costs and 48% less with respect to annual 

costs. 

The advantages and disadvantages of using electrostatic ' 

precipitators, fabric filters and wet scrubbers on .coal-fired 

utility boilers are summarized in Tables 5.7 through 5.9. 44 

5 . 3  LOW-SULFUR COAL ALTERNATIVES 

Conventional technology to handle low-sulfur coal emissions 

can take one of the following approaches (excluding wet scrubbers): 



Table 5.5 Particulate Emission Control 

Device Design Parameters 68 

* Eastern bituminocs coal, 3.5% sulfur. 
** Western subbituminous coal,.0.8% sulfur. 

Control sytem 

ESP 

Fabric filter 

Venturi scrubber 

Design paramerer 

Type, hot or cold 

SCA, ft2/1000 ACFM 

Temperature, OF 

Air-to-cloth ratio 
A C F M / ~ ~ ~  

L/G ratio, A Z M  
lga1/1000 ACF) 

Gas velocity, - 
ft/sec 

Pressure drop, 
in. H20 

Requlation level, lb/106 Btu 
* 

0.1 0.05 0.03 

Cold Cold Cold 

2 40 3 00 360 

3 10 310 3 10 

2:l 

15 15 

125 125 

8 3 0 

* * 
Regulation level,lb/lo6 ~ t u  

0.1 0.05 0.03 

Hot Hot Hot 

400 550 650 

700 700 700 

2:l 

15 15 

125 125 

8 

I 

I 



Table 5.6 Costs of particulate Control Alternatives 68 

Regulation 
level 

Coal 
Sulfur, Ash, 

% % 

Particulate control alLsr~ldLive 
Fabric filtersa 

,. 
Electrostatic precipitators Venturi scrubbers- 

Boiler Annual cost, Annual cost, Annual cost, 
capacity, Capital cost, mills/kWh Capital cost, mills/kWh Capital cost, mills/kWh 
megawatts $/kW O&M Fixed $/kW O&M Fixed $/kW O&M Fixed 

3.5 14.0 2 5 

inn 

B Y .  MU 

53.16 

28.21  

24 .76  

134.60 

76.06 

52.53 

.. .. -. --- 
a~evel examined in a 0.0309 lb /~Btu. 

b~bsts are for Venturis as an integral part of a flue gas desulfurization system. 



Table 5.7 Advantages and Disadvantages of Using 
P r e c i p i t a t o r s  on Coal-Fired U t i l i t y  ~ o i l e r s ~ *  

Cont ro l  dev ice  Advantages Disadvantages 

E l e c t r o s t a t i c  P rec ip i -  1) Can be designed 1) 
t a t o r  t o  p rov ide  h igh  

c o l l e c t i o n  e f  f i -  
c i ency  f o r  a l l  
s i z e s  of p a r t i -  
cles from sub- 
micron t o  t h e  
l a r g e s t  p r e s e n t ;  
new des igns  can 
meet s t r i n g e n t  2  
p a r t i c u l a t e  r e -  
g u l a t i o n s .  

2 )  Economical i n  
o p e r a t i o n  be- 
cause  of  low 3 ) 
i n t e r n a l  power 
requirements  and 
i n h e r e n t l y  low 
d r a f t  l o s s ;  h igh  
r e l i a b i l i t y .  .4 ) 

3)  Can t r e a t .  very  
l a r g e  gas  f lows .  

4 )  F l e x i b l e  i n  gas 
t empera ture  used,  5)  
ranging  from as 
low as 200°F t o  
as h igh  as 800°F. 

5)  Long u s e f u l  l i f e ,  
i f  p r o p e r l y  m a i i i -  
t a i n e d .  

6)  ' No wa te r  p o l l u t i o n  
p o t e n t i a l  

High r e s i s t i v i t y  
of low-sulfur  
c o a l  f l y  ash de- 
graded performance 
of c o l d  p r e c i p i t a -  
t o r  n o t  des igned 
f o r  t h i s  t y p e  of 
f u e l .  

Discharge wi re  
breakage and ash 
hopper plugging 
a r e  p o t e n t i a l  main- 
tenance problems. 

E f f i c i e n c y  i s  
s e n s i t i v e  t o  change 
i n  c o a l  c h a r a c t e r -  
i s t i c s .  

P o t e n t i a l  explo- 
s i o n  and f i r e  pro- 
blems dur ing  s tar t -  
up because of  h igh 
v o l t a g e  spa rk ing .  

High-voltage ha- 
za rds  t o  personne l  
i f  n o t  p rope r ly .  de- 
s igned .  

7 )  Extensive h i s t o r y  
of  a p p l i c a t i o n .  



Table  5 .8  Advantages and Disadvantages of Using W e t  

Scrubbers  on Coal-Fired U t i l i t y  ~ o i l e r s * ~  

Con t ro l  dev ice  Advantages Disadvantages 

Wet sc rubber  1) Smal le r  space ire- 
yuiremenes rhan 
p r e c i p i t a t o r  o r  
f a b r i c  f i l t e r .  

2)  Not a f  f e c t e d  by 
changes i n  e l e c -  
t r i c a l  charac- 
t e r i s t i c s  o f  f l y  
ash .  

3 )  N o  h igh-vol tage  
hazard .  

4 )  High o v e r a l l  
mass c o l l e c t i o n  
effieieney. 

5) Combined c o l l e c -  
t i o n  o f  p a r t i -  
c u l a t e s  and s u l -  
f u r  ox ides .  

1) C o l l e c t i o n  , e f f i -  
ciency deereases 
r a p i d l y  w i t h  de- 
c r e a s i n g  p a r t i c l e  
size. 

2)  Maintenance c o s t s  
a r e  h i g h e r  t h a n  
f o r  p r e c i p i t a -  
t o r s  and f a b r i c  

, f i l t e r s .  

3)  Water p o l l u t i o n  
c o n t r o l  r equ i r ed  
f o r  s c rubbe r  e f  - 
f l u e n t .  

4 )  Grea te r  pressi-lre. 
d rop  and r e s u l t -  
' i ng  h i g h e r  power 
demand needed f o r  
h igh  e f f i c i e n c y .  



Table 5 . 9  Advantages and Disadvantages of  Using 

F a b r i c  Fi l ters  on Coal-Fired U t i l i t y  ~ o i l e r s ~ ~  

Con t ro l  dev ice  Advantages Disadvantages 

Fab r i c  f i l t e r  1) C o l l e c t i o n  e f f i c i -  1) 
ency e s s e n t i a l l y  i n -  
d e p e n d e n t . ~ £  s u l f u r  
c o n t e n t  i n  c o a l .  

2) High o v e r a l l  mass 
and f r a c t i o n a l  co l -  2 )  
l e c t i o n  e f f i c i e n c y .  

3) C o l l e c t i o n  e f f i c i -  
ency and p r e s s u r e  
drop a r e  r e l a t i v e l y  
. ! inaffected by 3 
changes i n  i n l e t  
g r a i n  l oad ings  f o r  
con t inuous ly  c lean-  
ed  f i l t e r s .  

4 )  No water  p o l l u t i o n  
p o t e n t i a l .  

4 1 
5) Corrosion i s  usual'ly 

no t  a problem. 

6 )  No h igh-vol tagehaz-  
a r d ,  t h u s  s imp l i fy -  
i n g  r e p a i r s .  5 

Higher ' p r e s s u r e  
drop  t h a n  ESP 
r e s u l t i n g  i n  
h i g h e r  energy 
consumption. 

High gas  temper- 
a t u r e s  (.300-500°F) 
r e q u i r e  s p e c i a l  
f a b r i c s  o r  g a s  
p r e c o o l e r s .  

Fab r i c  l i f e  is  
d i f f i c u l t  t o  est- 
imate;  may be 
sho r t ened  i n  t h e  
presence .  of a c i d  
o r  a l k a l i n e  par-  
t i c l e s .  

Low.a i r - to -c lo th  
r a t i o s  r e q u i r e  
l a r g e  amounts of 
space (1700 f t 2 /  
Mw) 

Condensation of  
mo i s tu re  may, 
cause  c r u s t y  de- 
p o s i t s  o r  plug- 
g ing  of  t h e f a b -  
r i c  o r  r e q u i r e  
s p e c i a l a d d i t i v e s .  



cold-side electrostatic precipitator with greater SCA 
hot-side electrostatic precipitator 
cold-side electrostatic precipitator with gas 
conditioning 
fabric filter baghouse 

These approaches were recently compared economically for a 500- 

600 MW boiler with the design parameters in Table 5.10. 
69 ' 

The 

conclusion of this study was that the baghouse system required 

the least total investment, followed in order by gas conditioning, 

hot ESP and cold ESP (cf. Fiqures 5.1 and 5.2). 69 1n t e r m s  of 

annual'cost, the baghouse and gas-conditioned ESP are rated about 

the same, followed by the hot ESP and t .he  expanded cold ESP. 

Based on the above cost data alone, it may be concluded 

that when the sulfur content is above 2%, the cold precipitator 

is more economical than the baghouse; below 1%, the baghouse is 

more economical. Between 1 and 2% sulfur content, the economics 

are very heavily influenced by the particulars of the individual 

case, some ot which are discussed in more detail in Section 5.5. 

Table 5.10 500-600 MW Boiler ~esign Parameters 69 

Cold ESP 
Parameter Hot ESP Cold ESP W/Condi- Baghouse 

' tioninq 

Flow rate,, kACFM 3640 2500 2500 2500 

750 300 300 Temperature, 9 F 300 

Efficiency, % 99.5 99.5 99.5 99.5 

Area require- 28,000 35,000 19,000 32,000 
ments (:.exclud- 
ing f lues),..ft2 



:Hot Pptr Cold Pptr Cold Pptr Baghouse , 
Gas Cond. 

Figure 5.1 )Total Investment - Summary 6 9 



Hot Pptr Cold Pptr Cold Pptr Baghouse 
Gas Cond. 

Figure 5.2 Annual Cost - ~ u r n r n a r ~ ~ ~  



5.4  ' EFFECT OF TURNDOWN 

Boiler exhaust volumes fluctua'te with load,and any air 

pollution control system must be able to compensate for, such 

variations. Air pollution control equipment is normally designed 

for maximum load. When the load'is reduced, the efficiency of 

both ESP and fabric filter will increase. When this occurs 

during scrubber operation, although the scrubber can react by 

compensation mechanism, the turndown capability is usually limited, 

depending on scrubber type and system arrangement. In certain 

cases, where the turndown is excessive, the scrubber efficiency 

will decrease. 

5.5 CONTROL TECHNOLOGY COMPARISON ASSESSMENT 

The present New Source Performance Standard (NSPS) for 

coal-fired power plants is 0.1 lb particulate/MBtu heat input. 

At this time, the revised standard has not been officially pro- 

mulgated. However, for the purposes of analysis and evaluation, 

it is assumed that it will be either 0.05 lb/MBtu (more stringent 

.. ~ 

. , 
case) or 0.03 lb/MBtu (most stringent case) . 

In an attempt to provide an answer to the question "Can a 

control device realistically and practically achieve the proposed 

New Source Performance Standard of 0.03 lb/MBtu?", a list of pa- 

rameters th.at .affect the answer to this question has been pre- 

pared. These parameters are shown as headings in ~ables 5.11 through, 

5.13 ,'70 hereafter referred to as the BRAT (guonicore , _~e~noids 
And - Theodore) - charts, for the three different NSPSs as applied 

to conventional control equipment. An attempt to perform this 

analysis on novel control equipment - - has also been made; this 

development is presented later in this section. 

One method of obtaining a quantitative answer to the above 

question is for a group of experts to assign simple index numbers 

to each category (parameter) based on their knowledge70, a higher 
number reflecting a more attractive answer to the NSPS question. (For 



I-' 
05 
0) 

Table 5.11 Conven:icnal Control Equipment 

6 70 NSPS: ' 3.l l b  ?art iculate/ lO l3tu 

- -- 

Degree cf Energy Second- Turndown Standards Weighted 
Technol- Commercial- R e l i G r l -  Require- ary Envi- Capakil- Flex- Composite Arithmetic 

Category - OW izat ion Cost i t 7  nents ronmental i t y  i b i l i t y  Score Mean Index 

Index 
Number - 100 6 0 8 0 53 60 30 3C 4 0 450 1.00 

Rawe 

Cold ESP 100 60 7 0 6 1 60 25 15. 2 0 410 \ 0.91 

Hot ESP 100 4 0 60 5 3 60 2 5 I> 15 365 0.81 . - 

Baghouse 10 0 4 0 6 5 5 5 50 2 5 2 3' 40 395 0.88 

Scrubber 100 5 0 5 0 4 0 1  20 5 IJ 15 295 0.66 
- - 

Table 5 . 1 2  Conventional Control Equignent 

Degzee of Energy Second- Turndown Standards Weighted 
Technol- Zommercial- ReLlabil- F.equire- ary EnvL- Zapabil- 'lex- Composite Arithmetic 

Category 4 ogy iza-ion Cost i t y  rrenzs ronmental i ::/ i b i l i t y  Score Mean Index 

'Index 
Number +. 1 0 0 6 0 8C 60 6 0 30 2 0 4 0 450 1.00 

Range 

Cold ESP 9 5 40 . 6 0 5 0 55 25 15 20 360 0.80 

.Hot ESP 9 0 30 50 L 0 5 5 2 5 15 15 320 0.71 

Baghouse 10 0 - . 40 6 5 55 5 0 2 5 2 0 4 0 395 0.88 

Scrubber 9 5 20 35 2 0 2 0 5 15 5 2 15, 0'. 48 



Table 5.13 Conventional Control Equipment 
6 70 . NSPS: 0.03 lb Particulate/lO .Btu - 

Degree of ~ n e r g ~  Second- Turndown Standards Weighted 
T~chnol- Commercial- Reliabil- Require- ary Envi- Capabil- Flex- Composite Arithmetic 

Category - O W  ization Cost ity . ments ronmental ity ibility Score Mean Index 

Index 
Number -+ 100 60 80 60 60 . 30 20 40 . 450' 1-00 
Range C' 

Q; 
a 

Cold ESP . 90 , 30 4 0 . 40 5 0 2 5 15 15 305 0.68 

Hot ESP 80 25 30 3 0 5 0 25 15 10 2 65 0.59 

Baghouse . . 100 3 5 65 55 4 5 25 2 0 4 0 385 0.86 

- .  Scrubber '75 10 15 3 5 5 15 5 135 0.30 



example, a higher number in the Reliability category indicates 

greater reliability; a higher number in the Cost category indi- 

cates lower relative cost.) However, the assignment of simple 

index numbers, based on the same index number range for each 

category, does not take into account the relative importance (or 

the "weight") of the various parameters involved. This type of 

indexing is referred to as unweighted, and an unweighted index 

number analysis can often be rather meaningless. (For example, 

if the consumer price index were based on t h e   nit price of edc11 

of the consumer items used by a typical family, d ~ ~ d  if no con- 
sideration were given to the relative importance of these i t ~ m s ,  

L11e  price Index would not give a true picture of the amount spent 

for such items by the typical family.) To overcome this dis- 

advantage, one cdn use a weighted index number and obtain a 

weighted aggregate index (or composite score) and a weighted 

arithmetic mean index. 

Weighting factors have been assigned Lo each category be- 

low by varying the index number  sangc. The ri~dynitude ot the . . 

range depends on the significance or importance attached to 
U .<. each category. Because the relative impsrlal~ce of: the categories . &  . 

under study can change from month to month oi Irum year to year, 

and because parameters must often be added or deleted, the 

weighting factors should be periodically updated for continuous 

use of this type of analysis. 

Although this type of approach is subjective, 

particularly in the assignment of both the weighting factors and 

magnitudes of the number i'ndices, the analysis can pr~vidc numer- 

ical answers to the NSPS question for each control device. Per- 

haps more importantly, the analysis provides a comparison of the 

effectiveness of the different devices for fine-particulate con- 

trol. 

The categories and corresponding weighting factors (.index 

number ranges) are .given below for conventional devices: 



technology 0 - 100 
degree of commercialization 0 - 60 

prorated costs 0 - 80 

reliability 0 - 60 

energy requirements 0 - . 6 0  

secondary environmental effects 6 - .  '30 

turndown capability 0 - 20 

performance standard flexibility 0 - 40 

These weighting factors and assigned index'nurnbers were arrived 
' I 

at after a critical evaluation of all available data," some of 

which have been presented earlier in this report. Relative com- 

parisons should be limited to specific new source performance 

levels. 

A brief definition of each category is also in order. 

Technology is primarily concerned with the state of the art; i.e., 

does the control device have the capability of meeting the NSPS? 

The performance capability of the device is also considered in 

this category. (Higher number values are indicative of greater 

capability.) The degree  o f  c o m m e r c i a l i z a t i o n  is concerned with 

industry's applicaGon of the control device. The prora ted  c a p i t a l  

and o p e r a t i n g  c o s t  category is based on estimated annualized 

capital (direct and indirect) and operating (including mainten- 

ance) costs. R e l i a b i l i t y  is included to estimate both downtime 

problems and the device's ability to meet and maintail1 design 

specifications. Energy r e q u i r e m e n t s  (other than cost) is con- 

cerned with the additional power-generating capacity required to 

compensate for the power used by the control device. Secondary 

env i ronmenta l  e f f e c t s  can include such factors as water pollution, 

corrosion, condensation, solid waste pollution, etc. Turndown 

c a p a b i l i t y  provides a measure of the device's ability to handle 

variable (flow rate) loads -- usually below design values. 
S tandards  f l e x i b i Z i t w  provides a measure of the device's ability 

to handle mre stringent regulations. The assigned wight- factors , 
as'.indicated earlier, are based on the relative importance of each 



category relative to the NSPS question, 

Tables 5.11, 5.12 and 5.13 provide results for convention- 

al devices if the NSPSs are 0.1, 0.05 and 0.03 lb particulates/ 

MBtu, respectively. The next to the last column in these charts 

provides a weighted aggregate index or composite score. The 

weighted arithmetic mean, given in the last column, is obtained by 

dividing the previous column value by the sum of the index ranges 

for all categories. 

SQme general trends appear, based on this analysis: 

1. As the .NSPS gets more stringent, the use of a 
fabric filter baghouse becomes more promising. 

. Fur a more stringent NSPS, there is less likeli- 
hood of utilizinq wet s c r i i h b ~ r ~ .  

3. At the lowest .NSPS. level, the choice of baghouse 
or electrostatic precipitator will probably be 
governed by site specific considerations, al- 
though the BRAT charts clearly indicate that the 
baghouse is superior. 

These trends are also evident in the IGCI booking sta- 
. L 

tistics as presented in Table 5 . 1 4 ~ ~ .  Wet scrubber bookings arc . . 
at their lowest lcvel for the period studied (not inrluding f lue  

y a u  desulLurizatlon systems). Fabric filters are experiencing 

only moderate growth after a general decline in business from 
1974 to' 1975. It might be noted that, in general, the M a t e  fu- 

ture for control equipmen,t looks promising. Initial forecasts 

indicate that 14,000 MW of coal-fired utility boilers will be 

ordered in 1978, up from 8,000 MW bdoked. in 1977. 
I 

The same basic arlalysis has also been applied to novel 

devices, based on available data and information at the time of 

the preparation of this report. The assigned index number for 

each category was deduced assuming novel device plant-size avail- 

ability. Note,-however, that many of these devices have not been 

used or tested on coal-fired boiler particulate emissions; data 

have, in many cases, been obtained for other types of particulates. 



Some of the data and information required to complete these BRAT 

charts were simply not available at this time, necessitating.pro- 

jections, extrapolations, interpolation's, educated assessments, 

etc. Becau'se of this, part.of the analysis consists of projected 

"equivalent" results for coal-fired utility boilers based on data 

and information from other processes; also, the degree  of commer- 

c i a Z i z a t i o n  category ranking was limited to coal-fired boilers. 

In light of past experiences with new and/or evolving technolo- 

gies, most of the economic data must be considered suspect. It is 

not uncommon, for example, for actual costs of control processes 

to be,two or even three times above initial projections. Thus, 

the same leyel of confidence should not be attached to the BRAT 

ch.arts on novel devices as to those for conventional devices. 
These charts should also not be compared directly with those for 

conventional devices. Notwithstanding the above qualifications, 

these novel control equipment BRAT charts may provide the research 

administrator with a guide for the selection of those novel de- 

vices that offer the best commercialization potential for control 

Table 5.14 IGCI New Order Particulate Control 
Equipment Booking ~tatistics*~~ 

Percent of Bookings 

Calendar Electrostatic Fabric Wet 
Year Precipitator Filter Scrubber **  

- 

* Multiple cyclones were not included in this analysis. 

**  Wet Scrubber bookings do not include flue gas 
desulfurization scrubber systems. 



of fine particulates from conventional coal-fired utility boilers. 

Results f0.r novel devices are given in Tables 5.15, 5.16 and 5..17 ' 

for NSPSs of 0.1, 0.05 and 0.03 lb particulate/~~tu, respec- 

tively. 70 



Table 5.15 Novel C~ntrol Equipment 
7 0 

NSPS: 0.1 lb particulate/lo6 Btu . .. . 

Degree of Energy Second- Turndown Standards Weighted 
Technol- Commercial- Reliabil- Require- ary Envi- Capabil- Flex- Composite Arithmetic 

Casegory -+ OgY ization Cost ity ments ronmental ity ibility Score Mean Index 
' ,  . 

- Index ' ' 

. Number -+ 100 60 80 60 60 ' 30 2 0 40 450 1.00 
Rawe 

Two phase 
jez scrubber 

Centripetal . 80 2 0 50 3 5 40 15 l5 2 0 275 0.61 
vortex contactor 

We= filter 

Steam-hydro 
P scrubber 
4 
cii 

Wer ESP 

Electrostatic 
scrubber 

Hybrid we,$ 
precipitator, 

F1.u-force/con- 60 
dexation scrubber 

Elsctrostatic 
fitter 

Fosm scrubber 60 5 30 3 0 40 20 15 2 0 220 0.49 

High gradient 4 5 5 30 3 0 3 0 2 0 15 2 0 195 0.43 
magnetic separator. 

Gravel bed 
filter 



Table 5.16 bovel Control Equipment 

nS2;: l b  par t iculate/ lc6 ~ t u  7 0 

Degree of Energy Second- ' Turndcw~ Standards Weighted 
Techno1.- Commercial- Reliabil-  Require- ary Envi- Capabil- Flex- Composite Arithmetic 

Category 4 OgLJ i r a t i on  Cost i t y  ments rc.nmenta1 i t y  i b i l i t y  . Score Mean Index 

Index 
Number 4 

Range 

Two phase 80 
j e t  scrubber 10 25 35 10 15 15 . 25 215 0.48 . 

e 
centripetala m 10 40 30 3 0 15 1'5 10 220 0.49 
vortex contactor 

Wet f i l t e r  70 10 3 0 3 0 40 15 15 20 230 . 0.51 

Steam-hydro 
P scribber 
4 
m 

Wet ESP 

Elec t ros ta t ic  
scrubber 

Hybrid wet 
prec ip i ta tor  

Flux-force/con-' SO' 5 30 3 5 3 5 15 10 20 200 0.44 
densation scrubber 

Elec t ros ta t ic  
f i l t e r  

Foam scrubber M 0 2 0 25 35 2 0 15 2 0 185 0.41 

High gradient 40 0 2 5 .25 2 5 20 15 15 165 0.37 
magnetic separator 

Gravel bed 
f i l t e r  



Table 5.17 Novel Control Equipment' 

NSPS: 0.03 lb particulate/lo6 

Degrze of Energy Second- Turndown Standards Weighted 
Technol- Commercial- Reliabil- Require- ary Envi- Capabil- Flex- Composite Arithmetic 

Category - ogy . 'ization Cost ity mects ronmental ity ibility Score Mean Index 

Index 
Munber -W 

Range 

Two phase 
jet scrubber 

Centripetal ' 40 
vortex contactor 

. . Wet filter 60 5 25 2 0 3 5 15 10 

Steam-hydro 
scrubber 4 

4 

Wet ESP 

Electrostatic 
scrubber 

Hybrid wet 
precipitator 

Flux force/con- 
,densation scrubber 

Electrostatic ' , 

filter 

Foun scrubber 

High gradient 3 5 0 20 2 0 20 2 0 15 10 140 0.31 
magnetic separator 

. . 
GK ave i bed 40 0 3 0 25 25 25 5 0 150 0.33 
filter 

. . 
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6 CONCLUSIONS 

In this chapter, conclusions about control of fine particulates 

from coal-fired utility boilers by both conventional and novel 

devices are presented. Recommendations for future research are 

also included. 

6.1 CONCLUSIONS - CONVENTIONAL DEVICES 

The following specific conclusions about conventional devices 

are based on information available at the time of the writing of 

this report. 

State of the art: Only baghouses and ESPs are suitable 

for fine-particulate control. Conventional scrubbers, because of 

high operating (energy) costs, are less attractive economically. 

Degree of commercialization: ESPs are preferable to 

baghouses, particularly on large-sized boilers 0 2 5 0  MW), under 

the present emissions regulations. Reasons include familiarity, 

pressure drop (energy) and fabric-related problems (temperature, 

erosion, etc.). The forty-plus years of experience with ESPs on 

utility boilersare not to be disregarded at this time. 

Fuel: It is difficult for utilities to get long-term 

(>5 years) coal contracts , so coal sources from the same 

locale and with the same content cannot be guaranteed. Hence, 

varying coal properties become an important fac lor .  Dnghouses 

are insensitive to this consideration; ESPs are not. Thus, ESPs 

will have difficulties competing with baghouses in view of the 

uncertainties and variabilities of coal sources. Coal source 

changes or variations (e.g., sulfur content) pose no real problems 

for baghouses. 

Turndown: Baghouses are not particularly load-sensitive. 

Variations due to large swings in gas flow tend to be damped out 

slightly better by baghouses. 

Size: ESPs become more expensive than baghouses (per 

unit volume of gas treated) as the required unit becomes smaller. 



Thus, baghouses have an even greater advantage for small indus- 

trial boilers. 

a Standards: The promulgation of a 10% opacity standard, 

or possibly a fine- particulate standard, appears to be a major 

concern of the utilities. Adoption of this type of standard will 

further tip the balance in favor of baghouses. Baghouses are 

capable of a virtually "clear" stack. ESPs, on the other hand, 

would have considerable difficulty in achieving a 10% opacity. 

+ Secondary environmental effects: Scrubbers have t.hc 

most severe secondary environmental effects. The secondary envi- 

ronmental effects of baghouses and ESPs are approximately,the same. 

a Gas conditioning: Under certain conditions, and depend- 

ing upon coal ash compositions, cold-side ESPs with SO3 condi- 

tioning of flue gas appear more economically Idvorable than hot- 

side ESPs. 

a Scrubber future: Conventional scrubbers, because of 

high energy requirements, will find difficulty competing econom- 

ically should a stringent NSPS be promulgated. The future holds 

little promise,unless certain novel devices, such as the ionizing 

wet scrubber, prove viable. 

e ESP future: The f ~ ~ t ~ r e  growth of L;he ESP industry will 

be severely limitccl wiL11 the passage of a more stringent NSPS, 

including a 10% opacity limit. Apart from the experience factor, 

baghouses can be competitive with ESP3 when burning high-sulfur 

coal. However, baghous~s appear +.o be siynificanLly more attrac- 

tive than ESPs when burninq low-si~lfur coal, It will become in- 

creasingly difficult for utilities to justify the purchase 
of an ESP over a baghouse. Of course, this situation will be 

greatly dependent upon the growth of advanced combustion tech- 

nologies,which may tend to favor ESPs on the hot exhaust gases. 

The high temperature will eliminate adverse resistive conditions 

in even the lowest sulfur coal. 

a Future ESP applications include: 

1. Cold-side units with SO3 flue gas conditioning. 
2. Super-cold-side units (below 250°~), if economical 



materials of construction can be utilized (e.g., 
FRP). This type of operation will result in lower 
process gas volume, more energy recovery and 
better plant efficiencies. These considerations 
may off-set the expense of exotic materials of 
construction. 

3. High pressure, high temperature units of fluidized- 
bed combustion boilers. This may lead to an in- 
crease in ESP sales,since the higher operating 
temperature will eliminate resistivity problems 
and allow higher voltage gradients. 

Even though generalizations are sometimes inheren.tly 

dangerous and misleading, it does appear that, of the convention- 

al equipment available for particulate control, only the baghowse 

and ESP are suitable for coal-fired utility power plants. The 

analyses and results presented earlier sugqest the exclusi.on of 

scrubbers as a means of particulate control. Since revision of the 

SO2 emission regulations will virtually mandate scrubbers on all 

new coal-fired power plants, any exact comparison of particu- 

late control devices must, of course, take th'e combined effect of 

SO2 and particulates removal into account. 

6.2  CONCLUSIONS - NOVEL DEVICES 

Based on available data, novel devices appearto offervery 

little hope for fine-particulate control on coal-fired utility 

boilers between now and 1985 and only little hope before 1990. 

It is concluded that research activity on novel devices should 

be severely restricted to those systems capable of the greatest 
degree of commercialization in the shortest amount of time. 

Notwithstanding the above, the following conclusions are 

offered for the previously reviewed novel devices: 

Two-phase Jet Scrubber: This unit will probably find 

application only on those processes with high temperature ex- 

hausts; these include the metallurgical and iron and steel in- 

dustries, where high temperature exhaust streams are typical. 



Unfortunately, utility boilers with economizers and air preheaters 

do .not have high temperature exhausts, necessitating use of energy 

from the boiler itself. This will, of course, reduce rated ca- 

paci ty . 
a Centripetal Vortex Contactor: Although this unit re- 

quires less energy than the Venturi, operating pressure drops 

would still be relatively excessive. 

d Wet Filter: Relativefy high pressure drops and potential 

plugglng severcly detract from this unit's attractiveness as a 

means of control. There appears to be little justification for 

operating wet filters when dry ones can do the job. 

a Steam-Hydro Scrubber: The above comments for the two- 

phase jet scrubber also apply here. 

a Wet ESP: This unit appears to have a very high poten- 

tial (for a novel device), especially for high resistivity fly 

ash. More favorable economics would further add to its attrac- 

. tiveness. 
. . 
*a. Eleetrostdtic Scrubbers: Both the ~nhersity of. 

?: 
. Washington Electrostatic Scrubber and the Ionizing Wet Scrubber 

(IWS) offer very high potential (for novel devices) for future 
Y 

application in the utility industry. The performance of the 

IWS at the TVA's Shawnee plant may-determine the device's future. 

Hybrid Wet Precipitator: This unit also possesses high 

potential (for a novel device). EPRI currently is sponsoringwork 
on the ionizer for pre-charging. 

a Flux Force/Condensation Scrubbers: This unit may find 

some application, but additional research will be required. 

a Electrostatic Filters: The use of electrostatic filters 

on boilers is seriously questioned; non-electrostatic (reg- ., 

ular) filters are more than satisfactory. 

a Foam Scrubbers: It is highly unlikely.that this unit 

will find application on coal-fired b o i l e r s , b e c a u s e . i t h a s i n h e r e n t  

system disadvantages. 

a High-Gradient Magnetic Separation: The comment about 

foam scrubbers applies here as we,ll. 



I 

@ Granular  Bed F i l t e r s :  Limited t e s t  d a t a  sugges t  t h a t  

t h i s  d e v i c e i s n o t a c a n d i d a t e  a t  t h i s  t i m e  f o r  h igh  e f f i c i e n c y  

removal o f '  f i n e  p a r t i c u l a t e s .  However, t h e  dev ice  may have t h e  

c a p a b i l i t y  and p o t e n t i a l  of  competing w i t h  ESPs and baghouses ,  

because of  such p r a c t i c a l  c o n s i d e r a t i o n s  a s  r e s i s t a n c e  t o  h e a t  

and c o r r o s i o n .  

Note t h a t  t h e  e l e c t r o s t a t i c  f i l t e r ,  d e s p i t e  ach iev ing  a 

( r e l a t i v e l y )  h igh  r a t i n g  i n  t h e  BRAT c h a r t s  (see S e c t i o n  5.5), i s  

n o t  cons ide red  an a t t r a c t i v e  a l t e r n a t i v e  f o r  t h e  c o n t r o l  of  f i n e  

' p a r t i c u l a t e s  from conven t iona l  c o a l - f i r e d  u t i l i t y  b o i l e r s .  The 

e a r l i e r  conc lus ion  t h a t  " . . . . r e s e a r c h  a c t i v i t y  on nove l  dev ices .  .. 
be s e v e r e l y  r e s t r i c t e d  ..." i s  based ,  i n  p a r t ,  on t h i s  obse rva t ion .  

6 .3  RECOWENDATIONS FOR FUTURE RESEARCH 

Desp i t e  t h e  g r e a t  number of  government pub l i ca t ion ' s  and 

c o n t r a c t  a c t i v i t y  i n  t h e  f i n e - p a r t i c u l a t e  a r e a ,  t h i s  c o n t r o l  prob- 

l e m  i s  f a r  from be ing  so lved ;  t h e r e  i s  s t i l l  c o n s i d e r a b l e  r e s e a r c h  

, .  work t o  be done i n  t h i s  f i e l d .  

Assuming a  " c o a l  economy" (coa l -burn ing  e l e c t r i c  u t i l i t y  

powerp lan t s )  and t h e  baghouse 's  emergence as t h e  most p r a c t i c a l  
method of p a r t i c u l a t e  c o n t r o l  i n  t h e  n e a r  f u t u r e ,  a  g r e a t e r  em- 

pllasis  should be p laced  on f a b r i c  f i l t r a t i o n  r e s e a r c h .  Th i s  

should ;i,ncl.ude t h e  development of t h e o r e t i c a l  models, preierably 

from f i r s t  p r i n c i p l e s , t h a t c a n b e  u s e d t o p r e d i c t  baghouse p r e s s u r e  

drop and collection e f f i c i e n c y  more a c c u r a t e l y .  Comparison 

s t u d i e s  of  t heo ry  w i t h  bench-scale ,  p i l o t  p l a n t  a n d - f i e l d  u n i t s  

should be  conducted,with  g r e a t e r  c a r e  e x e r c i s e d  i n  t h e  g a t h e r i n g  

of exper imenta l  d a t a  and in fo rma t ion  f o r  a p p l i c a t i o n  t o  a v a r i e t y  

of p o t e n t i a l  models. Most impor t an t ly ,  emphasis should be  p laced  

on developing methods t h a t  can be p r a c t i c a l l y  and r e a l i s t i c a l l y  

p u t  t o  u se  by bo th  equipment manufac ture rs  and u s e r s .  The p r e s e n t  

e x c e l l e n t  E P A / T E R L  program on f a b r i c  r e s e a r c h  should be  expanded, 

w i t h  emphasis on t h e  development of media capab le  of  w i th s t and ing  



h i g h  t empera tu re s ,  c o r r o s i o n ,  v igorous  c l e a n i n g  c y c l e s ,  and thigh 

a i r - t o - c l o t h  r a t i o s .  

For  ESPs, it i s  sugges ted  t h a t  work on super-cold-s ide  

d e v i c e s  ( l e s s  t han  2 5 0 ~ ~ )  be i n i t i a t e d  and t h a t  r e s e a r c h  on h igh  

p r e s s u r e ,  h igh  tempera ture  p r e c i p i t a t i o n  be cont inued .  
. . 

Noticeably l a c k i n g  i n  t h e  s tudy  a c t i v i t y  f o r  t h e  t h r e e  

c o n t r o l  d e v i c e s  r e f e r r e d  t o  above has  been t h e  development of  a  

sound des ign  procedure  f o r  each of  t h e s e  u n i t s .  Work i n  t h i s  

a,rea IS a l s o  recommended. 

More g e n e r a l l y ,  it i s  recommended t h a t  a s lxvey  of ESP,  

bayhouse and sc rubbe r  f a c i l i t i e s  be undertaken t o  o b t a i n  a c t u a l  

(as opposed t o  des ign )  performance d a t a .  The g a t h e r i n g  of  main- 

t enance  in format ion  should a l s o  be inc luded  i n  t h i s  s tudy ,  wi th  
.i 

c a r e  e x e r c i s e d  i n  t h e  c a s e  of s c rubbe r s  s o  t h a t  SO2 scrubbing  

e f f e c t s  a r e  n o t  Inc luded .  

I t  i s  recommended t h a t  c o n s i d e r a t i o n  be given t o  cont inu-  

i n g  r e sea rch  on t h e  i o l l owlng  nnvel. dev ices  from among t h o s e  d i s -  

cussed i n  Sec t ion  4 :  

Wet ESP 

e E l e c t r o s t a t i c  .Scrubbers  

~ y b r i d  W e t  P r e c i p i t a t o r  

The g r a n u l a r  bed f i l t e r  may a l s o  war ran t  f u r t h e r  s tudy .  F i n a l l y ,  

it 1s recommended t h a t  s e r i o u s  c o n s i d e r a t i o n  be given t o  t e rmina t -  

i n g  r e s e a r c h  work on t h e  remaining nove l  d e v i c e s ,  a s  a p p l i e d  t o  

c o a l - f i r e d  b o i l e r s .  

There appea r s  t o  be a  c e r t a i n  degree  of unwi l l i ngness  on 

t h e  p a r t  o f  t h e  u t i l i t y  i n d u s t r y  t o  accep t  t h e  baghouse a s  t h e  

pr imary means of  c o n t r o l .  T h i s  i s  mainly due t o  a  l a c k  of con- 

f i d e ~ i c e  i n  e x i s t i n g  comparative c o s t  t echniques .  The " i n t a n -  

g i b l e "  cos t ' s  a s s o c i a t e d  wi th  equipment expe r i ence  and f a m i l i a r i t y ,  

long-term r e l i a b i l i t y ,  etc.  a r e  poor ly  de f ined  ( i f  a t  a l l )  : Re-  

search i n  f i rming  up t h e s e  " i n t a n g i b l e U . c o s t  f a c t o r s  would h e l p  

a c c e l e r a t e  accep tance  of  t h e  baghouse by u t i l i t i e s .  



EPILOGUE 

~ e s ' p i t e  th.e overwhelming evidence f avo r ing  f l y  a sh  c o n t r o l  

by t h e  baghouse ove r  t h a t  by t h e  p r e c i p i t a t o r  a t  t h e  0 . 0 3  l b  par-  < - .  

t icula te /MBtu l e v e l ,  it is t h e  op in ion  o f  t h e  a u t h o r s  t h a t  t h e r e  7' 

is a  cont inued  r e l u c t a n c e  on t h e  p a r t  of  u t i l i t y  personne l  i n  

r e s p o n s i b l e  p o s i t i o n s  t o  accep t  t h i s  f a c t .  Th i s  a t t i t u d e  is  

f o s t e r e d  by i n d i v i d u a l s  I n  a  conse rva t ive  i n d u s t r y ,  u s ing  very  

t r a d i t i o n a l  principles.. 
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SI Units 

, The 1 n t e r n . a t i o n a l  Bureau o f  Weights and Measures , loca ted  

a t  Sev re s ,  F r ance ,  s e r v e s  as a  permanent s e c r e t a r i a t  f o r . . t h e  

Metric Convent ion,  c o o r d i n a t i n g  t h e  exchange of  i n fo rma t ion  abou t  

t h e  u se  and r e f i nemen t  of  t h e  m e t r i c  system. The General  Confer-  

ence  of  Weights and Measures-- t h e  d i p l o m a t i c  o r g a n i z a t i o n  made 

up o f  a d h e r e n t s  t o  t h e  Conve 'n t ion--meets  p e r i o d i c a l l y  t o  r a t i f y  

improvements i n  t h e  sys tem and t h e  s t a n d a r d s .  I n  1960,  t h e  

General  Conference adopted an  e x t e n s i v e  r e v i s i o n  and s i m p l i f i c a -  

t i o n  o f  t h e  system. The name "Le Systeme I n t e r n a t i o n a l  d l U n i t e s "  

( I n t e r n a t i o n a l  System of U n i t s ) ,  w i t h  t h e  i n t e r n a t i o n a l  abb rev i a -  

t i o n  S I ,  was adopted  f o r  t h i s  modernized m e t r i c  system. F u r t h e r  .! I . 

improvements i n  and a d d i t i o n s  t o  S I  w e r e  made by t h e  General  

Conference i n  1964,  1968 and 1971. 

The b a s i c  u n i t s  i n  t h e  S I  sys tem a r e  t h e  k i logram ( m a s s ) ,  

m e t e r  ( l e n g t h )  , second ( t i m e )  , ~ e l v i n  ( t empe ra tu r e )  , ampere 

(electr ic  c u r r e n t ) ,  c a n d e l a  ( t h e  uni't o f  luminous i n t e n s i t y )  and 

r a d i a n  ( a n g u l a r  measure ) .  A l l  a r e  commonly used by t h e  eng inee r .  ' 

The C e l s i u s  s c a l e  of  te 'mperature (OOC = 273.15K) i s  commonly 

used w i t h  t h e  a b s o l u t e  Ke lv in . . s ca l e .  The impor t an t  d e r i v e d  u n i t s  

a r e  t h e  newton ( S I  u n i t  o f  f o r c e ) ,  t h e  j o u l e  ( S I  u n i t  o f  e n e r g y ) ,  

t h e  w a t t  ( S I  u n i t  o f  power ) ,  t h e  p a s c a l  ( S I u n i t o f p r e s s u r e )  and 
t h e  h e r t z  (sI u n i t  of f requency)  There  a r e  a number o f  e l e c t r i c a l  

u n i t s :  coulomb (charge)  , f a r a d  ( c a p a c i t a n c e )  , henry  ( i nduc t ance )  , 
v o l t  ( p o t e n t i a l )  and.weber  (magnet ic  f l u x ) .  One o f  t h e  major  ad- 

van t ages  o f  t h e  m e t r i c  sys tem i s  t h a t  l a r g e r  and s m a l l e r  unYts 

are g iven  i n  powers o f  t e n .  I n  t h e  S I  sys tem a f u r t h e r  s i m p l i -  

f i c a t i o r l  i s  i ~ l t r o d u c e d  by recommending o n l y  t h o s e  u n i t s  w i t h  
3 m u l t i p l i e r s  o f  10 . Thus, f o r  l e n g t h s  i n  e n g i n e e r i n g ,  t h e  micro- 

meter t p r e v i o u s l y  micron) , m i l l i m e t e r  and k i l o m e t e r  are 'recom- 

mended, and t h e  c e n t i m e t e r  i s  g e n e r a l l y  avoided.  A f u r t h e r '  s i m -  

p l i f i c a t i o n  i~ t h a t  t h e  decimal  p o i n t  may be substituted by a 



comma (as in France, Germany and South Africa), while the other 

numbers, before and after the comma, will be separated by spaces 

between groups of three .(:e.g.,one million dollars will be 

"$1 000 000, 00." 1. 

Multiples and prefixes applied to SI units are listed 

below: 

(These Pref ixoo May Be Applied Tu' A l l  31 Uni ts  . )  .- -- - - ,~ 
. .. 

Mul t ip les  and S u b m u l t i ~ l e s  

g. 000 000 000 000 

1 000 000 000 

1 000 000 

1 000 
loo 
10 

Base Unit  1 

0.1 

u.01 

0,. 001 

0.000 001 

0.000 000 001 

0.000 000 000 001 

0.000 000 000 000 001 

0.000 000 000 000 000 001 

Pre f  ixe,s Symbols 

t e r a  ( t z r ' i )  T 
g iga  ( y i  'gh) G 

mega (mggg&) M 

k i l o  (ky l l$ )  k 

hecto (11Ek ' t t )  h 

deka (dVek'&) da 

de c i ( dg&- 'y) 
c e n t i  (sk!nsi;) 
m i l l i  ( m y 1  BY) 
micro (my 'krt) 
,,,,lo ( G n  ' &) 

p ico  ( p ~ l k & )  . . '  

femto ( f z m l  tk) 
I a t t o  (an t  ' to) 

Conversion constants for quantities most often employed in 

air pollution control are given ' in the following table. 



. .  . . .  . ., , . ... . . 

.Quantity 
. . Multiply. by ' . . 

to obtain ... S:.I, unit 

mile 

. . 
0.3048 meter (m) 

, . 2.54 x lo-? meter (m) . 

. . 1.609 x. lo3 meter (m) 

0.3048 a meter/sec ' (ms -1) 

5.08 x meter/sec (ms-l) 
28.32 x m 3 s -1 , . .  

3 -1 0.472 x m s 

63.09 x 3 -1 m s . . 

pound 0.4536 . . kilogram (kg) . 

ounce 
. . 28.35 x lo'3 ' ki1ogr.m (kg) 

grain 64.8 x 10'~ kilogram (kg) 

lb/ft3 16.02 kg m-3 
3 

2.29 gm-3 grain/ft 

lb/sec 0.4536 . kg. s'l 

lhf/in2 6.895 x .lo3 pa or N m'2 

atm. 101.3 lo3 Pa 

mrn mercury 

Poise 

lbfsec/f t2 

Stoke (cm/s) 

f t2/hr 



Quantity Multiply by to obtain S.I. unit 

. . 

Btu 

therm 105.5 x lo6 J 

k Wh 3.60 x .lo6 J 

calorie 4.1868 J 

f t lb ( £ 1  /sec 1.356 . W 

horse power 745.7 W 

2 - ton/mile month 13.077 mg rn-2 



APPENDIX B 

The following companies were contacted for information on 

their control devices as applied to fine-particulate emissions. 

Abart Engineering Ltd. 
Ace Engineering Co.. 
Aerodyne Development Corp 
AeroPulse, Inc. 
Aerosols Control Corp. 
Aget Manufacturing Co. 
Air Correction Division-UOP 
American Air Filter Co., Inc. 
American Standard, Air Quality Division 
American Van Tongeren Corp. 
Andersen 2000, Inc. 
Babcock & Wilcox Co., The 
Bahco Systems, Inc. 
B.B. Barefoot & Associates, Inc. 
Belco Pollution Control Corp. 
Beltran Associates 
Beverly Pacific Corp., Industrial Systems Divisions 
Black Clawson, Inc. ' 
Buell Division, Envirotech Corp. 
Buffalo Forge Co. 
Cadre Corp. , The 
Carborundum Co., Pollution Control Division 
CEA Carter-Day Co. 
CEA Simon-Day Ltd. 
C-E Air Preheater 
C-E Raymond/Bartlett-Snow 
Ceilcote Co., The 
Centri-Spray Corp. 
Chemico Air Pollution Control Co. 
Chiyoda Chemical Engineering and Construction Co,, Ltd, 
Combustion Equipment Associates, Inc. 
Commercial Fabrication & Machine Co., Inc. 
Continental Air Products, Inc. 
Croll-Reynolds Co., Inc. 
Crystal-X Corp. 
DCE Vokes, Inc. 
Donaldson Co., Inc. 
Ducon Co., The 
Du Pont Co., Industrial Chemicals Dept. 
Dust Control Co. 
Dustex Division, American Precision Industries, Inc. 
Ecotrol, Inc. 
Elliot Co. 
Emtrol Emission Control Systems 
Environmental Research Corp. 
Environmental Elements Corp., subsidiary of Koppers Co., Inc. 



Enviro-Systems & Research, Inc. 
ESSTEE ~anufacturing Co., I~c. 
Fecor Industries 
Ferro Tech, Inc. 
Fisher-Kosterman, Inc. 
Flex-Kleen Corp. 
Fluid-Ionic Systems Division,Dart Industries, Inc. 
FMC Corp., Environmental Equipment Division 
Fuller Co. 
Gaylord Industries, Inc. 
Griffin Environmental Co., Inc. 
Hastings Reinforced Plastics, Inc. 
Industrial Clean Air 
Industrial Plastic Fabricators, Inc. 
Johnson-March Corp., The 
Kleissler Co., G.A. 
K u c h  E r ~ y i l l e e r i r i y  Cu. , The 
Koertrol Corp. 
Krebs Engineers 
LACE Engineering 
Eear Siegler, Inc. 
Leckenby Co. 
Lodge-Cottrel ~ivision,Dresser Industries, Inc. 
MAC Equipment, Inc. 
MacDonald Steel (19761, Ltd. 
Mahon Industrial Corp. 
McInnis Equipment Limited 
Mikropul Corp. 
Monsanto Enviro-Chem Systems, Inc. 
Neptune AirPol Inc. 
Norblo Division, Envirotech Corp. - 
Beabody Engineering Corp. 
Peabody Precipitator Division,Air Pollution Control Group 
Pollution Control Systems .Division of Gee. 'A. Home1 .t CO. 
Pollution Control Systems Corp. 
~ollution Control-Walther, Inc. 
Poly Con Corp. 
Precipitair Pollution Control 
Process Systems Division,AMETEK, Inc. 
Research-Cottrell, Inc. 
Rexnord, Inc . 
Rilcy Gtolccr Corp. 
Rolfes Co. , George A. 
RP Industries, Inc. 
Ruemelin Manufacturing Co. 
SF Air Control, Inc. 
SF Products Canada Ltd. 
Sly Manufacturing Co., The W.W.' 
Smith Engineering Co. 
Somerset Industrial Filters Co. 
Standard Havens Systems 
Stansteel Corp. 



S t e e l c r a f t  Corp-. 
S t e rnven t  C o  .. , In-c;.- 
Swemco, Inc .  
Tag Cons t ruc t ion  Co:. 
T a i l o r  and Co:, Inc,. 
Thermal Research: & Engiine:e.r.ing Carp,.. . 
T o r i t .  Co'rp. , . The.. . 
T r a m  Thermal. Co..  
Tr i -Mer  C.orp.. 
TRW Systems and Energy; 
Union Carbide Corp . ,. C.B'xbon; P r o d h c , ~ ~ : :  D;i.vksion:. 
United' A i r  Spec ia l . i s t s , , ,  In-ci- 
United M c G i l l '  Corp., 
Vari-Systems, Inc,. 
Western P r e c i p i t a t i o n .  D.ivis~ion.. o f  ' Jbx- ~ a n u & c & u r i n ~ :  C.O.;.; 
Westinghouse E l e c t ~ i c ;  C:or.p:., Kdvanc.ed: Eneagy S.ys.tems; D.f~2si;on: 
Wheelabrator-  F.rye ,. Inc;,. A i r .  Eol'l'ution: C,ontr.o-I. Di.vis:i~n: 
Wiedenmann . &  Son, I'nc.. , W:.,C..: 
. W i l l i s  & P a u l  Corp. ,  The.. 
Young- I n d u s t r i e s , , I n c .  , T.he,. 
Zink C o .  , John 
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